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Summary

Nearshore marine ecosystems face unprecedented challenges at global and regional scales, with threats arising from both the adjacent lands and oceans.  From the ocean, challenges include acidification, sea level rise, and warming.  These are cascading effects arising from increased atmospheric CO2 emissions since the onset of the industrial age.  From the continents, challenges include elevated biological and chemical pollutants associated with burgeoning human populations along coastlines.  Expected consequences of climate change include modifications to the hydrological processes responsible for transporting pollutants, nutrients, and sediments across watersheds that ultimately deposit into nearshore environments which can have adverse biological effects.  While our understanding of the physical processes resulting in climate change, sea level rise, and ocean acidification is advancing due to accumulating data and refined models, the implications for biological systems are only beginning to be explored.  We will use the eastern Pacific nearshore as a large-scale laboratory to improve our understanding of factors affecting nearshore marine communities.  We will incorporate the range of human densities and impacts in watersheds and inputs from the oceanic realm across a large latitudinal gradient to assess sources of influence in the nearshore.  

To evaluate the status of north Pacific nearshore ecosystems from southern CA to southwest Alaska, we will focus on a food web where kelps are primary producers and energy is transferred through benthic invertebrates such as clams, crabs, and urchins to high level consumers such as some fishes, birds and mammals.  We will contrast six geographically distinct sea otter populations, including two populations listed as “Threatened” under the ESA that occur from CA to the Gulf of Alaska, to identify factors contributing to variation in density and trend in abundance.  The study design incorporates ecosystem productivity, watershed inputs, and diet and nutrition as primary factors potentially regulating population abundance and growth rates.  Ecosystem productivity will be estimated through 1) growth rates of nearshore fishes and 2) satellite imagery (e.g., chlorophyll and temperature) and remotely sensed data (e.g., oceanographic stations).  Watershed modifications and inputs into the nearshore will be estimated through satellite imagery (e.g. Landsat & MODIS) and hydrographic stations.  Sea otter diet and nutrition will be estimated through direct observation of foraging.  Concurrently, we will evaluate the health of the nearshore ecosystem as reflected in the expression of genes (as novel biomarkers) specific to: 1) organic pollutants, 2) metals, 3) parasites, 4) bacterial infection, 5) viral infection, and 6) thermal stress, in each sea otter population.  The combined data sets on: 1) nearshore productivity, 2) watershed inputs, 3) sea otter diet and nutrition, and 4) sea otter gene expression will support a multivariate analysis of empirical factors likely responsible for directing the present status and trend of geographically distinct sea otter population, and by inference, the nearshore ecosystem generally.  We expect that the data we acquire will support future modeling efforts to forecast nearshore ecosystem responses to anticipated environmental change such as increasing temperature, sea level rise, ocean acidification, contaminants, and disease.     
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INTRODUCTION
This study plan describes a new multidisciplinary project that involves three USGS science centers in the Western Region.  The project will be carried out under the “Department of Interior (DOI) on the Landscape” program, supported by and coordinated with existing research programs sponsored by the Alaska Science Center (ASC), Western Ecological Research Center (WERC), Western Fisheries Research Center (WFRC), Minerals Management Service (MMS), National Park Service (NPS), Fish and Wildlife Service (FWS), Exxon Valdez Oil Spill Trustee Council, (EVOS), the North Pacific Research Board (NPRB) and the Monterey Bay Aquarium.  The “DOI on the Landscape” program focuses on understanding processes affecting ecosystems.  The focus of this project is the health of nearshore ecosystems of the northeastern Pacific Ocean, from California to Alaska.  Across multiple study sites, we will examine gradients of human influence in watersheds, differences in ocean primary productivity, diet and nutrition, and through application of gene expression technology will identify factors presently affecting abundance and rates of change among and within sea otter populations.  We will initiate new work and coordinate with existing projects in 2010, complete field work in 2011, and complete initial products in 2012.
The nearshore-
The nearshore includes the coastal zone that is influenced by tides, and extends offshore to depths of about 20-40 m, near the limit of light penetration (Carter 1995, Peterson 2005). One attribute that distinguishes the nearshore from other parts of the ocean is the presence of kelps and sea grasses which supplement the ocean’s phytoplankton productivity. 
The North Pacific nearshore includes geomorphically diverse habitats that range from sheltered estuaries, protected bays, and exposed coastlines, with sediments ranging from fine silts to cobbles and rocky reefs (Witman and Dayton 2001).  Nearshore habitats support diverse flora and fauna that form a unique food web (Figure 1) not found in oceanic ecosystems (i.e. phytoplankton-based, with pelagic invertebrates, fishes, birds and mammals).  To a large degree, nearshore ecosystems are fueled by energy derived from the kelps and sea grasses that form conspicuous beds or forests along most temperate and high latitude continental margins, including the eastern north Pacific (Duggins et al. 1989, Mann 2000, Fredriksen 2003).  These beds also provide important habitats for resident organisms, including various invertebrates, fishes, birds, and mammals (Duggins 1988, Estes 1996, Steneck et al.  2002, Fredriksen 2003, Estes et al. 2004, Reisewitz et al. 2005).  They also provide nursery grounds for larvae or juveniles of species that predominate further offshore (e.g. crabs, salmon, herring).  
The kelps and seagrasses support important primary consumers, mostly sessile benthic invertebrates, such as mussels, clams, snails, crabs, stars and urchins.  These benthic invertebrates eventually transfer primary production to higher level consumers that are near the apex of the nearshore food web (e.g. fishes, sea ducks, shorebirds and sea otters).  Many of these species are long-lived and produce annual growth increments in their shells or bony structures that reflect a history of environmental conditions (Paul and Feder 1973, Sterling and Okumus 1995, Black 2009).  The nearshore also provides foraging habitats for important offshore and terrestrial consumers (e.g. killer whales, harbor seals, sea lions, waterfowl, shorebirds, brown bears, and some fish and shellfish), as well as providing resources and ecosystem services to a large proportion of the human population (Carter 1995).  These take the form of commercial, recreational, and subsistence fisheries on taxa such as crab, sea urchins, and clams, as well as a broad array of other recreational pursuits (e.g. boating and wildlife viewing).  

Although conceptually the nearshore can be distinguished from the terrestrial and oceanic environments that it borders, functionally, these three environments are intricately linked in important ways (Figure 1). 
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Figure 1.  Simplified nearshore marine food web where kelps and seagrasses provide primary production and benthic invertebrates transfer energy to apex consumers.  Dark arrows indicate transfer of energy upward and light arrows indicate consumption and predation.  Curved arrows indicate inputs from terrestrial and oceanic sources into the nearshore.
Marine ecosystems are inherently difficult to study, largely as a consequence of our limits of direct observation.  However, nearshore systems, particularly benthic invertebrate food webs, are comparatively easy to observe because the organisms are relatively sedentary (e.g. sea stars and mussels), accessible (e.g. visual access to foraging sea otters), and can often be manipulated (e.g., exclosures or introductions) and thus provide good resolution of ecological change, (e.g. Dayton 1972, Connell 1972).  Also, in contrast to other marine habitats, there is a comparatively thorough understanding of mechanistic links between species and their physical environment (e.g. Connell 1972, Paine 1977, Paine 1992, Estes and Duggins 1995, Estes et al. 1998, Steneck et al. 2002, Menge et al. 2007, Menge et al. 2008) that facilitates identifying agents of change in the nearshore (e.g. the effects of sea star predation on mussels)

There is growing evidence for the ecological importance of individual species on ecosystems (Karieva and Levin 2004).  Each species can exert a variety of effects on the wider biological community, both by providing material resources and energy to the next higher trophic level, but also through such well known processes as competition, predation, mutualisms, and the alteration of physical habitat. In some cases, a species’ ecological role may be so strong as to influence entire landscapes and associated patterns of biodiversity. Such species are known as “strong interactors” (Paine 1992, Power et al. 1996) and have been variously referred to as “keystone species” (Paine 1969), “foundation species” (Dayton 1972), or “ecosystem engineers” (Jones et al. 1994, Menge et al. 2008), terms that imply functional importance (Soulé et al. 2003).  Perhaps no better example of a “keystone” predator exists in the ecological literature than the sea otter (Enhydra lutris), an apex consumer at the top of the north Pacific nearshore food web (Estes and Duggins 1995).  In nearshore habitats sea otters influence ecosystem structure through predation on the herbivorous sea urchin (Strongylocentrotus sp.).  In the absence of sea otters, urchin grazing limits both the primary production and the physical structure and habitat afforded by canopy and understory kelp populations.  When present, sea otter predation on urchins effectively eliminates their grazing effects and results in a diverse and productive nearshore system dominated by kelp forests and the species and processes those forests support. 
As a result of the commercial harvest that led to their near extinction, followed by translocations and widespread recovery, geographically isolated sea otter populations are present in a matrix that varies in status from rapidly increasing to declining.  Two populations, CA and SW Alaska, are listed as “Threatened” under the Endangered Species Act.  Recognized constraints to sea otter populations include food limitation, predation, human removals, contaminants, and diseases.  The combined effects of human influences in watersheds and variation in ocean productivity on sea otters specifically, or the nearshore in general are largely unexplored.  We will examine six geographically isolated sea otter populations to evaluate multiple competing hypotheses related to causes for within and among population differences in status and trends of sea otter populations.      
Physical processes- 
The nearshore marine serves as an important interface among air, land, and sea that provides linkages for transfer of water, nutrients, energy, and species between watersheds and offshore habitats (Mann and Lazier 1996).  Atmospheric processes initiate and maintain the oceanic and coastal currents that support the oceanic food web based in the phytoplankton (Schultz 1990, Weingartner 2007).  It is these currents that carry matter and primary production from ocean basins across the continental shelves where they supplement nearshore productivity (Duggins 1989).  As the North Pacific Current flows toward North America, it bifurcates near the 49th parallel, resulting in the northward flowing Alaska Current, and the nearshore down welling Alaska Coastal Current (ACC), and the southward flowing and upwelling California Current (CC) (Figure 2).  Atmospheric processes also result in terrestrial precipitation, as either snow or water that eventually flows through watersheds and enters the sea, with profound and far-reaching consequences for nearshore ecosystems (Mann and Lazier 1996, Mann 2000, Weingartner 2007).  In addition to influencing salinity and supplying sediments that replenish nearshore habitats, essential nutrients such as nitrogen and phosphorus, that are required for primary production, but potentially affected by human activities such as agriculture, are transported from the land to the sea (Howorth 1986, Lewitus et al. 2004).  High seasonal freshwater flows from snow melt at northern latitudes also serve to reinforce the ACC and downwelling processes (Weingartner 2007).
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Figure 2.  Geographic bounds and conceptual components of proposed Pacific Nearshore study, including six geographically distinct sea otter populations (from west to east, Katmai, Prince William Sound, SE AK, British Columbia, Washington, and CA) watershed inputs (approximated), and oceanic influences.

The combined contributions of materials and productivity from watersheds and the sea undoubtedly contribute to the high productivity, species diversity and value placed by humans on nearshore ecosystems.  However, it is also inputs into the nearshore from both watersheds and the oceans that present both immediate and anticipated threats to the continued health and function of the nearshore.  From the watersheds, the nearshore receives a variety of nutrients and contaminants (including metals, organics and xenobiotics), infectious disease agents (viral, bacterial, protozoal), parasites, and invasive species (Rabalais 2002, Valiela  2008, Johnson et al. 2009).  Transport of materials through watersheds will likely be affected through climate mediated changes in the amount and type of precipitation on the continents, expected to increase at the low and high latitudes and decrease in the mid-latitudes (Walther et al. 2002).  In the high latitudes it is expected that increasing precipitation will include greater rain and less snow.  
From the ocean side, increased CO2 emissions have led to rising sea level and temperatures, and ocean acidification (Mann and Lazier 1996, Feely et al. 2004, Wei et al. 2009).  Significant increases in these parameters are now predicted by the mid 21st century, based on physical modeling, with potentially devastating consequences to human population and agricultural centers as well as coastal marine ecosystems (Nicholls et al. 1999).  In particular, ocean acidification has the potential to disrupt entire marine food webs (Kurihara and Shirayama 2004, Kurihara et al. 2008, Widdicombe and Spicer 2008), including those in the nearshore.  
The Issues-
Coastal ecosystems face unprecedented challenges at global and regional scales due to accelerated rates of environmental change that are occurring both offshore and onshore.  The stresses are a combination of cascading effects arising from increased atmospheric CO2 emissions (global warming) and elevated biological and chemical pollutants associated with burgeoning human populations along coastlines.  Expected effects of climate change include modifications to the hydrological processes responsible for transporting pollutants, nutrients, and sediments across watersheds that ultimately deposit in coastal ecosystems.  Concurrently, sea level is rising, as are ocean temperatures and acidity. While our understanding of the physical processes that underlie climate change and ocean acidification are advancing, the implications for species and ecological systems are relatively unexplored.  

In the northeastern Pacific, sea otters are present in geographically distinct populations that span over 30 degrees of latitude and vary in status from increasing to declining, and include two populations listed as “Threatened” under the Endangered Species Act.  Perhaps more importantly, rates of change in sea otter populations once increasing rapidly are exhibiting diminished rates, or potentially decline (Nichols et al. 2005, Esslinger and Bodkin 2009). Recognized constraints to sea otter populations include food limitation, predation, harvest, disease, and contaminants.  Here, we propose to use coastal ecosystems, from highly urbanized California to relatively pristine Alaska, to better understand factors that currently influence these systems, and to provide the critical data and tools needed to establish how this coastal ecosystem, and by extension, how similar north temperate systems may respond to future environmental change.  We will use the sea otter, an apex consumer and sentinel of ecosystem health, to identify the mechanisms, pathways and expressions of response to physical and biological ecosystem perturbations.

The Approach- 
Several circumstances have led to an extraordinary opportunity to use sea otter as an apex consumer and sentinel nearshore species to evaluate the health of the nearshore ecosystems in the northeastern Pacific basin and, based on widely accepted physical models of environmental change, acquire data that will be useful to forecast future ecological responses.  
As a consequence of the fur harvest for sea otter pelts that ended in 1911, and the subsequent recolonization and reintroductions throughout their range, sea otters now occur in an arrangement of geographically distinct populations from southern California to Japan (Bodkin 2003, Estes et al. 2008).  Each of these populations has undergone different patterns of recovery following protection or translocation and current population trajectories range from increase to rapid decline, including two threatened populations in CA and SW AK.  Equally important, because of the relative sedentary nature and small home ranges of the sea otter, different population trajectories are evident within individual populations.  For example, sea otters in SE AK are increasing in numbers rapidly where unoccupied habitat is being recolonized (frontal areas), but showing little or no evidence of growth in areas long occupied (core areas) (Esslinger and Bodkin 2009).  Similar patterns of within population structuring are evident within populations in CA, BC and Prince William Sound (PWS) (Tinker et al. 2006, Nichols et al. 2005, Bodkin et al. 2002, Bodkin et al. 2000).  This array of populations, spanning a gradient of over 4000 km, provides the foundation for exploring the effects of human inputs, ecosystem productivity, and density-dependent mechanisms as factors influencing the health and status of sea otter populations and by extension, nearshore marine ecosystems generally (Figure 2).   
While it is generally accepted that sea otter populations are food limited (Kenyon 1969, Riedman and Estes 1990), recent evidence from CA and WA suggests that watershed-based human influences (including contaminants and infectious disease) are contributing to reduced growth rates in these populations (Johnson et al. 2009, Laidre et al. 2009).  Advancing technologies developed for human and veterinary health diagnostics are allowing researchers to bring biomarker tools to wildlife (Burczynski et al. 2000, Bartosiewicz et al. 2001, Bowen et al. 2007).  Contemporary gene expression analysis used to identify an organism’s genomic stress response to environmental contamination by individual chemicals or complex mixtures has the potential to transform marine toxicology research (Burczynski et al. 2000, Bartosiewicz et al. 2001). The advantage of using gene expression assays in marine mammal toxicology lies in the capacity to measure the physiologic responses (acute or chronic) of an individual to toxic insults and disease.  Gene expression yields important information on the physiological mechanisms that orchestrate an integrated response to a variety of stressors (Marrack et al. 2000, McGuire and Glass 2005, Fonfara et al. 2007). The value of these new technologies is that the up-regulation of many genes, which provide the transcriptional messages important in mediating toxicological and immunological reactions, can be assayed from a single sample. This is ideal for wildlife researchers where the number and amount of sample tissue collected can be limiting. Gene expression analysis can be used to detect transcriptionally active genes that are regulated by particular toxicants and this may give insights into changes in an animal’s response to toxin exposure.  These biomarker methods have recently been tested and validated in the sea otter (Bowen et al. 2006, Bowen et al. 2007).  The array of sea otter populations, in terms of growth rates will afford the opportunity to evaluate the role of watershed exposure on sea otter population regulation, and by extension the health of the nearshore ecosystem.  
One of the anticipated effects of climate change in marine ecosystems is increasing ocean acidification and declining productivity and growth in marine organisms with calcium carbonate shells.  Such species include mollusks and echinoderms (Kurihara and Shirayama 2004, Kurihara et al. 2008), and many of these taxa constitute high proportions of the sea otters diet (Riedman and Estes 1990, Estes et al. 2008).  The role of potential diminished invertebrate growth rates and increasing acidity on other sea otter prey types (e.g. worms and cephalopods) is unknown.  The acquisition of contemporary sea otter dietary data across the otters’ range will facilitate future modeling of potential acidification effects on prey to the energetic budgets of sea otters and allow exploration of ecosystem cascades resulting from change in sea otter abundance and diet.   
Explicit in our approach are competing hypotheses structured to identify those factors most likely contributing to the observed status (i.e., abundance and rate of change as dependent or response variables) of sea otter populations along North America. 
Hypotheses:

1.   Marine productivity regulates sea otter density and population change (density independent).  Independent or predictor variables include growth increments, water temperature and chlorophyll.
2.  Human perturbations in watershed are contributing to changes in sea otter densities and rates of population change (density independent).  Independent variables include human densities and the magnitude of change in watershed landscapes (e.g. modification of landscape to agriculture, silviculture, suburban, urban and industrialization). 
3.
Sea otter diet and nutrition regulates sea otter density and rates of population change (density dependent).  Independent variables include foraging success, prey composition and size, energy recovery rates, and calculated time budgets. 

GOALS AND OBJECTIVES
In response to the 2007 USGS Science Strategy (cir 1309) identifying coastal marine ecosystems and ecological change as important new science directions, and the USGS Plan for a Comprehensive National Coastal Program, we are conducting this study to improve our understanding of the processes currently and potentially affecting Pacific nearshore marine ecosystems.  The nearshore kelp food web provides the taxonomic and organizational framework for the proposed research.  The land (watersheds) and the sea serve as transports of natural and human mediated effects that currently, and will in the future, likely affect the structure and function of the north Pacific nearshore ecosystem.  The sea otter, as an apex predator and “keystone” species in the nearshore food web, serves as a focal species, integrating the combined influences of watersheds, oceans, and the nearshore into diet, behavior, condition, and health, ultimately reflected in abundance and population change over time.  State of the art gene expression technology will be employed to evaluate the roles of contaminants, disease, parasites, and thermal stress in affecting sea otter population abundance, growth rates, and behavior.  

The geographic bounds of the proposed work include the nearshore domains of the nearshore Alaska and California Currents (Figure 2).  These two coastal currents, including the nearshore Alaska Coastal Current, are the primary driving forces that unite the Pacific Ocean realm with the nearshore along the North American continent.  These two currents also define the range and species similarity of the kelp forest/benthic invertebrate/marine bird and mammal community along the Pacific coast from northern Baja California, Mexico to the Gulf of Alaska.  
The study design employs remotely sensed data on natural processes and human induced change in watersheds and coastal ocean currents as inputs into the nearshore (Figure 1) and uses a suite of measurable traits of sea otter populations as response variables to those inputs (Figure 2).  The study design integrates several decades of USGS research on sea otter populations and the results of recolonizations and reintroductions that have resulted in separate populations across a latitudinal gradient of human perturbations to watersheds, with expected effects diminishing from south to north. 
The goal of the research is to improve our understanding of factors currently affecting the health and productivity of sea otter populations in north Pacific nearshore ecosystems. 
Objectives:  
1)  Estimate growth rates of long lived fishes through analysis of annual growth increments and use remotely sensed data (water temp and chlorophyll) as indices to the role of annual variability in primary productivity in defining the status of sea otter populations and the nearshore ecosystem,
2)  Estimate human density and habitat modification (e.g., silviculture, agriculture, industrialization…) within watersheds adjacent to sampled sea otter populations, 
3)  Estimate the dietary composition, caloric intake, and activity time budgets within and among geographically separate sea otter populations demonstrating different population histories and trajectories, to evaluate the role of prey populations in defining the status of sea otter populations, and potential cascading effects throughout the nearshore marine ecosystem, and

4)  Incorporate gene expression within sea otter populations to assess the role of contaminants, infectious disease, parasites, and thermal stress as factors contributing to the condition of individual sea otters and the abundance and rates of change within and among isolated sea otter populations.  
Integrating the watershed and oceanic inputs (obtained from remotely sensed data) with estimates of: 1) nearshore ecosystem productivity (measured as growth rates of fish), 2) sea otter diet, nutrition, condition, and behavior, and 3) gene expression, will permit identification of factors currently and potentially important in determining the status and trend of sea otter populations, and by extension, the health and condition of the nearshore marine ecosystem.
We expect that this research will be used to understand and quantify the relative roles of ecosystem productivity, food limitation, and anthropogenic sources of pollution and infectious disease in regulating sea otter populations.  Information on sea otter diet will provide current measures of the relative abundance and sizes of nearshore invertebrate species that may be useful in understanding how the nearshore ecosystem may respond to anticipated environmental change, including ocean acidification and ocean circulation.     
METHODS
Study Area

The study area extends from Santa Barbra, CA, north to Prince William Sound AK, and west to Katmai National Park, AK, spans more than 30 degrees of latitude and more than 4000 km of coast (Figure 2).  In contrast, the eastern seaboard of the US spans less than 20 degrees of latitude.  A gradient of human influence exists within the study area, particularly in the watersheds, that reflects human population centers and human activities.  In CA, the current range of the southern sea otter extends from near Los Angeles in the south to near San Francisco in the north, but includes some coast line along the Big Sur coast, in Central California, where human densities are low and the watersheds are protected by National Forests.  The sea otter populations occurring in WA, BC, and SE AK all resulted from translocations in the 1960’s and 1970’s to restore the species.  From Prince William Sound west to Hokkido Japan, sea otters are now nearly continuously distributed within their former habitats except for portions of Kodiak Is. and the Kamchatka Peninsula.  Human densities generally decline from south to north, and we expect that human influences from watersheds will likely diminish along this gradient.  Translocations ranged in size from 43 in WA, 89 in BC and 412 in SE AK (Bodkin et al. 1999).  Current population sizes and annual growth rates are: 1) CA (overall) 2800 and 0.02; 2) WA 1125 and 0.08; 3) BC 3185 and 0.12; 4) SE AK 8949 and 0.05; 5) PWS 11989 and 0.00; and 6) Katmai 7095 and 0.15 (Nichols et al. 2005, Laidre et al. 2009, Esslinger and Bodkin 2009, and USGS unpublished data).  Within each distinct sea otter population the full range of nearshore habitats are occupied, from protected soft sediment bays and estuaries to exposed rocky shorelines.  Within the CA, BC and SE populations clear evidence of demographic structuring exists, with long established core areas supporting stable sub-populations, and frontal areas supporting population growth Nichols et a. 2005, Tinker et al. 2006, Esslinger and Bodkin 2009).  In WA movements data suggests a non-structured homogenous population (Laidre et al. 2009), in PWS the population is large and contiguous with no recognized frontal areas (USGS unpublished data), and at Katmai the population appears large and continuing to increase over much of lower Cook Inlet, with no core areas (USGS unpblished data).        

Study Design

The history of sea otters in the north Pacific over the past two centuries resulting in geographically distinct populations provides the foundation for our study design.  As described above each of the six populations (Figure 2), occurs along a latitudinal gradient that varies in both human density and watershed perturbation, and in oceanic influence defined by the CA current and the ACC.  Overlaid on this biogeography are populations that demonstrate highly divergent trends in population growth rates, the causes of these differences being poorly understood.  Our approach is to implement a suite of identical sampling protocols to evaluate three competing hypotheses related to potential causes for differences in the status and trend within and among these populations.  In CA, BC, and SE we will sample both core and frontal subpopulations, while in WA and Katmai we will sample only frontal populations and in PWS only a core population.

We will estimate the diet and energy recovery rates and the body condition within and among populations to evaluate the hypothesis that prey populations are affecting population status.  We will estimate marine productivity through growth increments in nearshore fishes and remotely sensed data (water temp and chlorophyll) to evaluate the hypothesis that marine productivity is contributing to patterns in populations.  We will use remotely sensed data on the impacts of human density and habitat modification within watersheds adjacent to populations to evaluate the hypothesis that watershed influences are affecting populations.  Lastly, we will employ an array of gene expression in response to potential various stressors (i.e., organic and inorganic contaminants, infectious disease, parasites and thermal) to evaluate the health and sources of stressors of individual sea otters within and among each population (Figure 3).  
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Figure 3.  Study design components and primary metrics used to evaluate competing hypotheses on factors presently affecting sea otter populations from CA to SW AK.  The oval represents dependent variables and outer circles independent variables (see analytical approach section).
Nearshore Ecosystem Productivity
Background 
In general, marine productivity is thought to be a major factor affecting growth rates in marine bivalves (Marsden 2004) and fishes (Schöne et al. 2003, Black et al. 2005).  Variation in annual growth is represented by growth increments recorded in the shells of bivalve mollusks and in the otoliths of bony fishes.  Growth increment patterns in both otoliths and bivalve shells have been used for reconstructing environmental conditions over multi-decadal time scales (Cerrato 2000, Black 2009).  These growth increments can represent annual variation in growth rates over long time periods (up to a century in log-lived fishes).  Sessile bivalves incorporate productivity at fairly small spatial scales, while productivity recorded in otolith growth increments will integrate conditions over the annual home ranges in fishes. 
We will use growth increments in two common nearshore fish (the kelp greenling, Hexagrammos decagrammus, and the black rockfish, Sebastes melanops) as indices to annual productivity (food availability) within each study site. Both species of fish are resident in nearshore habitats within the study area.  Black rockfish occur over nearshore rocky reef systems and display limited movements with annual home ranges averaging about 0.5 km2 and ranging up to several km2 (Parker et al. 2007).  Home ranges of the kelp greenling have not been estimated but the establishment and maintenance of breeding territories and egg nests in nearshore kelp beds suggest limited movements, at least seasonally.  
Growth increment methods
Estimates of age and annual growth increments in otoliths in the kelp greenling, Hexagrammos decagrammus, and the black rockfish, Sebastes melanops, will be obtained following standardized methods as described in Suthers et al. (1989) and Black et al. (2005).  Fish will be sampled at up to three locations (total of 30 fish) within the areas defined by each distinct sea otter population, or sub-population sampled.  Within CA, BC and SE populations samples will be obtained in two locations, corresponding to the core and frontal areas, representing areas long and recently occupied by sea otters, respectively.  Site selection will be based on a habitat stratified random selection procedure (GRTS, Generalized Random Tessellation Stratified sampling (Stevens and Olsen 2004), and using the program S-Draw (WEST Inc. Cheyenne, WY).  Habitat stratification will be based on rocky shoreline classification depth not to exceed approximately 20 m in depth. Only fish > 200 mm (representing > than one year of growth) will be selected.  Briefly, otoliths (2) are removed from the fish and allowed to air dry.  One otolith is then embedded in epoxy and mounted on a diamond lapidary saw; thin sections approximately 0.4 mm in thickness are cut along a dorsal–ventral axis of the otolith.  Cuts are perpendicular to the sulcus and pass through the focus of each otolith. Thin sections are then mounted on glass slides and polished using 400- and 2000-grit sandpaper. Annual growth is determined by counting growth increments along one continuous axis from the distal dorsal surface to the proximal dorsal surface.  We will obtain up to 30 fish of each species at each of the six core study sites and in three frontal sub populations in 2010 and 2011.  Preliminary sampling of fishes in 2009 will support sensitivity analyses and further evaluation of appropriate sample sizes.  
Sea Otter Diet and Nutrition 
Background
The sea otter (Enhydra lutris) is a widely distributed and common marine mammal in nearshore marine habitats in the north Pacific.  It also may be the best understood marine mammal, in ecological terms, because of its well described role as a “keystone” predator in nearshore marine benthic ecosystems (Estes and Palmisano 1974, Estes and Duggins 1995).  The sea otter occupies all habitats within it’s range and is limited in distribution to shallow coastal waters by a diet that consists largely of benthic marine invertebrates (crabs, clams, urchins, and snails) and a foraging depth range from the intertidal to about 100 m (Bodkin et al. 2004).  Sea otters aggregate to rest, typically in nearshore areas, have relatively small home ranges ( a few to tens of kilometers of coastline), usually forage alone, have dive times that average < 2 minutes, and bring their prey to the surface for consumption.  These characteristics support direct visual observation and provide for accurate and precise estimates of population size, foraging success, diet, and behavior.  
Observations of sea otter foraging behavior are measured using focal animal observations (Altmann, 1974) adapted for sea otter work in past studies (Calkins 1978, Estes et al. 1986, Doroff and Bodkin 1994).  Because sea otter populations can be food limited, data on diet composition and foraging behavior is useful in evaluating differences in sea otter densities or trends among regions or years (Estes et al. 1982, Gelatt et al. 2002, Dean et al. 2002, Tinker et al 2008, Bodkin et al. 2002).  From dietary and dive data, activity budgets can be calculated (Dean et al. 2002) which reflect the status of the population  relative to prey availability (Bodkin et. al 2007).  Combined data on sea otter diet and energy consumption, and growth rates of nearshore fish, will be used to evaluate the role of food limitation and nearshore productivity in regulating sea otter population growth and abundance.  Comparisons of current diet and foraging behavior with historic data will allow inference to changes in the species composition and sizes in the nearshore benthic invertebrate communities over recent time.

We will obtain data from foraging sea otters via direct observation from each of six sea otter populations (CA, WA, BC, SE AK, PWS, and Katmai).  Within CA, BC and SE populations will be sampled in two locations, at the core and frontal areas, representing areas long and recently occupied, respectively.  At each location we will obtain data from at least 125 independent forage bouts (i.e., from different animals).  The number of forage bouts per site will be dependent on location and the availability of existing data from recent or ongoing studies.  For example, ongoing forage data collection from CA will provide a very large sample size (>5000 bouts), while the remoteness of the Katmai coast may limit the sample size to the target of 200 bouts.  Forage data from CA, PWS and Katmai will be obtained through cooperating projects.  Prior power analysis of previously collected sea otter forage data indicates that 250 bouts should allow detection of differences of < 10% in diet and caloric recovery rates with > 80% power (USGS unpublished data).     
Surveys of sea otter population distribution and abundance are conducted by state and federal agencies throughout the proposed study area (Estes et al. 2003, Bodkin et al. 2002, Nichol et al. 2005, Esslinger and Bodkin 2009, Laidre et al. 2009, http://www.werc.usgs.gov/otters/ca-surveys.html, USFWS and USGS unpublished data).  We will use existing population survey data from each location to determine distribution and calculate densities and trends in abundance over time.  Although survey methods vary among some populations, all methods are well established with either detection assumed to approximate 1.0 or calculated (e.g. Nichols et al. 2005, Tinker et al. 2006, Esslinger and Bodkin 2009, Laidre et al. 2009). 
Diet and forage behavior methods
Food habits, foraging success and efficiency will be derived from shore based observations of randomly selected foraging otters following ASC IACUC approved SOP and well established methods (Dean et al. 2002).    Forage data collection will occur within the areas where sea otters will be captured for gene expression work (see below).  Allocation of observational effort will be proportional to the abundance and distribution of sea otters within each population.  High power telescopes (Questar Corp., New Hope, PA.) and 10X binoculars will be used to record prey type, number, and size during foraging bouts of focal animals (Calkins 1978, Dean et al. 2002).  Assuming each foraging bout records the feeding activity of a unique individual, bouts will be considered independent while dives within bouts will not.  Thus the length of any one foraging bout will be limited to 20 dives, or one hour, after which a new focal animal will be chosen.  One or two persons working in teams will spend at least 25 person days collecting foraging data in each of the six populations (CA, WA, BC, SE AK, PWS, and Katmai, Figure 2).  Forage data from CA, SE AK (one site), PWS and Katmai will be contributed from cooperating projects.  It is expected that each observer will collect 5 forage bouts per day of effort.  

For each feeding dive, observers will record dive times (time underwater searching for prey) and surface intervals (time on the surface between dives) along with dive success (prey captured or not).  In addition, prey identification (lowest possible taxa), prey number, and prey size (categorical, based on mean paw widths; Dean et al. 2002) will be recorded.  The mean success rate, mean prey number, mean prey size, and proportions of each prey type will be determined for each bout.  Using published values of species- and size-specific energetic content (e.g. Oftedal et al 2008) and dive parameter estimates (e.g. success, dive time, surface time), we will develop a Monte Carlo-based analytical routine (following Dean et al. 2002 and Tinker et al 2008) to calculate energy recovery rates and estimate activity time budgets for each sea otter population.
Gene Expression
background
Our initial studies on mink identified genes that were significantly altered in expression by exposure to oil (Bowen et al. 2007).  We have since successfully sequenced 13 genes from sea otters that were the same as those expressed in mink experimentally exposed to oil (Bowen et al. 2007), as well as 2 additional genes that aid interpretation of stress levels in animals exposed to xenobiotics,  including the aromatic hydrocarbons found in crude oil.  These genes include:  aryl hydrocarbon receptor (AhR), CYP1A1, heat shock protein-70, Interleukin 2, Interleukin 5, Interleukin 10, Interleukin 18, Cox-2, complement cytolysis inhibitor, HDCMB21P (tumor formation), thyroid hormone receptor, DRB (bacterial), S9, metallothionein, Mx-1 (viral), and cold shock protein (CIRBP). These genes play a role in immuno-modulation, inflammation, cyto-protection, tumor suppression, reproduction, cellular stress-response, metal metabolism, xenobiotic metabolizing enzymes, antioxidant enzymes, and cell-cell adhesion.  Descriptions of the function of these genes are provided in Table 1.  The S9 is an endogenous reference gene (also called a housekeeping gene) used to normalize for varying quantities of ribonucleic acid (RNA) characteristic of individual organisms.

Table 1. Differential expression of genes (of interest in the proposed study) between oil-fed and control mink deduced by quantitative PCR (Bowen et al. 2007).  Standard t-tests were performed and statistical significance (P ≤ 0.05) indicated by *.  Arrows indicate direction of expression difference between mink groups. Additional genes of interest are indicated by +.

	Genes of interest
	P value Spleen
	P value CPT
	Oiled mink
	Gene function

	Aryl hydrocarbon receptor
	0.17
	0.19
	↓
	Responds to classes of environmental toxicants including polycyclic aromatic hydrocarbons, polyhalogenated hydrocarbons, dibenzofurans, and dioxin (Oesch-Bartlomowicz et al. 2005)



	Heat shock protein 70
	0.02*
	0.10
	↑
	Produced in response to thermal or other stress (Tsan and Gao, 2004)

	Interleukin-2
	0.04*
	0.16
	↑
	Proinflammatory cytokine (Goldsby et al. 2003)

	Interleukin-18
	0.002*
	0.29
	↓
	Proinflammatory cytokine (Goldsby et al. 2003)

	Interleukin-10
	0.02*
	0.34
	↓
	Anti-inflammatory cytokine (Goldsby et al. 2003)

	Cox 2
	0.31
	0.047*
	↓
	Cyclooxygenase-2 catalyzes the production of prostaglandins which are responsible for promoting inflammation  (Goldsby et al. 2003)

	S9
	housekeeping gene
	18S ribosomal subunit

	Metallothionein
	
	0.21
	↑
	modulate the bioavailability of physiological cations and the toxicity of heavy metals and modulate immune functions (Andrews 2000)

	Complement cyt inhibitor
	0.05*
	0.25
	↓
	Protects against cell death (Jenne and Tschopp 1989)

	HDCMB21P
	0.07
	0.13
	↓
	(Translationally controlled tumor protein) implicated in cell growth, cell cycle progression, malignant transformation and in the protection of cells against various stress conditions and apoptosis (Bommer and Thiele, 2004)

	DRB
	0.45
	0.27
	=
	Binding of pathogens/initiation of immune response  (Goldsby et al. 2003, Bowen et al. 2006)

	Thyroid hormone receptor
	0.16
	0.01*
	↓
	hormone-activated transcription factors bind DNA in the absence of hormone, usually leading to transcriptional repression (Tsai and O’Malley, 1994)

	CIRBP
	0.33
	0.44
	↑
	Cold-shock protein (Nishiyama et al. 1997); responds to cold temperature stress

	Interleukin-5
	+
	+
	+
	Up-regulated in response to parasites (Maizels and Balic 2004)

	Mx-1
	+
	+
	+
	Responds to viral infection. (Tumpey et al. 2007)


Gene expression methods
Sea otters will be captured within each of the six geographically distinct populations (CA, WA, BC, SE AK, PWS, and Katmai).  Captures in CA, PWS and Katmai will be (or have been) supported through cooperating projects.  Within CA, BC and SE, populations will be sampled in two locations, at the core and frontal areas, representing areas long and recently occupied, respectively.  Within the other populations, capture will occur in areas where sea otters have been resident for at least 20 years.  Individual sea otters will be captured either in tangle nets, hand-held dip nets or under-water diver-held traps.  Captured animals will be transported from capture locations to processing locations, anesthetized, weighed, measured and permitted tissue samples will be obtained.  Following sampling, anesthesia will be reversed and the animal will be released near the capture location.  All captures will be conducted under existing federal OMA Permits issued to Bodkin and Tinker, USGS, and approved by the USGS IACUC.

Blood from an anticipated 225 sea otters captured from the areas of interest (expected 25-30 per site) will be immediately injected into PAXgene blood RNA collection tubes (PreAnalytiX, Switzerland), refrigerated in the field, then frozen at WERC facilities until processing.  We will collect blood from additional animals as available to facilitate standardizing by age or sex if possible.  Rapid RNA degradation and induced expression of certain genes after blood draws has led to the development of methodologies for preserving the RNA expression profile immediately after blood is drawn.  PAXgene tubes contain a blend of RNA stabilizing reagents that protect RNA molecules from degradation by RNases and prevent induction of gene expression.  Without this stabilization, copy numbers of individual mRNA species in whole blood can change more than 1000-fold during storage and transport. 

RNA from blood in PAXgene tubes will be isolated according to manufacturer’s standard protocols (silica-based microspin technology).  The extracted RNA will be treated with 10 U/(l of RNase free DNase I (DNase, Amersham Pharmacia Biotech Inc, Piscataway, NJ) to remove contaminating gDNA at 37(C for 20 min followed by heat inactivation at 95(C for 5 min and chilling on ice.  Extracted RNA will be stored at -80oC until processing and analysis. 

A standard cDNA synthesis will be performed on 2 (g of RNA template from each animal.  Reaction conditions will include 4 units reverse transcriptase (Omniscript(, Qiagen, Valencia, CA), 1 (M random hexamers, 0.5 mM each dNTP, and 10 units RNase inhibitor, in RT buffer (Qiagen, Valencia, CA).  Reactions will be incubated for 60 minutes at 37oC, followed by an enzyme inactivation step of 5 minutes at 93oC and stored at –20oC until further analysis.

Quantitative RT-PCR:  Real-time PCR systems for sea otter S9 and the genes of interest will be run in separate wells.  cDNA will be examined using an intercalating fluorescent dye PCR (Bowen et al. 2006b).  Each reaction will contain 500ng DNA in 25μl volumes with 20pmol SSP, Tris-Cl, KCl, (NH4)2SO4, 2.5mM MgCl2 (pH 8.7), dNTPs, HotStar Taq DNA Polymerase (Quantitect SYBR Green PCR Master Mix, Qiagen, Valencia, CA), and 0.5 units uracil-N-glycosylase (Roche, Indianapolis, IN).  Amplifications will be performed in an ABI 7300 (Applied Biosystems, California) under the following conditions:  two minutes at 50oC, followed by 15 minutes at 95oC, and 35 cycles of 94oC for 30 seconds, 58oC for 30 seconds, and 72oC for 30 seconds, with a final extension step of 72oC for 10 minutes.  Reaction specificity will be monitored by melting curve analysis using a final data acquisition phase of 60 cycles of 65oC for 30 seconds and verified by direct sequencing of randomly selected amplicons (Bowen et al. 2007).  Final quantitation will be done using the comparative CT method and is reported as relative transcription.

Gene expression will be analyzed by relative quantitation, using the comparative CT (cycle threshold) method, due to its ease and speed for set-up and analysis; values are expressed relative to a calibrator (weakest signal of the normalized values).  First, the CT for the target amplicon and the CT for the endogenous control (S9) will be determined for each sample.  Differences in the CT for the target and the CT for the endogenous control, called (CT, will be calculated to normalize for the differences in the RNA extractions and the efficiency of the RT step.  The (CT for each experimental sample will be subtracted from the (CT of the calibrator resulting in a ((CT value.  Finally, the amount of target, normalized to the endogenous control and relative to the calibrator, will be calculated by 2-((CT.  Thus, all experimental samples will be expressed as an n-fold difference relative to the calibrator.

For the comparative CT method to be valid, the amplification efficiencies of the target gene and the endogenous control (S9) must be approximately equal. To determine the amplification efficiencies of S9 and the other genes of interest, six dilutions of cDNA preparations are run in duplicate and amplified to establish standard curves. Differences of the slopes between standard curves obtained from S9 and the genes of interest are then plotted against the dilution of input total RNA and the regression line calculated. 
We are using Non Metric Multidimensional Scaling to examine similarities in the suite of genes by otters across ordination space. The Primer E software Package (Clarke & Warwicke, Plymouth Marine Laboratory, UK) inputs the gene suite similarity matrix into cluster analyses in order to separate the otters into similar groups. A nonparametric analyses (ANOSIM) is then performed to determine the strength of differences among the groups utilizing a Statistic Global R value. The Primer E Software allows us to graphically examine gene expression by individual gene and to determine if certain small groups of individuals may be significantly different from larger groupings. This allows us to determine potential health risk: (1) by specific immunofunctional response (i.e. anti-inflammatory) and (2) of smaller groups of otters that may not be apparent from geographical regional averages.

Oceanic Influences in the Nearshore
Recent studies have shown that conditions in the offshore pelagic environment can affect the colonization and productivity of intertidal invertebrate communities (Menge et al. 1997, Menge et al. 2003, Barth et al. 2007).  Ocean temperatures, currents, and winds are among the principal oceanographic forcing mechanisms, and they vary at seasonal, annual, and decadal time scales.  We anticipate that inter-annual growth increments in nearshore fishes (see above) will vary between years, areas, and taxa.  We further anticipate a high degree of co-variation among the inter-annual growth increments of individuals sampled at the same location.  Hence, in this study, we plan to examine the degree to which broad scale oceanographic conditions explain variation in growth increments in nearshore fish between locations and across years.

The principal oceanographic and meteorological metrics, summarized as monthly averages, will include ocean color as a proxy to phytoplankton abundance, ocean surface temperature, and zonal (longitudinal) winds.  Ocean color data spanning the past 10-15 years will be obtained from either the SeaWIFS or MODIS derived products at http://oceancolor.gsfc.nasa.gov/.  Sea surface temperature (SST) data spanning the past 10-15 years will be obtained from either the AVHRR or MODIS derived products at http://podaac.jpl.nasa.gov/DATA_PRODUCT/SST/, and wind data will be extracted from the NCEP 40-year reanalysis data set at http://www.cdc.noaa.gov/data/reanalysis/reanalysis.shtml.  For analyses, all metrics will be expressed as anomalies relative to their long-term average to standardize across the expected latitudinal temperature gradient or other influential regional characteristics such as large river plumes or persistent jet streams.  We anticipate the need to examine different months depending on the latitude of each study location.  That is, we expect the most influential months at southern latitudes to occur earlier in the year compared to the study sites at more northern latitudes.  

Watershed Influences in the Nearshore
Watershed inputs to near-shore conditions are difficult to quantify accurately across large study regions due simply to the expanse of the aggregate area contributing.  For this project large area remote sensing and landscape ecology techniques will be used to assess watershed contributions into nearshore habitats. For the local watersheds immediately adjacent to the nearshore habitat of each sea otter population sampled, Landsat data will be obtained from the USGS EROS data center and processed to produce metrics that quantify watershed-level change affecting near shore water quality. Metrics of urbanization, deforestation, ecological fragmentation, land cover change, agricultural expansion/contraction, agricultural crop shifts (i.e. orchards to berry farms, representing increased chemical and water usage), snow cover period, industrialization, and wildfire contributions will be produced and quantified as trends over time and current conditions. For regional watersheds that contribute to nearshore conditions (i.e. the entire Central Valley and Sierra Nevada of California impacts coastal habitat south of San Francisco), Moderate Resolution Imaging Spectroradiometer (MODIS) products will be used to quantify change and conditions at regional scales. The land cover product and reflectance data will be utilized to quantify regional urbanization and land cover change, the Leaf Area Index (LAI) product will be used to quantify regional vegetation cover change as a proxy for sediment inputs and run off, the Enhanced Vegetation Index (EVI) will be used to assess changing greenness levels as an indicator of widespread changes in vegetation stress, deforestation, forest fragmentation and decline, and agricultural shifts in crop type and timing, and the Burned Area product will be used to quantify wildfire inputs to sedimentation and runoff. For measures derived from remotely sensed data, metrics such as percent of watershed affected, change values and trends by watershed, fragmentation levels, dominance and Shannon evenness values will be calculated for the area occupied by each sea otter population that is sampled.

Analytical Framework
We will evaluate three core hypotheses regarding the primary determinants of sea otter population status and drivers of population change.  

1. Hypothesis:  Marine productivity contributes to variation in sea otter density and population change.  We will estimate marine productivity through growth increments in bivalves and nearshore fishes and remotely sensed data (water temp and chlorophyll) to evaluate the hypothesis that variation in marine productivity explains observed patterns of population abundance and trend (Density independent hypothesis).  
a. Combined data on growth rates of nearshore fishes and remotely sensed estimates of marine productivity will be used to evaluate the role of nearshore productivity in regulating sea otter population growth and abundance 

2. Hypothesis:  Human perturbations in watershed are contributing to reduced sea otter densities and rates of change.  We will use remotely sensed data on the impacts of human density and habitat modification within watersheds adjacent to sea otter populations to evaluate the hypothesis that watershed influences are affecting populations (Density independent hypothesis).
a. Remotely sensed data on human mediated change in watersheds adjacent to sea otter populations sampled will be used to evaluate the role of watershed effects in regulating sea otter population growth and abundance.  
3. Hypothesis:  Diet and nutrition regulates sea otter density and rates of population change.  We will estimate the diet and energy recovery rates and the body condition within core and frontal sub-populations to test the hypothesis that prey populations are affecting population status (Density dependent hypothesis).
a.  Observationally derived data on foraging success, prey composition and sizes, caloric intake rates will be used to evaluate the role of food limitation in regulating sea otter population growth and abundance. 

Although the three hypotheses outlined above are described with respect to determinants of population performance, distinguishing between hypotheses will require more than just data on population trends and abundance. Specifically, information on the factors impacting the health and survival of individuals within populations will greatly enhance our ability to evaluate support for each hypothesis. Accordingly, we will employ an array of gene expression in response to potential various stressors (i.e., organic and inorganic contaminants, infectious disease, parasites and thermal) to evaluate the health and sources of stressors of individual sea otters within each population. The degree of support for hypotheses 1-3 will then be measured in terms of the relative contribution of various natural factors (e.g. nearshore productivity and the transport of oceanic productivity into the nearshore), anthropogenic factors (i.e. human density, industrialization and agriculture) and nutritional status (rate of energy acquisition, body condition) to variation in sea otter health (as measured by gene expression patterns) and population characteristics (i.e. density and trends in abundance).
Our study design will provide a complex array of data types at various sources and scales. To incorporate this complexity and account for the hierarchical nature of the data sets (i.e. variation in each parameter can be measured at scales ranging from individuals to sample sites to sub populations to regions), we will use Hierarchical Linear Models (HLM) to assess causal relationships and variance–covariance parameters at multiple scales (McMahon and Diez 2007). HLM utilize nested, regression-like equations to examine associations between variables, as well as the strength of those relationships and their explanatory power across scales. This will be important as it is entirely conceivable that one set of predictor variables explains variation at small scales (e.g. within populations) while another set of variables determines variation between populations or regions. To further allow for potentially complex causal relationships between variables, we will build our candidate HLM as structured equation models (Grace, 2006). Structured equations allow predictor variables (the set of “independent” variables of standard regression) to also act as dependent variables, with causal relationships being specified by a hypothesized model structure. For example, gene expression patterns can simultaneously be treated as a dependent variable (dependent upon exposure to stressors such as organic pollutants or disease pathogens) and a predictor variable for per-capita survival probability and thus population growth rate. 

We will use information theoretic methods (Burnham and Anderson 2002) to compare suites of candidate models that posit the importance of different combinations of predictor variables, and different hierarchical and structural relationships between these variables. The information-theoretic approach provides a standardized framework for evaluating the various candidate models (which correspond to competing hypotheses) based on: a) the fit of the data to the model, and b) parsimony of the model, in effect penalizing models that have too many variables to concisely describe dynamics. The collection of “best models” ((AIC <2) will be examined to determine the relative support for Hypotheses 1-3. An advantage of the information theoretic approach is that model uncertainty is explicitly allowed for (i.e. it is conceivable that the best models will indicate support for more than one hypothesis). 

To further examine the relationships between sea otter population characteristics and a host of environmental and anthropogenic factors, we will use non-metric multidimensional scaling (NMS, or NMDS).  Joint plots will be used to graphically describe the relationships among the suite of metrics and sea otter population attributes at various scales. A particular example is the potential relationship of nearshore primary productivity to sea otter population characteristics, such as density and trend in abundance.  If we find sea otter density to be positively related to 1) marine productivity across populations and 2) diet and nutrition within frontal areas and 3) inversely related to density within core areas, and that 1) gene expression and 2) watershed inputs are independent of population status we could infer that density dependent factors controlling prey are primary limiting factors within sea otter populations, but that marine productivity is the primary limiting factor across populations. 
Products and Science Impact
In 2010 we will produce an article for the USGS Sound Waves publication describing the design of the study and anticipated contribution to our understanding of processes important in influencing nearshore marine ecosystems.  In 2010 and 2011 we anticipate providing presentations to USGS Offices and will provide annual reports to each participating center on project progress.  In 2012 we will provide a final report of findings to the USGS, an article for the USGS Sound Waves periodical, and prepare an initial publication for submission to a peer reviewed journal.  

We expect that research results will be used in conjunction with other complementary data sets for the nearshore system (e.g. PSNERP, NPRB, NPS Vital Signs, NaGISA, and PISCO projects) to contribute to forecasting models related to factors important in structuring marine ecosystems.  We expect that one or more of the Co-PI’s will develop manuscripts reporting on specific components of the study related to their areas of expertise.  We can also expect that our findings will generate interest from managers of marine resources at regional, national, and international scales and that our study will generate invitations to present the results of this work from both the academic and management/policy communities.  Perhaps most importantly, this work will provide a context for developing finer scale questions related to both human-induced and natural factors that are affecting nearshore marine communities world-wide.  Research results can be used to develop models investigating the effects of anticipated ocean climate change, particularly ocean acidification, based on empirical data that that will be difficult to obtain from other large marine ecosystems.  We expect that this project will lay a foundation for further studies, rather than represent an end-point in an avenue of science.  Completion of this important work will further establish the Western and Alaskan Science Centers positions, and confirm the USGS role, as leaders in coastal marine science that extends beyond the single species or regional perspectives.   
Project Management

The project is a multi-center, multi discipline effort that will function as a team, with each Co-PI providing oversight of study components specific to their area of expertise.    Overall project management and coordination of study components will be by provided by J. Bodkin.  Dr. K. Miles will provide oversight of the gene expression component and laboratory analyses will be conducted by Dr. L. Bowen.  J. Bodkin will provide oversight of the collection fishes for growth increment work.  Dr. M. Tinker will provide oversight of the collection of sea otter samples from CA at two locations.  J. Bodkin will provide oversight of the collection of sea otter samples from WA, BC, SE AK, PWS, and Katmai. D. Douglas will be responsible for assembling the remote sensing data from the ocean.  W. Perry,  R. Lugo, and M. Ricca will be responsible for assembling and analyzing the remote sensing data from the adjacent watersheds.  Dr. C. Zimmerman will provide oversight of the otolith growth increment data and analysis, with assistance from V. von Biela.  L. Thorsteinston will provide consultation in the selection of fish species to be used for growth increment and in the interpretation of data.  G. Esslinger, B. Hatfield and K. Kloecker will provide assistance in field work, data management, and report preparation.  Dr. J. Yee will provide statistical advice and assistance.
Coordination and Collaboration with Other Efforts
The study is multidisciplinary and includes scientists from USGS Centers at WERC in CA, WFRC in WA and the ASC in AK.  Several components of the proposed study are currently being supported with funding and other support from various sources.  These include USGS WERC, Fish and Wildlife Service, Minerals Management Service, and the Monterey Bay Aquarium for gene expression and sea otter forage data in CA (2008-2011) and USGS ASC, the NPS, the North Pacific Research Board and the Exxon Valdez Trustee Council for gene expression and forage data from Katmai National Park (2009), PWS (2010), and SE AK in 2011.  We expect that the study design and objectives will elicit interest from other science and management groups prior to full implementation in 2010.  This anticipated interest likely will provide opportunities to add components within the existing study framework that will contribute new and beneficial dimensions to the study.  One example might include stable isotope analysis of tissues for discriminating oceanic derived primary productivity from productivity provided by the kelps and sea grasses in the nearshore.  Another opportunity may arise in the form of adding study sites between sea otter populations (i.e. in areas without sea otters) to address the question of the magnitude of differences in annual growth increments in the absence of sea otter mediated effects on kelp forests and associated primary production.  

The landscape of local, state, federal and tribal governments across this large study area is complex.  The study plan includes extensive field efforts for the collection of observational data and biological field samples from remote and urbanized areas, and will require coordination among the multiple and diverse organizations responsible for managing lands and resources.  Although the study area in WA is relatively small (ca. 300 km) land and resource management is highly complex compared to AK, and shared among multiple federal agencies (e.g., NOAA, NMS, NPS, FWS, EPA, and USFS) several tribal governments, and multiple local and county governments and state agencies, as well as organizations such as the Puget Sound Partnership, a complex consortium of communities and agencies.  Additionally, study sites in British Columbia will require establishing working relations with federal, provincial, local, and tribal governments in Canada.  

It is expected that significant amounts of time and effort will be required to optimize the value of the research through cooperation with ongoing efforts in CA and elsewhere and by developing collaborations with the array of nearshore science and management programs within the broader study area.  Additional time and effort also will be required to communicate the study objectives and results to interested science, management, policy and public organizations that have interest in and will benefit from this project.

FY 2010-2012 Nearshore Science Work Plan
FY 2010

	Quarter
	Activities

	First
	Meet with collaborators to finalize Nearshore study design and plans

Complete approval of Nearshore study plan

Develop collaborations with tribal, local, state and federal agencies in WA and BC necessary to implement Nearshore Research Project

USGS fact sheet for Sound Waves

Continue sample collection and forage data in CA (WERC)
Analyze data collected from Katmai (ASC, NPRB, NPS) 

	Second
	Continue to develop collaborations with tribal, local, state and federal agencies in WA and BC 
Initiate Nearshore energetic and diet field data collection WA

Establish arrangements for sea otter capture vessel

Initiate watershed and oceanic data compilation

Continue sample collection and forage data in CA (WERC)

Continue analysis of data collected from Katmai (ACS, NPRB)

	Third
	Continue to develop collaborations with tribal, local, state and federal agencies in WA and BC 
Continue energetic and diet field data collection WA

Initiate collections of nearshore fishes for growth rates

Continue watershed and oceanic data compilation

Continue sample collection and forage data in CA (WERC)
Complete analysis of data collected from Katmai (ACS, NPRB)

	Fourth
	Implement collections of sea otter condition and gene expression data in WA and BC

Continue energetic and diet field data collection WA

Continue collections of nearshore fishes for growth rates

Continue watershed and oceanic data compilation

Initiate analysis of gene expression and forage data in CA


FY 11 Work Plan

	Quarter
	Main Activities 

	First
	Meet with collaborators to review Nearshore research project progress

Continue to develop collaborations with tribal, local, state and federal agencies in WA and BC 

Continue Nearshore sample analyses (gene expression and growth rates) 

Establish arrangements for sea otter capture vessel 2012
Continue watershed and oceanic data compilation

 

	Second
	Continue Nearshore sample analyses (gene expression and growth rates)
Continue Nearshore diet and energetic data collection in CA, WA and BC

Continue watershed and oceanic data compilation



	Third
	Initiate Nearshore diet and energetic data collection SE AK and PWS

Implement collections of sea otter condition and gene expression data in SE and PWS

Continue collections of fishes for growth rates

Continue Nearshore diet and energetic data collection in CA, WA and BC

Continue watershed and oceanic data compilation



	Fourth
	Complete collections of sea otter condition and gene expression data in SE and PWS

Complete Nearshore diet and energetic data collection SE AK and PWS

Complete Nearshore diet and energetic data collection in CA, WA and BC

Continue watershed and oceanic data compilation




FY 12 Work Plan

	Quarter
	Main Activities 

	First
	Meet with collaborators to review Nearshore research project progress

Meet and inform tribal, local, state and federal collaborators on Nearshore project progress 

Complete Nearshore diet and energetic data collection 
Continue Nearshore sample analyses (gene expression and growth rates) 

Finalize watershed and oceanic data compilation



	Second
	Finalize Nearshore sample analyses (gene expression and growth rates)
Complete Nearshore data analyses

Initiate writing of Nearshore project results



	Third
	Meet with collaborators to review writing and reporting progress

Continue writing of Nearshore project results

Sound Waves update



	Fourth
	Finalize Nearshore project reporting and manuscript requirements




Field data collection schedule by population and year.  SO = Sea otter capture and gene expression, GI = Growth Increment, Diet = Forage observations. (2) indicates two sample locations. Table identifies all sample locations independent of source of support.
	Population
	2009
	2010
	2011

	CA (2)


	SO Diet 
	SO  GI  Diet
	Diet

	WA


	
	SO  GI  Diet
	 Diet

	BC (2)

	
	SO  GI  Diet
	 Diet

	SE (2)

	
	Diet
	SO  GI  Diet

	PWS


	
	
	SO  GI  Diet

	Katmai


	SO  GI
	Diet
	Diet
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