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Background

Pelagic nekton communities are among the most ecologically and economically
important components of marine ecosystems worldwide. From sardines and anchovies to squid
and mackerel, these species are at once the object of dedicated and emerging fisheries and links
connecting lower and higher trophic levels in the coastal ocean. These characteristics make an
understanding of the dynamics of pelagic nekton communities fundamental to nascent
ecosystem-based fisheries management efforts. In the California Current Large Marine
Ecosystem, pelagic nekton community composition has been known to vary substantially in
response to changes in environmental conditions (Brodeur et al. 2006), and climate change
promises to bring with it new and unexpected environmental conditions. Synthetic, empirical,
multi-decadal research that links climate to changes in pelagic nekton communities is sorely
lacking, especially in the Northern California Current (NCC). Our proposal aims to develop
new indicators that will describe how the pelagic nekton communities in the NCC have
responded to climatic forcing during the period 1998-2011, with the twin goals of
providing critical ecosystem information for fisheries management and expanding the
availability of indicators for Integrated Ecosystem Assessments.

Climate change is one of the principal threats to biodiversity of marine organisms and to
the structure and functioning of ecosystems. Ocean temperatures have warmed dramatically in
almost all Large Marine Ecosystems of the world over the last 30 years (Belkin et al. 2009) and
are projected to continue to increase in the North Pacific over the next 40-50 years (Overland
and Wang 2007), including the California Current (Auad et al. 2006). In addition to
temperature changes, climate change may alter the cycle of productivity in the NCC (Bakun
1990, Snyder et al. 2003), with potentially negative consequences to the ecosystem (Bograd et
al. 2009, Schwing et al. 2006, Barth et al. 2007). It is therefore realistic to expect that future
climate change will substantially affect habitats, communities, species and individual organisms
for the rest of the century. For instance, recent changes in nekton community structure will
continue as species shift their distributions relative to their temperature preferences
(Poloczanska et al. 2007, Cheung et al. 2009), possibly leading to the loss of some
economically-important cold-adapted species and the establishment of new, warm-adapted
species. Indeed, Cheung et al. (2009) predict that marine systems are projected to see more
dramatic shifts in species distribution patterns than terrestrial systems.

Moving to ecosystem-based fisheries management in the NCC ecosystem requires
considering the effects of climate on the biota (Field and Francis 2006), including the
development and evaluation of ecological indicators that directly and indirectly measure climate



impacts on marine communities (Levin et al. 2009, Schwing et al. 2009). Previous research has
shown that pelagic nekton communities respond quickly to abrupt changes in this dynamic
ecosystem (Emmett and Brodeur 2000, Brodeur et al. 2005, Emmett et al. 2006); however, most
of this research has been conducted on monthly or annual abundances of species and has not
taken into consideration their distribution patterns and how these species may respond to
environmental variability over the longer term. Studies examining the effects of climate on
biodiversity and species distributions have been done in the Northeast Atlantic (Beare et al.
2004, Perry et al. 2005, MacKenzie et al. 2007, Hiddink. and Hofstede 2008, Hofstede et al.
2010, Ciannelli et al. 2007), Northwest Atlantic (Frank et al. 1990, Murawski 1993, Nye et al.
2009), the Bering Sea (Ciannelli and Bailey 2005, Hoff 2006, Mueter and Litzow 2008,
Bartolino et al. 2011) and other regions of the world (see reviews by Roessig et al. (2004) and
Cheung et al. (2009)). There is presently little knowledge on how climate-related changes
will affect nekton diversity and ranges in the NCC.

Previous studies of climate forcing in the NCC have been conducted primarily on
heavily exploited demersal fishes, confounding the relative effects of fishing and climate. In
contrast, the pelagic environment of the NCC has received considerably less fishing impact, and
considerably less attention in the literature, compared to these moderate- to heavily-exploited
demersal ecosystems. As shown by Murawski (1993) in the Western North Atlantic, pelagic
species, even those caught in bottom-trawl surveys, showed the greatest latitudinal distribution
responses to changing ocean temperatures. Indeed, highly mobile pelagic nekton in the NCC
appear to respond quickly to even relatively small environmental changes by following
gradients in their habitats (Brodeur et al. 2006). Climate change will also affect other physical
variables (e.g., salinity, nutrient availability, oxygen) that can alter the distribution patterns of
marine nekton (Frank et al. 1990, MacKenzie et al. 2007). The pelagic zone of the NCC has
seen extreme and perhaps unprecedented interannual variability in oceanographic
conditions during the last decade (Bograd et al. 2009), which makes this environment an
ideal ‘laboratory’ for examining nekton community responses to physical forcing.

Not only will the native marine communities be influenced by climate warming, but
changing environmental conditions may increase the probability that non-native taxa will
successfully become established and modify ecosystem structure and function. In the NCC, this
type of response has already been documented with the recent northward movement of the
Humboldt squid to the west coast of the US (Brodeur et al. 2006, Field et al. 2007, Zeidberg and
Robison 2007, Litz et al. 2011). Northward shifts of isotherms are likely to increase diversity as
the number of species added far exceeds the numbers lost to more northern latitudes, as
observed during El Nifio or other warm anomaly years (Pearcy and Schoener 1987, Brodeur et
al. 2006). Also, in contrast to current thinking that species will move poleward in unchanging
communities to stay within their preferred ecological conditions, the more likely scenario is that
species will be reshuffled into novel groupings, creating what is referred to as “no-analog
communities” (Williams et al. 2007a, b). Similarly, new species interactions that develop within
reshuffled communities may have substantial impacts on predator-prey relationships, fisheries
and other ecosystem services (Ainsworth et al. 2011). As such, there is an acute need to
better understand the possibility of climatic variability inducing unexpected responses,
such as different species co-occurring and the development of no-analog future
communities (Doney et al. 2011).



Approach

Annual systematic surveys have been conducted using
consistent methodology in June and September since 1998
along nine transect lines at 50-55 stations, off Washington
and Oregon (Fig. 1), ranging from 45 to 48° N.
Measurements of hydrography, zooplankton and pelagic
fishes are made at each station. Vertical profiles of
temperature, salinity, fluorescence, oxygen and turbidity are
taken at each station. Nekton are sampled with large trawls
(336 m* mouth opening) in the upper 18-20 m of the water
column at every station. Mesh size is relatively small in the
codend to retain juvenile specimens. Taxa are identified at
sea or frozen and brought back to the lab for identification.
Total counts and weights are available for each nekton taxon
caught. Length data are recorded for a subset of individuals
(n=50 per station) of all species.

S

Fig. 1. Location of sampling area
off Washinaton and Oreaon

Table 1. List of spatial indicators and related population characteristics adapted from Woillez et al. (2009).

Spatial Indicator Population characteristics

Weighted mean center of biomass Mean geographic location of the species

Mean bottom depth of biomass Mean bottom depth of the species

Minimum latitude of occurrence Southerly extent of the species

Maximum latitude of occurrence Northerly extent of the species

Isotropy Elongation of the spatial distribution of the species

Positive Area Area of presence occupied by the species

Spreading Area A measure of the area occupied by the species that
takes into account variations in fish density

Global Index of Collocation Overlap of species/age class spatial populations

During year one of the proposed study, we will examine how nekton diversity, ranges,
and community composition have changed in the NCC in the recent past. To do so, we will
select the dominant nekton species (top 25-30) and analyze their abundance and distribution
trends over the 1998-2011 time period. In some cases (e.g. hake, jack mackerel, sardines,
anchovies), we will divide our catches into juvenile and adult age classes (Phillips et al. 2007)
to see if these age classes are responding similarly. For the survey region, we will examine
seasonal (June and September) and interannual (1998-2011) changes in location and dispersion
for each of the dominant species/age classes by calculating a variety of spatial summary
statistics (Table 1), following Woillez et al. (2007) and Nye et al. (2009). Seasonal and
interannual changes in the spatial distributions of age-structured nekton populations will be
investigated using multiple factor analysis (Woillez et al., 2007) and will provide a multivariate
spatial indicator for monitoring purpose (Petitgas and Poulard, 2009). All species (including
rarer taxa) will be examined for each cruise to determine trends in diversity and evenness across
annual and monthly scales based on the Shannon-Wiener diversity index, taxonomic diversity
index (A, Warwick and Clarke 2001, Tolimieri and Anderson 2010), and Pielou's index of
evenness (Brodeur et al. 2008). Community-wide analysis will be done using hierarchical
cluster analyses performed in conjunction with non-metric multidimensional scaling (MDS)
ordinations to identify annual, monthly, and cross-shelf assemblages, updating earlier work
(Brodeur et al. 2005), but including more detailed analysis in relation to environmental



variables described earlier. These analyses will pay particular attention to the development of
novel species assemblages (no analog communities) later in the time series. Once the important
environmental determinants of habitat for each species are identified, we plan to use
Generalized Additive Models (GAMs) or multivariate fitting models to examine the relative
importance of the various environmental variables for each species. We propose different
formulations of GAM, including threshold and variable coefficient GAM. In previous
applications, these formulations have proved successful in assessing non-additive (Ciannelli et
al. 2004) and non-stationary (Bartolino et al. 2011) species-environment relationships.

In the second year, we will test for multivariate relationships between basin-scale
environmental indices (i.e. MEI, PDO, including appropriate time-lags) and changes in the NCC
pelagic nekton community. The 14 year period from 1998-2011 includes several El Nifio
events (1998, 2003, and 2010) and also contrasting cooler years (2001, 2008). Therefore, we
should be able to recognize and identify basin-scale climate signals in our analyses. We will use
Principal Component Analysis to examine the relatedness of the overall species composition
between years to see if changes occur in the community that may be related to regime shifts
(Brodeur et al. 2006). Joint monitoring of environmental indices, population metrics and spatial
indices based on CUSUM (Cumulative Sum) control charts will provide an assessment that
could be used on an annual basis for at least two management purposes. First, the assessment
will provide information germane to management of fisheries for which nekton serve as a
forage base. Second, it will succinctly summarize indicators for wild fisheries and ecosystem
health components in future Integrated Ecosystem Assessments in the California Current
(Petitgas 2009, Woillez et al. 2010, Levin and Schwing 2011).

Also during the second year, we will compare the metrics found from our recent (1998-
2011) sampling to a similar study done from 1981 to 1985 by Oregon State University (Brodeur
and Pearcy 1986, 1992, Emmett and Brodeur 2001). These data (> 850 collections, 17 cruises)
have been entered into our database and verified, although no formal community and
distribution analysis has been undertaken. By analyzing this vast data set, we hope to shed light
on interannual and interdecadal differences in nekton community composition and metrics,
similar to that done for the Northeast region of the US (Lucey and Nye 2010). With the
exception of hake and salmon, most of the pelagic species we will be examining are not heavily
exploited over time which makes this data set somewhat unique in terms of looking at climate
effects without the confounding effects of fishing. Finally, we will use multivariate techniques
(e.g., Methratta and Link 2006) to evaluate a suite of nekton community indicators including
abundance and diversity, dominance curves, and ratios of pelagic to demersal fish, predators,
and jellyfish, during all years but particularly years of highly-contrasting environmental
conditions. This will identify which spatial and temporal scales (i.e. monthly, cross-shelf) and
assemblages provide the optimum predictive relationship with the abundance trends.

Benefits

This project will directly contribute to FATE’s goal of creating indices of ecosystem
properties and processes that reflect the condition of the ecosystem and the potential for
changes in the distribution and habitats of the economically and ecologically important fish
stocks in the California Current. The Pacific Fisheries Management Council has started to
incorporate ecosystem information into fisheries management. This includes a synoptic
overview of the status and trends in the abundance of prey for groundfish, with an eye toward
implementing more/less conservative fisheries management guidelines when prey are less/more
abundant. Our proposal will summarize changes in the status of the forage base for groundfish



over the last ~15 years, thus providing critical ecosystem information for developing
precautionary fisheries management guidelines. In addition, assessing stocks using spatial
indicators in conjunction with traditional biological indicators can provide supplementary
information for fisheries management decisions (Link et al. 2011). Specifically, identifying
responses of fisheries resources to environmental forcing will provide assessors the raw
materials to incorporate a climate index in stock-recruitment relationships.

Enhanced retrospective analyses of ecosystem parameters in relation to climate has been
identified as a key component to predicting future changes in US coastal ecosystems (Osgood et
al. 2008). An increased understanding of how pelagic species respond historically will allow us
to forecast how they may change under different climate scenarios, as is presently underway by
Brodeur for a broader geographic range (California to the Bering Sea, in collaborations with
W.L Cheung). In addition, the analyses of the pelagic nekton survey data that we propose will
fill the research needs of future IEAs in the California Current. The recently published
California Current Integrated Ecosystem Assessment (CCIEA) lays out a long-term plan to
evaluate the status of a wide variety of ecosystem components (Levin and Schwing 2011).
Chief among the ecosystem components are wild fisheries and ecosystem health, and the 2011
CCIEA represented a first attempt to assess their status using rigorously vetted indicators. One
of the indicators that rose to the top of the evaluation was the spatial structure of populations,
but due to logistical constraints the corresponding analysis was limited to groundfish. Indeed,
many candidate indicators otherwise identified as reliable failed to appear in the report because
of data limitations. Therefore, the CCIEA could be bolstered by augmenting the availability of
leading ecosystem indicators for the pelagic ecosystem. The work we propose will provide new
and needed indicators to assess the status of the wild fisheries and ecosystem health components
of future IEAs in the California Current.

Finally, this project will provide ecological and fisheries training opportunities for a
doctoral student (Barcel6), who will be encouraged to participate in national and international
scientific meetings and management council meetings.

Deliverables:

e Update (to 2011) the existing time series of nekton densities and diversity and evenness
indices along the west coast during June and September from annual pelagic surveys.

e For the 2011 CCIEA, several promising indicators that could be derived in part from the
pelagic nekton survey data (forage species biomass, status, and trends; zooplanktivorous
fish biomass; ratios of forage fish to jellyfish biomass and pelagic to demersal fish
biomass) were not recommended for reporting, primarily because data were not
available to the authors in a summarized format. Other community composition
indicators, such as species diversity, were reported only for groundfish. Our proposal
will provide this information about pelagic nekton community composition in a format
that will be of immediate use in future IEAs in the California Current.

e Provide summaries to Ecosystem Status Reports being produced annually for CalCOFI
and every four years for the North Pacific Marine Science Organization (PICES).

e Post the most robust indices to a forecasting webpage to make these available to the
scientific community and managers.

e Present findings at national (e.g., CalCOFI, AFS) and international (PICES, ICES,
Ocean Sciences) scientific meetings as appropriate.

e Prepare at least two manuscripts for publication in peer-reviewed primary scientific
journals based on the results of our analyses.
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