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Figure 1. Coastal upwelling is often depicted as a two-dimensional process. Cold, nutrient-
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Oregon, northwest Africa and Peru (Lentz, 1992). On
an event time scale, the surface Ekman transport can
drive the cross-shelf heat (and salt) transport off nor-
thern California, an archetypical upwelling shelf
(Lentz, 1987; Dever and Lentz, 1994). A two-
dimensional view does not account for the alongshore
variability in coastal upwelling, but it can be consid-
ered to average over that variability on spatial scales of
several hundred kilometers and is supported by a
variety of observations (e.g. Peterson et al., 1979;
Small and Menzies, 1981; Codispoti et al., 1982).

Thus, here we make use of a relatively simple model
that describes a mechanism that is known to be pre-
sent, and may be important, but without all of the
elaborate detail that may eventually be found to affect
it. The purpose of the simplification is to allow clear
analysis of the effects of this mechanism. We examine
the biological response to idealized (e.g. 2-D, spatially
and temporally constant winds and mixed layer
depths, MLDs) coastal upwelling in the context of
several questions of interest. The primary question
concerns the response of phytoplankton and
zooplankton productivity on the shelf to different
magnitudes of upwelling wind. We are interested in

the different responses of new and regenerated pro-
duction. Will rates of shelf production from these two
pathways change in the same way as wind varies (cf.
Carr, 1998)? A second question involves modeling the
productive process via NPZ models. Simple closed
models that instantaneously regenerate nutrients tend
to be unstable, producing oscillatory solutions (e.g.
Moloney and Field, 1991; Painting et al., 1993; Carr,
1998). The cyclic instabilities displayed by simple
closed models have not been observed in real systems,
although they would be difficult to detect. Here we
examine how these instabilities in NPZ models might
affect the computed dependence of shelf productivity
on wind strength.

SIMPLE MODELS OF BIOLOGICAL
PRODUCTIVITY AND COASTAL
UPWELLING

We represent the simple, commonly envisioned two-
dimensional cross shelf aspects of upwelling in terms of
the upwelling conveyor sometimes used in illustrations
(Fig. 1) (e.g. Wilkerson and Dugdale, 1987; Mann,
2000). Parcels are brought to the surface in response to

Figure 1. A schematic view of the
conceptual model portraying coastal
upwelling as two-dimensional flow across
a continental shelf.
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referred to as the central tropical Pacific warming El Niño (Kug
et al., 2009), drives the dominant decadal scale fluctuations of the
NPGO (Di Lorenzo et al., 2010), implying that a large fraction of
the interannual and decadal power of the CCS originates from the
tropical Pacific.

Superimposed on the variability driven by the large-scale
climate fluctuations, local wind variability along the eastern

boundary has been demonstrated to excite coastally trapped
waves, which propagate into the CCS from the south, affecting
the coastal variability (Battisti and Hickey, 1984).

Primary productivity
Seasonal variability of primary production in the CCS can be
divided into three periods, based on prevailing wind patterns.

Figure 3. Generalized regional variations in physical and biological processes within the CCS. The boundaries between regions are only
approximate and vary over time (from Agostini, 2005).
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Perspective

Aseries of prominent and 
controversial papers about the 
state of marine ecosystems has 

occupied the pages of high-profile 
journals over the last decade [1–7]. 
While some might quarrel with the 
specific conclusions of these papers, 
there is no dispute that managers of 
ocean and coastal habitats confront 
a growing diversity of very serious 
challenges [8] that, if left unattended, 
threaten the ability of marine 
ecosystems to supply the goods and 
services required or desired by humans 
[9].

The tenets of ecosystem-based 
management (EBM) now occupy 
center stage in our efforts to rebuild 
marine ecosystems. Indeed, over the 
last several decades EBM has evolved 
from a vague principle to a central 
paradigm underlying living marine 
resource policy in the United States 
[10,11]. EBM differs from conventional 
resource management in that it 
defines management strategies for 
entire systems, not simply individual 
components of the ecosystem [12]. 
As a consequence, EBM takes into 
account interactions among ecosystem 
components and management sectors, 
as well as cumulative impacts of a wide 
spectrum of ocean-use sectors [13]. 
Importantly, EBM considers humans 
as an integral part of the ecosystem, 
since humans derive a portfolio of 
services from the ecosystem and also 
act as a driver influencing ecosystem 
processes. Thus, a key aspect of EBM 
is illuminating trade-offs among 
ecosystem services and management 
goals [14]. After years of debating 
about the meaning of EBM, and 
whether EBM is possible or even 
needed, we have arrived at a turning 

point where large-scale, comprehensive 
EBM is broadly accepted as crucial 
for effective marine conservation and 
resource management [15]. 

While some policy makers clearly 
grasp the utility of an EBM approach, 
implementation of EBM in marine 
ecosystems is a significant hurdle, and 
little practical advice is available to 
inform management authorities on 
how to select specific management 
measures to achieve EBM goals. Here 
we propose “integrated ecosystem 
assessments” (IEAs) as a framework for 
organizing science in order to inform 
decisions in marine EBM at multiple 
scales and across sectors. Below we 
describe our view of IEAs, highlighting 
the ways that they will enhance the 
ability of resource managers to evaluate 
cumulative impacts of diverse human 
activities as well as steer management 
efforts to achieve multiple simultaneous 
ecosystem objectives. The approach we 
outline follows the paradigm of formal 
decision analysis [16], is consistent with 
the Millennium Ecosystem Assessment 
[9], and is a descendant of approaches 
advocated by Caddy [17], Sainsbury 
[18], and Smith [19]. While developed 
with marine ecosystems in mind, the 
IEA framework aims to guide the 
process of synthesizing and analyzing 
relevant scientific information 
supporting an ecosystem approach in 
any system.

We define an IEA as a formal 
synthesis and quantitative analysis of 
information on relevant natural and 
socioeconomic factors, in relation 
to specified ecosystem management 
objectives. It is an incremental 
approach, in which integrated scientific 
understanding feeds into management 
choices and receives feedback from 
changing ecosystem objectives. This 
approach involves and informs citizens, 
stakeholders, scientists, resource 
managers, and policy makers through 
formal processes that contribute to 

attaining the goals of EBM. IEAs, as 
we envision them, do not necessarily 
supplant single-sector management; 
instead, they inform the management 
of diverse, potentially conflicting ocean-
use sectors. As such, we view IEAs as a 
necessary supplement to, and extension 
of, single-species and single-sector 
approaches.

A Five-Step Process for IEAs 
Below we outline five key steps that, 
we contend, are necessary for IEAs 
and that enhance the likelihood 
of successful implementation of 
EBM. These are scoping, indicator 
development, risk analysis, 
management strategy evaluation, and 
ecosystem assessment (Figure 1). 

Scoping. The IEA process begins 
with a scoping step. It is in this step 
that specific ecosystem objectives and 
threats are identified. While EBM is, 
by definition, more inclusive than 
traditional sectoral approaches, IEAs 
cannot evaluate all issues relevant to 
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Many of the world’s fish populations
are overexploited, and the ecosys-
tems that sustain them are degraded

(1). Unintended consequences of fishing, in-
cluding habitat destruction, incidental mor-
tality of nontarget species, evolutionary shifts
in population demographics, and changes in
the function and structure of ecosystems, are
being increasingly recognized. 

Fisheries management to date has often
been ineffective; it focuses on maximizing
the catch of a single target species and of-
ten ignores habitat, predators, and prey of
the target species and other ecosystem
components and interactions. The indirect
social and economic costs of the focus on
single species can be substantial. For ex-
ample, over 90% of the annual mortality of
white marlin, a species petitioned for list-
ing under the U.S. Endangered Species
Act, occurs through incidental catch in
swordfish and tuna longline fisheries. This
threatens a recreational fishing industry
worth up to U.S.$2 billion annually (2).

To address the critical need for a more

effective and holistic management ap-
proach, a variety of advisory panels (3–9)
have recommended ecosystem considera-
tions be considered broadly and consistent-
ly in managing fisheries. Ecosystem-based
fishery management (EBFM) is a new di-
rection for fishery management, essential-
ly reversing the order of management pri-
orities to start with the ecosystem rather
than the target species.

The overall objective of EBFM is to
sustain healthy marine ecosystems and the
fisheries they support. In particular, EBFM
should (i) avoid degradation of ecosys-
tems, as measured by indicators of envi-
ronmental quality and system status; (ii)

minimize the risk of irreversible change to
natural assemblages of species and ecosys-
tem processes; (iii) obtain and maintain
long-term socioeconomic benefits without
compromising the ecosystem; and (iv) gen-
erate knowledge of ecosystem processes
sufficient to understand the likely conse-
quences of human actions. Where knowl-
edge is insufficient, robust and precaution-
ary fishery management measures that fa-
vor the ecosystem should be adopted.

We need to derive and develop communi-
ty and system-level standards, reference
points, and control rules analogous to single-
species decision criteria (10–12). We may
want to ensure that total biomass removed by
all fisheries in an ecosystem does not exceed
a total amount of system productivity, after

accounting for the requirements of other
ecosystem components (e.g., nontarget
species, protected species, habitat considera-
tions, and various trophic interactions).
Maintaining system characteristics within
certain bounds may protect ecosystem re-
silience and avoid irreversible changes. 

EBFM must delineate all marine habi-
tats utilized by humans in the context of
vulnerability to fishing-induced and other
human impacts, identify the potential irre-
versibility of those impacts, and elucidate
habitats critical to species for vital popula-
tion processes. Protecting essential habitat
for fish and other important ecosystem
components from destructive fishing prac-
tices increases fish diversity and abun-
dance (13, 14). Thus, ocean zoning, in
which type and level of allowable human
activity are specified spatially and tempo-
rally, will be a critical element of EBFM. 

The impacts of fisheries on endangered
and protected species, including ecological
processes that are essential for their recov-
ery, should be managed through an EBFM
approach. Single-species management has
been successful at reducing incidental
catch of protected species in some cases

(e.g., with turtle excluder devices in
trawls), but EBFM would also manage in-
direct effects (e.g., protecting forage fish
near sea lion rookeries). 

Another goal of EBFM is to reduce ex-
cessive levels of bycatch (i.e., killing of
nontarget species or undersized individuals
of the target species), because juvenile life
stages and unmarketable species often play
important roles in the ecosystem (15, 16).
Globally, discards in commercial fisheries
have been estimated at 27.0 million metric
tons, accounting for about one-fourth of
the world’s marine fish catch (17). Bycatch
problems can be ameliorated through
ocean zoning that would prohibit use of
nonselective or destructive gear in critical
areas, as well as through the development
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A balanced research strategy for the exploitation of
marine resources
Fisheries management is facing unprecedented chal-
lenges. Concern regarding global change (i.e. overexploita-
tion and climate change) and its effects on marine
ecosystems ranging from coral reefs to coastal ecosystems
is growing worldwide [1,2]. Ecological surprises are
observed at all levels of organisation. Exploited fish species
exhibit higher temporal variability in abundance than
unexploited species [3]. Shifts in the diets of predators
appear to be exacerbated by the lack of food due to prey
overfishing [4,5]. Depletion of top predators can drastically
change the functioning of marine ecosystems [6,7].

Consequently, a strong societal demand for managing
marine resources from an ecosystem perspective is crys-
tallising around the internationally advocated ecosys-
tem-based fisheries management (EBFM; see Glossary)
[8,9]. However, the challenge of integrating both abiotic
changes and biological responses in the ocean appears to
be substantially more complex than previously expected
[10].

At the same time, methodological advances in marine
ecologymake it possible for the first time to study problems
at the ecosystem level. Advances in modelling, such as 3D
hydrodynamic high-resolutionmodels coupledwith biogeo-
chemical and fish models, together with a vast amount of
data collected from, for example, remote sensing and tag-
ging experiments, allow us to integrate our disparate
ecological knowledge into ecosystem models ([11] http://
www.eur-oceans.org). However, ecosystem models easily
become too complex and unfocussed to be useful. Experi-
ence shows that complex models trying to represent an
ecosystem as realistically as possible, rather than repre-
senting the systemwith regard to a certain purpose, can be
of limited use [12]. By contrast, if models focus too much on
a certain level of organisation, they might fail to capture
the internal structure of the ecosystems.

What we need is a research strategy that puts different
types of models, ranging from statistical to dynamical and
from simple to complex, in a global change context. We
propose a balanced strategy that we name ‘ecosystem
oceanography’ in reference to Hjort’s seminal work on
fisheries oceanography [13]. Ecosystem oceanography
broadens the existing field of fisheries oceanography and
relates ecosystem components and their interactions to
climate change and exploitation [14,15]. It aims at devel-
oping robust approaches for predicting both short- and
long-term changes.

Here we consider three levels of organisation (popu-
lation, food web and ecosystem) and we discuss several
ecological processes that are important for studying their
dynamics. We start with reviewing the ever-challenging
issue of fish recruitment to show that coupling the effects of
the environment to fish population dynamics remains an
important challenge. We then emphasise the usefulness of
combined analyses of environmental and ecological time
series in disentangling bottom-up and top-down controls in
marine foodwebs. Finally, we showhow recently developed
ecosystem models can be coupled with physical oceano-
graphic models to predict long-term ecosystem response to
global change.

Populations: from small to large scales
Analysing the strongly fluctuating number of young
herring and codfish in the northern Atlantic, Johan Hjort
stated in 1914 that ‘‘the renewal of the (fish) stock. . .must
depend upon highly variable natural conditions’’ [13]. A
new scientific discipline named ‘fisheries oceanography’
was born. This approach established the fish population
as the focal entity and identified starvation of fish larvae as
a central process to be studied. Marine ecosystems were
thought to be controlled by planktonic food abundance.
Hjort proposed that variations in recruitment mainly
stemmed from two factors: changes in the availability of
planktonic food for fish larvae, and the influence of wind
and current on the potential drift of fish eggs and larvae
away from the area of plankton distribution.

Hjort’s first hypothesis was further developed by Cush-
ing [16] into the ‘match–mismatch’ hypothesis (Box 1),
under which larval survival is dependent on the exact
timing of plankton availability when the resources of the
fish larvae in the yolk sack are depleted. The match–
mismatch hypothesis has been heavily debated, but some
recent examples confirm the importance of food availabil-
ity and timing on larval survival [17]. In addition to
Cushing’s concept, Lasker [18] and Cury and Roy [19]
suggested that food concentration (not only food availabil-
ity at a certain time) can be another major controlling
factor for fish recruitment. Thus, both the timing and
the abundance of planktonic food are important for fish
recruitment [20–22].

Sinclair [23] developed the second mechanism proposed
by Hjort as the ‘member–vagrant’ hypothesis, which
emphasises the importance of the retention of fish within
suitable areas during their early life history. Whereas
Cushing’s hypothesis is predominantly temporal and
trophic, that of Sinclair is primarily spatial and physical,
that is, concerned with ocean hydrodynamics.

The fact that temporal and spatial processes simul-
taneously control recruitment of marine populations
requires a balanced view on spatial and temporal aspects.
Focussing on temporal processes alone will in many cases
be misleading. As an example, the herring population in
the North Sea is composed of multiple subpopulations
which come together during the feeding season but separ-
ate during the spawning season. The survival of early
herring life stages has thus to be explored at the level of
subpopulations [24], and therefore the spatial component
of the population has to be taken into account. By contrast,
ignoring seasonal variability in plankton production, con-
centration or retention will also be misleading because of
the match–mismatch mechanism mentioned above [25].

Bakun [25] proposed a unifying framework that inte-
grates the match–mismatch andmember–vagrant hypoth-
eses, termed the ‘fundamental triad’ of production,
concentration and retention. A direct implication of
Bakun’s synthesis for ecosystem oceanography is the
importance of resolving both spatial and temporal patterns
at the mesoscale, and to do so at the population level as
advocated byHjort [13] (Figure 1a). Mesoscales are import-
ant because accumulating evidence shows that the ocean is
much richer in mesoscale structures, such as eddies and
fronts, than anticipated. In the following, we therefore
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Overexploitation and climate change are increasingly
causing unanticipated changes in marine ecosystems,
such as higher variability in fish recruitment and shifts in
species dominance. An ecosystem-based approach to
fisheries attempts to address these effects by integrating
populations, food webs and fish habitats at different
scales. Ecosystem models represent indispensable tools
to achieve this objective. However, a balanced research
strategy is needed to avoid overly complex models.
Ecosystem oceanography represents such a balanced
strategy that relates ecosystem components and their
interactions to climate change and exploitation. It aims
at developing realistic and robust models at different
levels of organisation and addressing specific questions
in a global change context while systematically explor-
ing the ever-increasing amount of biological and
environmental data.

Review

Glossary

Bottom-up control: the food web components are regulated by either primary
producers or the input of limited nutrients through changes in the physical
environment (i.e. controlled by the environment).
Ecosystem oceanography: a discipline that relates marine living populations
and their interactions to environmental fluctuations in order to predict
ecosystem responses to global change (e.g. climate change and exploitation).
This discipline represents a balanced strategy for developing population, food
web and end-to-end ecosystem models. Its name refers to fisheries oceano-
graphy, a field of research that was introduced by Hjort’s seminal work.
Ecosystem-based fisheries management (EBFM): the overall objective of this
new perspective for marine exploitation is to sustain healthy marine
ecosystems and the fisheries they support. In EBFM, the overall ecosystem
complexity is perceived as critical for sustainable use.
Eddy: circular movement of water formed on the side of a main current. The
timescale of these mesoscale events is typically on the order of 10–30 days,
whereas the spatial scale is between 10 and 100 km.

Egestion: the process by which undigested food is eliminated by an organism
in the form of faeces.
End-to-end model: model of marine ecosystems with representation of the
dynamic effects of both the physical environment and human activities on
living organisms, ranging from the lowest trophic levels (phytoplankton and
zooplankton) to the highest trophic levels (fish, birds and mammals).
ENSO: the El Niño Southern Oscillation is a global event arising from an
oscillation in the surface pressure (atmospheric mass) between the south-
eastern tropical Pacific and the Australian-Indonesian regions. When the
waters of the eastern Pacific are abnormally warm (an El Niño event), sea-level
pressure drops in the eastern Pacific and rises in the west. The reduction in the
pressure gradient is accompanied by a weakening of the low-latitude easterly
trade winds.
Fish recruitment: the number of young-of-the-year fish entering a population
in a given year and thereby becoming available to the fisheries.
Fisheries oceanography: a discipline that relates marine fish population
dynamics to environmental fluctuations to understand variation in fish
recruitment in order to predict failure or success in fisheries catches.
Front: oceanic regions where horizontal gradients of temperature and/or
salinity are conspicuous. Fronts emerge from various physical processes, such
as tides, upwelling and currents, and range from small to large spatial and
temporal scales.
Member–vagrant hypothesis: a hypothesis that emphasises that membership
in a marine fish population requires being in the appropriate place during the
various parts of the life cycle. It implies that animals can be lost from their
population, and thus become vagrants.
Mesoscale event: an event that operates at spatial scales between 10 and
100 km and at temporal scales of several days to a few months.
NAO: the North Atlantic Oscillation is the major source of interannual
variability in the North Atlantic atmospheric circulation that arises from the
oscillation of the subtropical high surface pressures, centred on the Azores,
and from the subpolar low surface pressures, centred on Iceland. It controls the
strength and direction of westerly winds and storm tracks across the North
Atlantic and affects both temperature and precipitation over this area.
Regime shift: a sudden shift in structure and functioning of a marine
ecosystem, affecting several living components and resulting in an alternate
state.
Top-down control: regulation of ecosystem components at low trophic levels
by species at higher trophic levels (i.e. control by predation).
Trophic cascade: reciprocal predator–prey interaction that produces inverse
changes in abundance down the food chain. For example, increasing
abundance of predators (e.g. cod) in a food chain lowers the abundance of
their prey (e.g. herring), thereby releasing the next lower trophic level from
predation (e.g. zooplankton).
Upwelling system: large-scale wind-driven areas where dense, cool and
nutrient-rich waters are brought toward the ocean surface, replacing the
warmer, usually nutrient-depleted surface waters. These systems constitute
the most productive marine areas of the world.
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Results

Upwelling modes

In the coastwide PCA, monthly UIs grouped with
respect to season and showed a strong contrast between

winter and summer months (Fig. 1). The leading two
upwelling principal components (PC1coast and PC2coast)
explained 16% and 10% of the total variance and did not
contain significant (Po0.05) long-term trends, though
the second principal component exhibited unusually
positive values in 2007 and 2008 (Fig. 2a and b).
Correlations with monthly UI data demonstrated that
the principal components had highly seasonal signa-
tures. PC1coast associated with the summer months
(April through October; ‘summer mode’) while PC2coast
associated with a narrower window during the winter
months (January throughMarch; ‘winter mode’) (Fig. 2c
and d). Correlations with monthly UI were weakest in
the northernmost latitudes of the study. The third (8.3%
variance explained) and fourth (7.3% variance ex-
plained) principal components did not show a clear
seasonality, did not consistently relate to biological time
series (data not shown), and were therefore dropped
from further analysis.
When PCA was repeated for each of the five

upwelling stations, variance explained by the leading
two components was considerably higher than in the
full coastwide analysis (Table 1A, B). At all latitudes, the
leading principal component correlated with summer-
time upwelling while the secondary component corre-
lated with wintertime upwelling (Table 1A, B). For
example, the leading principal component at 391N
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Fig. 1 Principal components analysis scores for monthly up-

welling intensity data in the California Current Ecosystem. The

analysis included five locations between 33 and 451N latitude,

with a total of 60 variables (12 months per year, per site). Data

were divided by season: winter (January –March), spring (April–

June), summer (July–September), and fall (October–December).
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intra-annual SST and tb and tg is, on average, 0.5 - with best
correlations for buoys N14 to N12.
[31] Anomalous wind and SST conditions along Cali-

fornia can be related to climate forcing, and here we choose
climate indices that have been related to changes in
upwelling. (i) MEI has being used to explain anomalies in
physical and biological parameters off California [Lluch-
Cota et al., 2001; Schwing et al., 2002; Mendelssohn and

Schwing, 2002; Legaard and Thomas, 2006; Thomas et al.,
2009] and exhibits strong inter-annual variability. (ii-iii)
PDO and NPGO have distinctive signatures in wind and
SST off the US west coast [Lluch-Cota et al., 2001; Mantua
and Hare, 2002;Mendelssohn et al., 2003; Di Lorenzo et al.,
2008; Thomas et al., 2009] and exhibit both inter-annual and
decadal variability.

Figure 9. Climatology, from harmonics, of chlorophyll concentration (mg/m3), in logarithmic scale.

Figure 8. Climatology, from harmonics, of surface flow off Point Reyes and tb at buoy N13. Circles:
Nearshore flow. Triangles: Offshore flow. Dashed line: tb.
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Results

Upwelling modes

In the coastwide PCA, monthly UIs grouped with
respect to season and showed a strong contrast between

winter and summer months (Fig. 1). The leading two
upwelling principal components (PC1coast and PC2coast)
explained 16% and 10% of the total variance and did not
contain significant (Po0.05) long-term trends, though
the second principal component exhibited unusually
positive values in 2007 and 2008 (Fig. 2a and b).
Correlations with monthly UI data demonstrated that
the principal components had highly seasonal signa-
tures. PC1coast associated with the summer months
(April through October; ‘summer mode’) while PC2coast
associated with a narrower window during the winter
months (January throughMarch; ‘winter mode’) (Fig. 2c
and d). Correlations with monthly UI were weakest in
the northernmost latitudes of the study. The third (8.3%
variance explained) and fourth (7.3% variance ex-
plained) principal components did not show a clear
seasonality, did not consistently relate to biological time
series (data not shown), and were therefore dropped
from further analysis.
When PCA was repeated for each of the five

upwelling stations, variance explained by the leading
two components was considerably higher than in the
full coastwide analysis (Table 1A, B). At all latitudes, the
leading principal component correlated with summer-
time upwelling while the secondary component corre-
lated with wintertime upwelling (Table 1A, B). For
example, the leading principal component at 391N
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match-mismatch:  time and biomass
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and both climate variability and climate change have
been related to phenological variation.

Observed responses of individual species, however,
are just a starting point in understanding change in
complex marine ecological systems that may result
from climate variability, ocean warming and other
forms of anthropogenic climate change (e.g. change in
wind strength and circulation). While organisms may
respond to ocean warming by advancing — or delay-
ing, both situations have been observed, even in the
same locality (Byrd et al. 2008) — seasonal timing,
there are physiological, evolutionary, and ecological
reasons to expect that different species will change at
varying rates (Visser et al. 2004, Visser & Both 2005,
Parmesan 2006). Indeed, some studies of warming
impacts in disparate communities worldwide have
found that previously tight trophic coupling (i.e. feed-
ing or mutualistic interactions) between predator and
prey, herbivore and food plant, parasite and host, have
been disrupted because the resource (prey or host) is
not available at the right time or place, i.e. climate
change has caused a ‘mismatch’ in phenology
(Stenseth & Mysterud 2002, Gremillet et al. 2008).
Changes in important ecological interactions such as
predator–prey relationships could have fitness conse-
quences, thereby ultimately affecting populations and
communities. For example, a reduction in foraging effi-
ciency could cause a decline in key demographic
attributes (e.g. annual reproductive success) leading to
poor recruitment and population decreases in future
years. If persistent, decoupling of trophic linkages
could have severe impacts on marine ecosystem orga-
nization and functions. Cushing (1990) suggested that
the degree of ‘match–mismatch’ between predator and

prey in time or space is a key influence on fisheries
recruitment, affecting fish biomass and fisheries yield,
and a number of studies have related the loss of
groundfish in the North Atlantic (cod) to trophic mis-
matches with their prey (large calanoid copepods)
(Beaugrand et al. 2003).

It is critical, therefore, that upper trophic level preda-
tors adjust energy-intensive phases of their life cycle
(e.g. migration, reproduction) to periods of maximum
food availability within each year. The overlap in
predator activities/needs and prey availability is influ-
enced by both the timing and abundance of the prey
(Fig. 1). Mid-trophic-level forage fish, squids, and zoo-
plankton should also time their breeding schedules to
coincide with the intra-seasonal peak of their prey
(including micro-zooplankton and phytoplankton)
availability. With ocean warming, and the multiple
food web links involved, severe trophic mismatches
between supply and demand may develop if the timing
of multiple trophic levels responds to climate change in
different ways.

With this background in mind, we convened a sym-
posium entitled ‘Phenology and climate change in the
North Pacific: implications of variability in the timing
of zooplankton production to fish, seabirds, marine
mammals, and fisheries (human)’ on 2 November 2007
at the 16th Annual Meeting of the North Pacific Marine
Science Organization (PICES) in Victoria, Canada. The
contributions to this Theme Section by Batten &
Mackas (2009), Schroeder et al. (2009), and Watanuki
et al. (2009) were originally presented in that topic ses-
sion. Additional papers were solicited to provide a
broader survey of phenological impacts on top marine
predators.

186

Fig. 1. Schematic of how phenology (timing) and relative abundance (biomass) affect the degree of trophic match-mismatch (after
Durant et al. 2005). The key variable is the degree of trophic overlap of predator needs (continuous line) and prey availability
(dashed line) in time and space. Dashed curves reflect biomass of prey (height) and seasonality of prey abundance (position 
of maximum). Reproductive success and other demographic traits will be high when there is great trophic overlap (grey 

area under curves)
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by 5–7 mb during December–February (March–June), while the
semi-annual component deepens (fills) the low by !2 mb in
December–January and May–June (February–March and July–
September). The net effect on the seasonal cycle is a low deepened
by 8–10 mb (more in the 1990s) each December-January and filled
by 5–7 mb over a long stretch of the year, roughly March through
September (Figure 2c). Interannual to decadal scale fluctuations in
the magnitude of this seasonal modulation are obvious. The
amplitude of both the annual and semi-annual components has
increased substantially since the mid-1970s, resulting in a nearly
doubled seasonal amplitude.
[8] The situation in the NPH is quite different, with both the

amplitude and phase of the seasonal cycle changing over time. The
amplitude of the annual component in the early part of the record
(2.5 mb in 1950) is twice as large as in the early 1990s (1.2 mb in
1992). The phase of the annual component has changed as well,
with the maxima (minima) having shifted about one month later in
the year over the length of the record (Figure 2d). The semi-annual
component varied in the opposite manner, with its amplitude
increasing over the period (!1.1 mb in 1950, !2.4 mb in 1995)
and its peaks and troughs occurring 1–2 months later in the year

during the early part of the record (Figure 2e). Thus, the spring
maxima of the annual and semi-annual components occur nearly in
phase in recent years. Although these seasonal amplitudes are not
large relative to the mean pressure, they contribute significantly to
the annual cycle of local wind forcing.
[9] These changes in the first two components have resulted in a

highly variable seasonal structure of the North Pacific High. This is
evident from the time evolution of the annual/semi-annual ampli-
tude ratio (Figure 3). Although the annual component dominates
the seasonal cycle climatologically (Yashayaev and Zveryaev
[2001], Table 1), there has been a substantial trend to a relatively
higher semi-annual amplitude. Since the late 1980s, in fact, the
semi-annual component has been the dominant seasonal frequency
(Figure 3a). These structural changes have also impacted the
seasonal phase of the NPH, with the spring peak occurring in
February–March during the 1950s, in May through most of the
1980s, and in April during the 1990s (Figure 3b). An earlier spring
peak in the 1990s relative to the 1980s has also been recently
observed in the Bering Sea [Stabeno and Overland, 2001].
[10] The changes described here do not appear to be local

phenomena. Similar results were obtained using SLP time series
from the grid points surrounding 30!N, 135!W, as well as from
locations representing the seasonal migration of the AL (55!N,
170!Wand 60!N, 160!W). The AL and NPH are strongly linked to
atmospheric variability elsewhere through global teleconnection
processes (e.g., Horel and Wallace [1981]). Evidence of this can be
seen in the correlations between SLP in the NPH and in the
Siberian High, located at 50!N, 95!E (Table 2). The correlations
are significant for the annual, semi-annual, and full seasonal
components when the NPH lags the Siberian High by one month.
Variability at semi-annual frequencies is particularly highly corre-
lated between these pressure centers, with the highest correlation
occurring for the period 1977–2000 (r = 0.93 at one-month lag).
[11] The trends in the seasonal cycle described here are inde-

pendent of the long-term seasonally-adjusted trend in the monthly
SLP time series. The AL, for example, is known to fluctuate on
decadal time scales [Overland et al., 1999], with a well-docu-
mented (‘‘regime’’) shift to lower pressures occurring after 1976
[Trenberth and Hurrell, 1994]. Changes in the phase and amplitude
of the seasonal cycle are superimposed on, and in fact appear to be
large contributors to, these low-frequency climate fluctuations
(Figures 1c and 1d). In the AL, the amplitude of the seasonal
cycle has nearly doubled over the past 50 years, partly the result of
a deeper wintertime low after 1976 (Figure 1c). The entire structure
of the seasonal cycle has changed in the NPH, with the semi-
annual component becoming increasingly more important. Fur-
thermore, the timing of biologically-important seasonal processes
that are related to the strengthening of the NPH in spring, such as
increased coastal upwelling in the California Current and the
evolution of upper-ocean stratification, has probably varied during
the past 50 years, and their initiation may now be occurring later
than in the 1950s.

4. Conclusions

[12] Significant changes in the community structure and bio-
logical productivity of the North Pacific Ocean are well-docu-

Figure 1. Maps of 1948–2000 mean sea level pressure over the
North Pacific Ocean for (a) winter (December–February) and (b)
summer (June–August). Data are reanalysis products from the
National Centers for Environmental Prediction. Locations of the
Aleutian Low (50!N, 180!) and North Pacific High (30!N, 135!W)
are marked with a +. Time series of the trend (bold curves) and trend
plus full seasonal components (first six harmonics, colored curves)
of the Aleutian Low (c) and North Pacific High (d) are given.

Table 1. Variance Ratios (% of Seasonal Total) of the Seasonal
Components for the Aleutian Low (50!N, 180!) and the North
Pacific High (30!N, 135!W) Sea Level Pressure Time Series,
1948–2000

50!N,180! 30!N,135!W
12-month 84.6 41.2
6-month 7.1 24.9
4-month 2.3 18.2
3-month 3.1 3.5
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nine locations on the west coast were used: San Diego, CA;
Port San Luis, CA;Monterey, CA; San Francisco, CA; Crescent
City, CA; Charleston, OR; South Beach, OR; Astoria, OR and
Neah Bay, WA. The lengths of the time series were different,
but 6 out of 9 covered the 1967–2008 period. SST data
were gridded (1! " 1! resolution) monthly averages compiled
by the Met Office Hadley Centre’s sea ice and SST data set
(HadISST; http://coastwatch.pfeg.noaa.gov/erddap/index.html).
We used the grid point located closest to the shore over the
32! to 48!N study region. To put the central–northern CCS
region in broader context, we obtained daily upwelling indices
[UI; Bakun, 1975; Schwing et al., 1996] for six locations
(http://www.pfeg.noaa.gov) separated by three latitudes
(33!N 119!W; 36!N 122!W; 39!N 125!W; 42!N 125!W;
45!N 125!W; and 48!N 125!W). These daily upwelling data
were averaged with respect to month.
[5] To assess linkages with the broader Pacific basin, the

area (A) of winter (January–February) NPH was compared
to winter values of the Multivariate ENSO Index (MEI) as
well as the North Pacific Index (NPI). The MEI [Wolter and
Timlin, 2011] is an indicator of El Niño Southern Oscillation
(ENSO) activity; positive values indicate El Niño conditions.
The NPI is an indicator of the Aleutian Low, the dominant
pressure system in the northeast Pacific during the winter,
and is calculated by averaging the SLP over the 30!N–65!N,
160 E–140!W. Low NPI values indicate a more intense
Aleutian Low [Trenberth and Hurrell, 1994].
[6] We calculated a direct index of winter “pre-conditioning,”

the pCUI, or pre-conditioning cumulative upwelling index,
measured as the cumulative sum of only positive values of
the daily UI between January 1 and March 1 each year. The
pCUI was calculated for all UI locations mentioned above,
but we focus on 39!N because most of the biological data used
in this paper were collected near this latitude. We interpret the
pCUI as an index of pulses in upwelling in January–February,
which we relate to amplitude and positioning of the NPH.
Time series of upper-trophic biological productivity were then
compared to the pCUI.
[7] Next, we used Spearman’s rank correlations (Sr) to

associate the position and amplitude of the NPH (anomalies

of the four NPH metrics after removing annual cycle) to the
UI, pCUI and 4 biological time series that represent ecosystem
productivity in the region. The biological time series were: the
average annual egg-laying date for a planktivorous and
omnivorous seabirds (Cassin’s auklet and common murre),
both datasets from Southeast Farallon Island (~37!N,
~123!W; data in Schroeder et al. [2009]), and otolith-based
growth chronologies for planktivorous and piscivorous
rockfishes (splitnose and yelloweye rockfish; data from Black
et al. [2008, 2011]). On average auklets lay their eggs in April
(standard of 15 days), and murres lay their eggs at the end of
May (standard 9 days) [Schroeder et al., 2009]. The rockfish
chronologies were derived from the widths of annual otolith
increments; any value greater than one indicates above-
average growth for that year [Black et al., 2008, 2011]. As
top-level predators, seabirds and rockfish integrate bottom-
up processes and show significant correlations with environ-
mental variability and indices of lower-trophic variability
[Sydeman et al., 2006; Wells et al., 2008; Thompson et al.,
2012]. These four time series overlap spatially and temporally
from 1973 to 2003. To reduce dimensionality of these time se-
ries, we normalized each and calculated their principal compo-
nents, retaining those with an eigenvalue >1. The first PC
(PC1bio) explained 64% of the total variability and was the
only PC to meet the criteria for inclusion in the subsequent
analysis.

3. Results

[8] The NPH is of the lowest amplitude (low pmax and small
A values), centered farthest south, and located the closest to
land during January and February. It then intensifies, enlarges,
and shifts northwestward through the spring and summer
months (April–September) (Figure 1, Table 1). Variance in
NPH location and strength is lowest during the summer and
peaks from January throughMarch (Figure 1). Area (A) shows
the most within-month variability, especially in January
and February with an interannual coefficient of variation
of 95% and 85%, respectively. As expected, pmax shows
little interannual variability within each month (Table 1). In
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Figure 1. The position and amplitude of the North Pacific High (1967–2010) with respect to month. Each dot indicates the
position of the NPH for a given year; color denoted the area of the 1020 hPa contour. The black contour is the climatological
1020 hPa isobar.
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back to the future

IPCC$Models$Included!

$Modeling$
$Center$

$Model$(#$of$$$
$versions)$

$Country$

$CCCma$ $CanESM2$ $Canada$

$CMCC$ $CMCC$(3)$ $Europe$

$CNRMACERFACS$ $CNRMACM5$ $France$

$CSIROABOM$ $ACCESS1$(2)$ $Australia$

$CSIROAQCCCE$ $CSIROAMk3.6.0$ $Australia$

$IPSL$ $IPSLACM5$(3)$ $France$$

$MOHC$ $HadGEM2AA$$ $UK$

$NCAR$ $CCSM4$ $USA$

$NCC$ $NorESM1$(2)$ $Norway$

$NOAA$GFDL$ $GFDL$(4)$ $USA$

$NSFADOEANCAR$ $CESM1$(5)$ $USA$

global climate models included in the IPCC AR5 



bakun hypothesis: global model projections

Process'Predic*on' Pass' Fail'

1.#future#surface#warming#

2.#increased#hea4ng#of#con4nental#surface#
air#mass#rela4ve#to#ocean#surface#air#mass#

3.#intensifica4on#of#the#con4nental#Low#
rela4ve#to#the#Pacific#High#during#summer#

4.#increased#land>sea#pressure#gradient##

5.#intensified#alongshore#winds#during#
summer#

#
#
#
#



in summary

✦ upwelling in california shows two modes of variability, driven by 
different atmospheric processes, and with differential impacts on the 
ecosystem 

!
✦ winter mode is driven by large-scale north pacific high pressure 

system 
✦ allows the use of global climate models to study future variability 
✦ new hypothesis of how upwelling is going to change with climate 

are needed 

!
✦ winter mode impacts terrestrial and marine ecosystems 

✦ allows the use of long-lived organisms to study past variability 
✦ increment of extreme negative events in recent decades


