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Study History: The nearshore monitoring work described in this report builds on a long 
history of nearshore ecosystem monitoring and research, some of which dates back prior to 
the 1989 Exxon Valdez oil spill. With these longer-term data streams, we are able to 
document changes to nearshore marine environments and infer underlying causes earlier 
and with more confidence than if data had been collected only during the past 5 years as 
part of the Gulf Watch Alaska program. Importantly, these data streams are not continued 
in isolation, but are part of a carefully-designed and coordinated nearshore monitoring 
program, described in detail by Dean et al. (2014) and Coletti et al. (2016), and briefly in 
the Introduction and Methods sections below. 

Precursors to the nearshore marine monitoring described in this report were first 
developed during the early 2000’s, when the Exxon Valdez Oil Spill Trustee Council 
supported the design of a restoration and ecosystem monitoring plan (Restoration Projects 
030687, 040687, and 050750; Dean and Bodkin 2006). The Exxon Valdez Oil Spill Trustee 
Council provided funding to the U.S. Geological Survey in 2007 to conduct a pilot year of 
nearshore data collection in western Prince William Sound (Restoration Project 070750; 
Bodkin et al. 2009). In 2010, the Exxon Valdez Oil Spill Trustee Council funded Restoration 
Project 10100750, for U.S. Geological Survey to implement the nearshore monitoring plan 
in western Prince William Sound over a three-year period, 2010-2012 (Ballachey et al. 
2015). 

The same nearshore monitoring plan (Dean and Bodkin 2006) was adopted in 2005 by the 
National Park Service Southwest Alaska Network for their Inventory and Monitoring 
program, and implemented in Katmai National Park and Preserve in 2006 and Kenai Fjords 
National Park in 2007. National Park Service Southwest Alaska Network and U.S. Geological 
Survey worked collaboratively to implement the nearshore monitoring program in these 
regions, and data collection has occurred annually in both parks since (with the exception 
of 2011, in which Katmai National Park and Preserve was not sampled). 

In 2012, the Exxon Valdez Oil Spill Trustee Council funded implementation of the 20-year 
Gulf Watch Alaska marine monitoring program (Project 12120114), the subject of this 
report. Because of their shared history, focus, and design, ongoing nearshore monitoring 
efforts in western Prince William Sound, Katmai National Park and Preserve, and Kenai 
Fjords National Park could be seamlessly assembled under the Nearshore Component of 
the Gulf Watch Alaska program. This has allowed a broad, regional consideration of 
variation within nearshore ecosystems of the spill-affected area of the northern Gulf of 
Alaska.  

The nearshore monitoring described in this report also is linked to similar GWA monitoring 
of rocky intertidal and seagrass habitats in Kachemak Bay (Project 12120114-L; Konar et 
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al. 2017), which was originally initiated in 2003 through the Census of Marine Life 
program. Considerable coordination has occurred to jointly address monitoring objectives, 
when possible, across the two projects under the Nearshore Component of Gulf Watch 
Alaska. 

Finally, it is critical to recognize the volume of Exxon Valdez Oil Spill Trustee Council-
funded research addressing nearshore ecosystems since the time of the spill, which has 
contributed to the design of the nearshore ecosystem monitoring and provided critical 
background for identifying changes and understanding underlying mechanisms. These 
research efforts are too numerous to list individually, but are summarized in recent reports 
(e.g., Ballachey et al. 2014, Esler and Ballachey 2014, Esler et al. 2015, Michel et al. 2016). 

Abstract: Nearshore ecosystem monitoring in western Prince William Sound, Kenai Fjords 
National Park, and Katmai National Park and Preserve has been conducted as part of the 
Gulf Watch Alaska program over the past five years (2012-2016), building on years and 
sometimes decades of preceding research and monitoring. During the Gulf Watch Alaska 
period, we have successfully collected data on a suite of nearshore metrics, including: 
intertidal water and air temperature; eelgrass cover; abundance of intertidal macroalgae 
and invertebrates on sheltered rocky shores; size and density of infaunal and epifaunal 
bivalves on mixed-sediment beaches; size and density of Pacific blue mussels in mussel 
beds; abundance and distribution of marine birds and mammals; abundance, nest site 
density, and composition of prey provisioned to chicks for black oystercatchers; sea otter 
abundance and distribution, age class at death, and diet and foraging rate; and 
concentrations of contaminants in mussels. These metrics were explicitly selected because 
of their value as trophically-connected features of nearshore ecosystems that offer insights 
into causes of changes through bottom-up and top-down forces within the nearshore food 
web.  Change to any trophic level within the food web will likely manifest itself throughout 
the nearshore ecosystem. For example, we documented increasing densities of sea otters in 
Katmai National Park and Preserve. Concurrently, we observed decreases in clam biomass 
and decreases in energy recovery rates of sea otters.  Together, these metrics strongly 
suggest that the sea otter population in Katmai has reached a food-dictated carrying 
capacity. We observed variation in many metrics, at differing spatial and temporal scales, 
which led to valuable insights about the various forces that result in observed changes in 
nearshore marine communities during the first five years of this project. 

Key words: Benthic invertebrates, black oystercatchers, Gulf of Alaska, intertidal, Katmai 
National Park and Preserve, Kenai Fjords National Park, macroalgae, marine birds, 
monitoring, nearshore marine ecosystem, Prince William Sound, sea otters 

Project Data: Following is a summary of the data collected during the initial five years 
(2012-2016) of the nearshore component of the Gulf Watch Alaska Program. Many data 
streams originated prior to the start of the Gulf Watch program as part of other Exxon 
Valdez Oil Spill Trustee Council projects and the National Park Service Southwest Alaska 
Network Inventory and Monitoring program (see Study History, above). In many cases we 
have included those data in our releases in order to keep the longer time series together. 
The data have been made publicly available in order to preserve the opportunity for other 
researchers and the public to access these data in the future. These data and metadata have 
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been peer reviewed through the U.S. Geological Survey Fundamental Science Practices 
policies (U.S. Geological Survey Manual, 502.7 and 502.8). 

(a) Data descriptions: All site location information including geographic coordinates, 
site names, site codes, and date of establishment are included in the site location 
data release. 2006-2016 doi:10.5066/F78S4N3R. 

• Physical Conditions 

There have been two data releases for intertidal temperature data. The files include 
date and time and temperature reading in degrees C. 2014-2016 
doi:10.5066/F77S7KXH; 2006-2014 doi:10.5066/F7WH2N3T. 

• Rocky Intertidal Communities 

Five data sets of the rocky intertidal community data have been packaged together:  
limpet counts, limpet sizes, Nucella (snail) and Katharina (chiton) counts, 
random point counts (used to calculate percent cover of sessile invertebrates 
and algae), and sea star counts. All files include date and site information. 2006-
2016 doi:10.5066/F7513WCB. 

• Eelgrass Beds 

Three data sets associated with eelgrass bed monitoring have been packaged 
together: camera, sonar ground-truth, and percent cover. Additionally, there are 
sonar hydroacoustic raw files with this data release. 2008-2016 
doi:10.5066/F7RV0KV9. 

• Unconsolidated Sediment Bivalve Communities 

Two data sets associated with bivalve community monitoring have been packaged 
together: species counts and sizes. Files include date, site information, bivalve 
species and measurement in millimeters. 2007-2015 doi:10.5066/F71834N0. 

• Mussel Beds 

There have been two data releases for mussel bed monitoring data. In both, five data 
sets associated with mussel bed monitoring have been packaged together: 
mussels >20mm counts, mussels >20mm sizes, mussel core counts, mussel core 
sizes, and site layout information (used for bed size calculations). 2016 
doi.org/10.5066/F7WS8RD4; 2008-2015 doi:10.5066/F7FN1498. 

• Marine Bird and Mammal Surveys 

Data files for these at-sea surveys include species sightings, counts, behaviors, and 
coordinates as well as the coordinates of the vessel track line. The data release 
includes five data files per year per sampling region. 2012-2016 
doi:10.5066/F7416V6H. 
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• Black Oystercatchers 

Three data sets associated with black oystercatcher monitoring have been packaged 
together: survey transect summaries, individual nest details, and chick diet prey 
identification and sizes. 2006-2016 doi:10.5066/F7WH2N5Q. 

• Sea Otters 

Aerial Surveys of Abundance. Data from four surveys have been released. In this 
package there are three files –transect waypoints, transect strip counts, and 
transect intensive search unit counts. Data are from Kenai Fjords National Park 
2002, 2007, 2010, 2016 surveys and include raw data and metadata, 
doi:10.5066/F7CJ8BN7. Additional survey data from Katmai National Park and 
Preserve and western Prince William Sound will also be published. 

Carcass Collections. The data file for sea otter carcass surveys includes date and 
location found, parts collected, and age at death. 2011-2015 
doi:10.5066/F7H993CZ. Tooth age results from 2016 carcasses have not been 
received from the lab and will be included in a subsequent data release. 

Foraging Observations. The data file for sea otter foraging observations includes 
date, location, dive and surface times, species, count, and size of prey retrieved. 
2012-2016 doi:10.5066/F7N29V4R. 

• Contaminants 

All data and files from the analysis laboratory have been released and can be located 
at: http://portal.aoos.org/gulf-of-alaska.php#metadata/53c052b6-8874-46d1-
b40a-acc615a3879a/project/files. Mussel samples from 2007, 2012, and 2013 
were collected and analyzed for a suite of polycyclic aromatic hydrocarbons, 
organochlorine pesticides, polychlorinated biphenyls, butyltins, polybrominated 
diphenyl ethers, polybrominated biphenyls, trace metals and mercury. 
Laboratory quality assurance and quality control procedures and results are 
included in the released files. 

 
 (b) Data format: All data sets are accompanied by Federal Geographic Data Committee 

compliant metadata. Unless otherwise noted, all data sets are served as comma 
separated files (*.csv) that are readable with a text editor or spreadsheet program.  

(c) Data location: Gulf Watch Alaska’s Exxon Valdez Oil Spill Trustee Council and U.S. 
Geological Survey data archive link(s) and custodian(s) are below. Links to 
individual data sets are included in the data descriptions (above). 

http://portal.aoos.org/gulf-of-alaska.php#metadata/53c052b6-8874-46d1-b40a-
acc615a3879a/project/files 
https://alaska.usgs.gov/portal/project.php?project_id=99 or 
https://alaska.usgs.gov/products/data_all.php 

http://portal.aoos.org/gulf-of-alaska.php#metadata/53c052b6-8874-46d1-b40a-acc615a3879a/project/files
http://portal.aoos.org/gulf-of-alaska.php#metadata/53c052b6-8874-46d1-b40a-acc615a3879a/project/files
http://portal.aoos.org/gulf-of-alaska.php#metadata/53c052b6-8874-46d1-b40a-acc615a3879a/project/files
http://portal.aoos.org/gulf-of-alaska.php#metadata/53c052b6-8874-46d1-b40a-acc615a3879a/project/files
https://alaska.usgs.gov/portal/project.php?project_id=99
https://alaska.usgs.gov/products/data_all.php
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Alaska Ocean Observing System Point of Contact: Carol Janzen, janzen@aoos.org, 
907-644-6703 
Alaska Ocean Observing System, 1007 W. 3rd Ave. #100, Anchorage, AK 99501 
 
U.S. Geological Survey Point of Contact: Kimberly Kloecker, kkloecker@usgs.gov, 
907-786-7196 
U.S. Geological Survey, 4210 University Dr., Anchorage, AK 99508 
 

(d) Data access limitations: These data are archived by the Gulf Watch Alaska’s Exxon 
Valdez Oil Spill Trustee Council and U.S. Geological Survey. There are no limitations 
on the use of the data, however, it is requested that the authors be cited for any 
subsequent publications that reference these datasets. It is strongly recommended 
that careful attention be paid to the contents of the metadata files associated with 
these data to evaluate data set limitations or intended use.  
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B. Weitzman, T. Dean, and M. Lindeberg. 2018. Gulf Watch Alaska: Nearshore 
benthic systems in the Gulf of Alaska. Long-Term Monitoring Program (Gulf Watch 
Alaska) Final Report (Exxon Valdez Oil Spill Trustee Council Project 16120114-R), 
Exxon Valdez Oil Spill Trustee Council, Anchorage, Alaska. 

mailto:janzen@aoos.org
mailto:kkloecker@usgs.gov


vi 
 

TABLE OF CONTENTS 
Executive Summary ................................................................................................................................................................ 1 

Introduction ............................................................................................................................................................................... 3 

Objectives ................................................................................................................................................................ .................... 5 

Methods ....................................................................................................................................................................................... 5 

Vital Signs ................................................................................................................................................................ ............... 7 

Sample Collections and Data Analyses..................................................................................................................... 11 

Rocky Intertidal Communities ................................................................................................................................ 11 

Eelgrass Beds ................................................................................................................................................................ . 11 

Unconsolidated Sediment Bivalve Communities ............................................................................................ 12 

Mussel Beds .................................................................................................................................................................... 12 

Marine Bird and Mammal Surveys ....................................................................................................................... 13 

Black Oystercatchers ..................................................................................................................................................  13 

Sea Otters ................................................................................................................................................................ ........ 14 

Marine Water Chemistry and Water Quality .................................................................................................... 16 

Results ........................................................................................................................................................................................ 17 

Rocky Intertidal Communities .................................................................................................................................... 17 

Eelgrass Beds ...................................................................................................................................................................... 20 

Unconsolidated Sediment Bivalve Communities ................................................................................................. 22 

Mussel Beds ................................................................................................................................................................ ......... 24 

Marine Bird and Mammal Surveys ............................................................................................................................ 26 

Black Oystercatchers ....................................................................................................................................................... 29 

Nest Density ................................................................................................................................................................... 29 

Chick Diet ........................................................................................................................................................................ 31 

Sea Otters ............................................................................................................................................................................. 33 

Aerial Surveys of Abundance .................................................................................................................................. 33 

Carcass Collections ...................................................................................................................................................... 34 

Foraging Observations ............................................................................................................................................... 34 

Marine Water Chemistry and Water Quality ......................................................................................................... 35 

Discussion ................................................................................................................................................................................. 38 

Conclusions .............................................................................................................................................................................. 40 

Acknowledgements .............................................................................................................................................................. 41 

Literature Cited ................................................................................................................................................................ ...... 41 



vii 
 

Other References ................................................................................................................................................................ ... 46 

Peer-reviewed Publications ......................................................................................................................................... 46 

Reports .................................................................................................................................................................................. 48 

Presentations ...................................................................................................................................................................... 50 

APPENDIX A ................................................................................................................ Error! Bookmark not defined. 

APPENDIX B ............................................................................................................................................................................. 74 

 

LIST OF TABLES 
 
Table 1. Overview of the variables measured as part of the Nearshore Component of Gulf Watch 

Alaska in WPWS, KEFJ, and KATM, 2012-2016. .......................................................................................... 9 
Table 2. Nearshore component metrics measured by location and year, 2012-2016. ............................. 17 
Table 3. Select marine bird survey results from KATM (2006-2016; 2011 was not sampled) and 

KEFJ (2007-2016). Numbers shown are average densities (number of birds/km2) and (± 
1SE). Bird table headings: BLKI (Black-legged kittiwake), BLOY (Black oystercatcher), 
GWGU (Glaucous-winged gull), HADU (Harlequin duck), PIGU (Pigeon guillemot), Corm 
(Cormorant species pooled and include Double-crested, Red-faced and Pelagic), Scot (Scoter 
species pooled and include Surf, Black and White-winged), and Merg (Merganser species 
pooled and include Common and Red-breasted). .................................................................................... 28 

 
 
LIST OF FIGURES 
Figure 1. The nearshore ecosystem monitored by Gulf Watch Alaska in the northern Gulf of Alaska. 4 
Figure 2. Gulf Watch Alaska nearshore sampling sites within the Katmai National Park and Preserve 

(KATM), Kenai Fjords National Park (KEFJ), and western, northern, and eastern Prince 
William Sound (WPWS, NPWS, and EPWS, respectively). ...................................................................... 6 

Figure 3. Example of the spatially integrated sampling of multiple metrics that occurs at each GWA 
nearshore sampling site within KATM, KEFJ, and WPWS. ...................................................................... 7 

Figure 4. Photos illustrating methods used for quantifying bivalve density and size class in 
unconsolidated sediment sites. ........................................................................................................................ 12 

Figure 5. Black oystercatcher breeding pair near their nest in Kenai Fjords National Park. ................ 14 
Figure 6. Mean percent cover of Mytilus trossulus, Fucus distichus, and bare substrate at 0.5 and 1.5 

m MLLW in KATM, KEFJ, and WPWS during 2006-2016. Error bars represent ± 1SE............. 19 
Figure 7. Mean density (individuals per 200 m2) of the four most common species of sea stars 

(Dermasterias imbricata, Evasterias trishelii, Pisaster ochraceus and Pycnopodia 
helianthoides) in KATM, KEFJ, and WPWS during 2006-2016. Error bars represent ± 1SE. . 20 

Figure 8. Percent cover of eelgrass within sampling transects for sites in KATM, KEFJ, and WPWS 
during 2008-2016. KATM and WPWS were not sampled in 2011 and 2008-2010, 
respectively. ............................................................................................................................................................. 21 



viii 
 

Figure 9. Mean percent cover of eelgrass within sampling transects in KATM, KEFJ, and WPWS 
during 2008-2016. KATM and WPWS were not sampled in 2011 and 2008-2010, 
respectively. Error bars represent ± 1SE. .................................................................................................... 22 

Figure 10. Mean clam densities of taxa per ¼m2 in mixed-sediment beaches across the Gulf of 
Alaska from 2007-2015. Vertical lines indicate ± 1SE. .......................................................................... 23 

Figure 11. Mean clam biomass per ¼m2 of taxa across the Gulf of Alaska from 2007-2015. Vertical 
lines indicate ± 1SE. .............................................................................................................................................. 24 

Figure 12. Mussel bed width by site across years (2008 – 2016) illustrating variation. ......................... 25 
Figure 13. Average mussel bed width by region. When differences across sites are accounted for, a 

temporal trend is observed. .............................................................................................................................. 26 
Figure 14. Common murre density in KATM. 2011 was not surveyed. Error bars indicate ± 1SE. ..... 27 
Figure 15. Common murre density in KEFJ. 2006 was not surveyed. Error bars indicate ± 1SE. ........ 27 
Figure 16. Black oystercatcher density in KATM and KEFJ. 2011 was not surveyed in KATM while 

KEFJ was not surveyed in 2006. Error bars indicate ± 1SE. ................................................................ 28 
Figure 17. Number of active black oystercatcher nests/km in KATM, KEFJ, and WPWS during 2006-

2016. Error bars indicate ± 1SE. ...................................................................................................................... 30 
Figure 18. Productivity ((eggs + chicks)/nest) of active black oystercatcher nests in KATM, KEFJ, 

and WPWS during 2006-2016. Error bars indicate ± 1SE. ................................................................... 31 
Figure 19. Species composition of prey items collected at active black oystercatcher nests in KATM, 

KEFJ, and WPWS during 2006-2016. KATM was not sampled in 2011. KEFJ was not sampled 
in 2006 and 2012. WPWS was not sampled in 2006, 2008, and 2009. ........................................... 32 

Figure 20. Mean size (mm) of the three most common species of prey found at black oystercatcher 
nest sites in KATM, KEFJ, and WPWS during 2006-2016. KATM was not sampled in 2011. 
KEFJ was not sampled in 2006 and 2012. WPWS was not sampled in 2006, 2008, and 2009. 
Error bars represent ± 1SE. ............................................................................................................................... 33 

Figure 21. Sea otter abundance in KATM, KEFJ and WPWS during 1993 – 2016. Error bars indicate ± 
1SE. ................................................................................................................................................................ .............. 34 

Figure 22. Mean monthly water temperatures (2006-2016) at KATM, KEFJ and WPWS rocky 
intertidal sites as measured by HOBOs placed at the 0.5 m tidal elevation. Month 1 
corresponds to January, month 2 to February, etc. ................................................................................. 36 

Figure 23. Monthly mean water temperature anomalies from 2006 to 2016 at KATM, KEFJ and 
WPWS rocky intertidal sites as measured by HOBOs placed at the 0.5 m tidal elevation. ..... 37 

 
 



 

1 
 

EXECUTIVE SUMMARY 
We conducted nearshore marine ecosystem monitoring from 2012 to 2016, as part of the 
Nearshore Component of Gulf Watch Alaska, a marine monitoring program funded by the 
Exxon Valdez Oil Spill Trustee Council. Our work was conducted in three regions within the 
spill-affected area of the northern Gulf of Alaska: western Prince William Sound, Kenai 
Fjords National Park, and Katmai National Park and Preserve. 

The nearshore ecosystem, while strongly influenced by both oceanic and terrestrial 
biomes, is a distinct entity, with specialized flora and fauna adapted for existence along the 
coastal fringes of the Gulf of Alaska. Nearshore ecosystems are subject to numerous 
physical, oceanographic, and biological sources of variation and are particularly sensitive 
to anthropogenic perturbations. The Gulf of Alaska nearshore ecosystem was severely 
affected by the Exxon Valdez oil spill, and many nearshore species showed evidence of 
acute and chronic injury as a result of the spill. The nearshore ecosystem marine 
monitoring work described in this document was designed to detect changes in abundance 
and distribution of numerous nearshore species, and to lend insight into underlying drivers 
of change, including the relative influences of oil spill injury versus other natural or 
anthropogenic effects.  

The nearshore monitoring protocol focuses on sampling of multiple components of 
nearshore ecosystems in the Gulf of Alaska that are both numerically and functionally 
important to the system’s health. These are termed “vital signs” by the National Park 
Service Inventory &Monitoring program and include kelps (and other marine algae), 
seagrasses, marine intertidal invertebrates, marine birds, black oystercatchers, sea otters, 
and marine water quality. Our nearshore monitoring has been carefully designed, with 
coordinated sampling of all metrics, to provide insights into drivers of variation observed 
at different spatial and temporal scales. 

Our first 5 years of the Gulf Watch Alaska sampling, coupled with the extensive data 
streams preceding Gulf Watch Alaska for some metrics, have resulted in observations of 
many interesting patterns, which differ widely among vital signs. For example, some 
metrics (e.g., large mussel density) show somewhat synchronous temporal patterns across 
the northern Gulf of Alaska. Others (e.g., sea otter density) vary independently within the 
different regions. Finally, other metrics (e.g., eelgrass percent cover) appear to vary on a 
site-by-site basis. The spatial and temporal scales over which metrics vary are beginning to 
provide insights on the potential drivers of those observed patterns. This understanding 
will continue to improve as we increase the timeline of the data streams with continued 
annual sampling. 

One important result has been the recognition of differing population trajectories and 
equilibrium densities of sea otters at our different sampling regions. When coupled with 
sea otter foraging data that indicate proximity to a food-dictated carrying capacity, this 
information provides important insights on the factors that influence sea otter populations 
at each region. For example, sea otter density in Kenai Fjords National Park is quite low in 
comparison to other populations in Alaska. This is likely due to the sea otters’ reliance on 
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mussels as a predominant prey item and the lack of available sea otter habitat in Kenai 
Fjords. The sea otter population is likely food-limited and at carrying capacity in Kenai 
Fjords.  

In collaboration with Nearshore Component colleagues working in Kachemak Bay, we 
evaluated the role of selected static physical factors (distance to fresh water, fetch, distance 
to glacial inputs, slope, substrate type and exposure) in dictating rocky intertidal 
community structure across our study regions (project 16120114-L). Somewhat 
surprisingly, these static drivers were not strongly related to intertidal community 
structure across regions. This may have resulted from our initial selection of similar, 
sheltered rocky sites within the Gulf of Alaska. For the purpose of the monitoring program, 
we restricted sampling of intertidal invertebrates and algae to sheltered-rocky shores and 
to gravel and mixed sand-gravel beaches. However, the observed similarity in static 
physical drivers across the sites strengthens our ability to isolate and investigate the role of 
dynamic sources of variation across the region. 

We also have analyzed mussel data collected as part of our nearshore monitoring efforts. 
All mussel metrics varied considerably on a site-by-site basis, which highlights the 
importance of local conditions for mussel recruitment and abundance. However, after 
accounting for site differences, we also found patterns in several measures of abundance 
that indicated synchronous variation across the entire northern Gulf of Alaska, suggesting 
an influence of broad-scale drivers. 

Furthermore, we have seen a number of interesting patterns in other metrics. For example, 
our water temperature data confirm that the warm water anomalies that are well-
established in offshore measurements also are expressed in intertidal regions across the 
northern Gulf of Alaska. Nearshore biological effects of abnormally warm water remain 
under investigation. As another example, in response to the well-publicized common murre 
die-offs during winter 2015-2016, we examined our marine bird survey data, and 
determined that we also observed anomalous distributions and numbers of murres 
preceding the winter die-off. As a final example, we have discovered, in collaboration with 
Restoration Project 16120114-L, that sea star abundance and species dominance varies 
markedly among regions, suggesting local drivers of these patterns.  

In addition to core monitoring work, we also have engaged in several collaborative efforts 
to understand nearshore processes, leveraging the field presence facilitated by GWA. These 
collaborations included stable isotope analyses of nearshore communities, collection of 
mussels for growth and energetics analyses, evaluation of the prevalence of sea star 
wasting disease, and collection of clams as part of an evaluation of gene expression and 
other biomarkers as tools for monitoring health of nearshore ecosystems. 

Our overarching objective for the nearshore component was to identify important 
processes regulating or causing changes within the Gulf of Alaska nearshore ecosystem. 
The examples above illustrate the nearshore component’s progress during the first five 
years of Gulf Watch Alaska in terms of detecting patterns and understanding process. 
Concurrently, we also have provided information to management agencies that has allowed 
for planning and response preparedness to rapidly changing environments.  
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In the next 5 years (2017-2021), we will continue to add to our data streams, which will 
continue to advance our understanding of the underlying mechanisms that lead to 
observed variation in the nearshore system. 

INTRODUCTION 
The nearshore ecosystem, while influenced by both oceanic and terrestrial biomes, is a 
distinct entity, with specialized flora and fauna adapted for existence along the coastal 
fringes of the Gulf of Alaska (GOA; Fig. 1). Nearshore environments of the northern GOA are 
described in detail by Dean et al. (2014) and Coletti et al. (2016; Appendix A). In brief, 
nearshore marine ecosystems are characterized by trophic webs that originate with 
primary productivity largely generated by macroalgae and sea grasses, with smaller inputs 
from phytoplankton (e.g., Duggins et al. 1989, von Biela et al. 2013). Primary production is 
consumed by a suite of filter and suspension feeding benthic invertebrates including clams, 
mussels, and barnacles. Other benthic invertebrates are grazers, feeding primarily on 
diatoms or small encrusting algae (e.g., limpets, littorine snails, and some crabs) or larger 
seaweeds and eelgrass (e.g., sea urchins, helmet crabs, and some larger herbivorous snails). 
Predators in this food web include sea stars, whelks, fish, birds, and sea otters, many of 
which specialize in foraging on intermediary benthic invertebrates. 

Nearshore ecosystems are subject to many sources of variation (Peterson 2005). Physical 
and oceanographic drivers include substrate composition, shoreline slope, temperature 
(both water and air), desiccation (for the intertidal zone), light, exposure to waves, the 
degree of glacial (proximity to glacial source) and freshwater input (i.e., salinity), currents, 
and ice scour. Biological factors such as competition and predation also can be important 
drivers. Of particular importance is predation by certain “keystone” predators that 
consume potentially dominant species and exert influence on community structure that is 
disproportionate to their abundance. In the GOA, and elsewhere, keystone predators 
include sea otters (Estes and Palmisano 1974, Lowry and Bodkin 2005) and certain sea 
stars (Paine 1974). Changes in abundance of these keystone species can produce strong 
direct and indirect effects that cascade through the ecosystem. 
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Figure 1. The nearshore ecosystem monitored by Gulf Watch Alaska in the northern 
Gulf of Alaska. 

 

The nearshore ecosystem was strongly affected by the Exxon Valdez oil spill (EVOS), and 
many nearshore species showed evidence of both acute and chronic injury as a result of the 
spill. Of the nearly 11 million gallons of crude oil spilled (Wolfe et al. 1994), an estimated 
40% landed on beaches in Prince William Sound (Galt et al. 1991), contaminating nearly 
800 km of nearshore ecosystem shoreline (Short et al. 2004). The oil also moved along the 
Kenai and Alaska Peninsulas, with an estimated total of 2,100 km of nearshore beaches 
affected throughout the northern GOA (Owens 1991). Although the extent and degree of 
oiling declined rapidly over the first few years after the spill (Neff et al. 1995), oil remained 
for decades in subsurface sediments of a small number of beaches in Prince William Sound 
and the GOA (Michel et al. 2010, Irvine et al. 2014), and remains in some beaches at the 
present (Lindeberg et al. 2018). The spilled and lingering oil had disproportionately large 
effects on nearshore species (Michel et al. 2016), and recovery of some nearshore wildlife 
required decades (Ballachey et al. 2014, Esler et al. 2016, Iverson and Esler 2010). 

As one of several components of Gulf Watch Alaska, the nearshore monitoring described in 
this document offers a window into the health of the marine environment, one that will 
yield important insights that may be different from those gleaned from pelagic ecosystems. 
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Given the social, economic, and ecological importance of nearshore systems and their 
inhabitants, as well as the protracted process of recovery from the EVOS observed in 
nearshore species, the nearshore monitoring offers an important opportunity to 
disentangle factors influencing Alaska’s marine environment. 

OBJECTIVES 
The fundamental objective of this work is the long-term monitoring of a suite of nearshore 
species at multiple locations across the GOA, with an overall goal of identifying important 
processes regulating or causing changes within the GOA nearshore ecosystem. The specific 
objectives for the period 2012-2016 included: 

1. Continue restoration monitoring in the nearshore to evaluate the current status of injured 
resources in oiled areas.  

2. Identify if those injured resources being monitored may be considered recovered 
from EVOS effects.  

3. Identify potential factors that could inhibit recovery of injured resources, and 
recommend potential restoration actions. 

METHODS 
The nearshore ecosystem marine monitoring work described in this document was 
designed to detect changes in abundance and distribution of numerous nearshore species, 
and to lend insight into underlying drivers of change, including the relative influences of oil 
spill injury versus other natural or anthropogenic effects. The consistently-measured 
metrics collected simultaneously at a broad geographic scale across the spill-affected 
region of northern GOA allow unprecedented insights into the spatial and temporal scales 
of change in nearshore ecosystems. Also, because the program is coordinated and designed 
to quantify attributes of the food web at multiple trophic levels within the same sites and 
regions, we can better understand the physical and biological mechanisms leading to 
observed changes. The nearshore monitoring design and underlying rationale are detailed 
by Dean et al. (2014) and Coletti et al. (2016; Appendix A of this document), and are 
described briefly below. 
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Figure 2. Gulf Watch Alaska nearshore sampling sites within the Katmai National Park 
and Preserve (KATM), Kenai Fjords National Park (KEFJ), and western, northern, and 
eastern Prince William Sound (WPWS, NPWS, and EPWS, respectively). 

 

Our nearshore monitoring program employs a spatially nested design, with sampling 
within several approximately equal sized “blocks” that include KATM, KEFJ and WPWS (Fig. 
2). For most vital sign metrics, sampling is conducted at randomly selected sites within 
each block. For those species that are spatially constrained (e.g., intertidal algae and 
invertebrates) sampling is conducted at randomly selected sampling units within each site. 
Sampling is generally conducted annually for each metric. Exceptions are the sampling of 
water and air temperatures (hourly), bivalves on mixed sediment shorelines (biennial 
sampling), surveys of sea otter abundance (approximately every 3 years), and contaminant 
sampling (7-10 years). This design allows us to make inferences about the scale of changes 
that may occur over the entire region, within a specific block or blocks within the region, 
and for some vital signs, for specific sites within each block. Matching the spatial extent of 
observed changes with scales of potential drivers of change will allow us to gain insights as 
to the importance of those drivers over time. For example, a region-wide reduction in a 
given vital sign could be interpreted as resulting from more global drivers (e.g., region-
wide increases in sea surface temperature), while more localized site-specific changes may 
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to be attributed to site specific drivers such as a point source introduction of contaminants. 
We note that the first 5 years of GWA included biennial sampling of a subset of attributes at 
“extensive” sites in northern and eastern Prince William Sound (Fig. 2); these will serve as 
baseline blocks that can be re-sampled in subsequent years if a compelling need emerges. 
Also, we reiterate that nearshore monitoring of some metrics also occurs in Kachemak Bay 
(KBAY; Konar et al. 2018) and those data can be incorporated when addressing some 
objectives or questions. 

Sampling of all vital signs is temporally and spatially coordinated to allow for more 
seamless integration of observed changes over the entire food web (Fig. 3). Sampling is 
centered on the randomly selected rocky intertidal monitoring site, and other metrics are 
sampled nearby, following a set of protocols that have been established (Dean et al. 2014). 

 

 

Figure 3. Example of the spatially integrated sampling of multiple metrics that occurs 
at each GWA nearshore sampling site within KATM, KEFJ, and WPWS. 

Vital Signs 
The nearshore monitoring protocol focuses on sampling of multiple components of 
nearshore ecosystems in the Gulf of Alaska that are both numerically and functionally 
important to the system’s health. These are termed “vital signs” by the National Park 
Service (NPS) Inventory &Monitoring (I&M) program and include kelps (and other marine 
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algae), seagrasses, marine intertidal invertebrates, marine birds, black oystercatchers, sea 
otters, and marine water quality (Bennett et al. 2006). 

Kelp, other seaweeds, and seagrass are "living habitats" that serve as a nutrient filter, 
provide understory and habitat for planktivorous fish, clams, urchins, and a physical 
substrate for other invertebrates and algae. Kelps and other seaweeds are the major 
primary producers in the marine nearshore and because they are located in shallow water 
they could be significantly impacted by human activities. These include spills of oil or other 
contaminants, dredging and disturbance from anchoring of vessels, and increased turbidity 
caused by runoff of sediments or nutrients. 

Marine Intertidal Invertebrates provide critical food resources for shorebirds, ducks, fish, 
bears, sea otters, and other marine invertebrate predators, as well as spawning and 
nursery habitats for forage fish and juvenile crustaceans. Benthic invertebrates and algae 
are ecologically diverse in terms of habitat and trophic requirements; have a wide range of 
physiological tolerances; are relatively sedentary, and have varied life-histories. As a result, 
they are good biological indicators of both short-term (e.g., annual) and long-term (e.g., 
decadal scale) changes in environmental conditions. 

Marine Birds are predators near the top of marine nearshore food webs. Marine birds are 
long-lived, conspicuous, abundant, widespread members of the marine ecosystem and are 
sensitive to change. Because of these characteristics marine birds are good indicators of 
change in the marine ecosystem. Many studies have documented that their behavior, diets, 
productivity, and survival changed when environmental conditions change. Public concern 
exists for the welfare of seabirds because they are affected by human activities like oil 
pollution and commercial fishing. 

Black Oystercatchers are well suited for inclusion into a long-term monitoring program of 
nearshore habitats because they are long-lived; reside and rely on intertidal habitats; 
consume a diet dominated by mussels, limpets, and chitons; and provision chicks near nest 
sites for extended periods. Additionally, as a conspicuous species sensitive to disturbance, 
the black oystercatcher would likely serve as a sentinel species in detecting change in 
nearshore community resulting from human or other disturbances. 

Sea Otters are a keystone species that can dramatically affect the structure and complexity 
of their nearshore ecological community. They cause well described top-down cascading 
effects on community structure by altering abundance of prey (e.g., sea urchins) which can 
in turn alter abundance of lower trophic levels (e.g., kelps). Sea otters generally have 
smaller home ranges than other marine mammals; eat large amounts of food; are 
susceptible to contaminants such as those related to oil spills; and have broad appeal to the 
public. Recent declines in sea otters have been observed in the Aleutian Islands. Currently 
declines are documented in areas to the western edge of our study area. As a result of these 
declines, the Western Alaska stock of sea otters (which includes populations in KATM as 
well as Aniakchak National Monument and Preserve), was federally listed as threatened on 
September 2005 under the Endangered Species Act. 



 

9 
 

Marine Water Chemistry and Water Quality including temperature and salinity, are 
critical to intertidal fauna and flora and are likely to be important determinants of both 
long-term and short-term fluctuations in the intertidal biotic community. Basic water 
chemistry parameters provide a record of environmental conditions at the time of 
sampling and are used in assessing the condition of biological assemblages. Water quality 
(including water temperature, salinity, and levels of contaminants such as heavy metals 
and organic pollutants) are also critical in structuring nearshore marine ecosystems and 
can cause both acute and chronic changes in nearshore populations and communities. 

Table 1. Overview of the variables measured as part of the Nearshore Component of 
Gulf Watch Alaska in WPWS, KEFJ, and KATM, 2012-2016. 

Vital Sign Metric Sampling unit Number sampled 
per sampling 
period and block 

Eelgrass  Eelgrass percent cover Fixed polygon in 
eelgrass habitat -
(approximately 1 km2) 

5 sites  

Intertidal 
invertebrates 
and algae 

Sea star density on 
sheltered rocky shores 
(by species)  

Transect - 200 m2   5 sites  

Predatory whelk  
(Nucella spp.) and chiton 
(Katharina tunicata) 
density on sheltered 
rocky shores 

Quadrat - 2 m2 12 quadrats per 
site at each of 2 
tidal elevations, 5 
sites 

Sessile invertebrate and 
algae percent cover (by 
species) on sheltered 
rocky shores 

Quadrat - 0.25 m2 12 quadrats per 
site at each of 2 
tidal elevations, 5 
sites 

Limpet (Lottia persona) 
density and size 
distribution on sheltered 
rocky shores 

Quadrat - 0.25 m2 6 quadrats per site, 
5 sites 

Bivalve density and size 
distribution (by species) 
on gravel/sand shores 

Quadrat - 0.25 m2 12 quadrats per 
site, 5  sites 

Mussel density and size 
distribution in mussel 
beds   

Quadrat - 0.25 m2 10 quadrats per 
site, 5  sites 

Mussel bed size Mussel bed - area of 
bed on 50 m long 
shoreline segment 

5 sites 
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Vital Sign Metric Sampling unit Number sampled 
per sampling 
period and block 

Marine birds  Density (by species) Transect - 5 km long 
by 200 m wide  

30 to 43 transects 
per block 
(depending on 
coastal extent of 
block) 

Black 
oystercatchers 

Nest density Transect - 20 km of 
shoreline  

5 sites  

Productivity – number of 
eggs and chicks per nest 
site 

Nest site Variable depending 
on number of 
active nest sites 
per year 

Diet – Relative 
abundance of prey 

Nest site Variable depending 
on number of 
active nest sites 
per year  

Sea otters Abundance  Transect - variable 
approximately 1 to 
many km long by 400 
m wide  

Variable, 
depending on area 
of sea otter habitat 
in each block   

Relative abundance of 
prey, prey energy 
obtained per hour 

Feeding bout Variable, 
depending on 
number of sea 
otters observed 
feeding per year 

Age at death Individual carcass Variable, 
depending on 
number of 
carcasses 
recovered per year 

Water quality Temperature Rocky site 5 sites 

Salinity Rocky site 5 sites (currently 
not collected) 

Contaminants Rocky site 5 sites 
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Sample Collections and Data Analyses 

Rocky Intertidal Communities 
Intertidal invertebrates and algae were sampled annually at KATM beginning in 2006, and 
at KEFJ beginning in 2008. WPWS sampling began in 2007 and then again from 2010-2011. 
Sampling of intertidal invertebrates and algae at these sites is designed to detect changes in 
these communities over time. In this section, we present highlights of results of sampling 
conducted in 2006-2016. Sampling was conducted at five sites in sheltered rocky habitats 
within KATM, KEFJ and WPWS. Descriptions of the study sites and methods used to sample 
intertidal algae and invertebrates are available in Dean and Bodkin (2011). The following is 
a general description of the methods employed. Sampling of abundance and species 
composition for algae and invertebrates was conducted along two 50-m long transects at 
each site. The percent cover of algae and sessile invertebrates was estimated within 12 
evenly spaced ¼ m2 quadrats placed along transects that ran parallel to the shoreline and 
originated at permanent markers placed at 0.5 m and 1.5 m tidal elevations, respectively. 
Quadrats were placed at random start points and at equally spaced intervals thereafter. 
Percent cover was estimated by noting the presence/absence of species at each of 49 (2006 
and 2007) or 25 (2008 through 2016) systematically gridded points within each quadrat. 
The density of sea stars was measured in a single 50-m long by 4-m wide transect at each 
site. The transect was placed below the 0.5 m transect used to estimate percent cover and 
extended from 0.0 m mean low low water (MLLW) to 4 m (linear distance) above. Mean 
percent cover and associated SE are calculated annually (see below). More detailed 
analyses of community structure and relationships to static habitat features are presented 
by Konar et al. (2016). 

Eelgrass Beds 
We sampled the percent cover of eelgrass (Zostera marina) at five designated sites in 
KATM, KEFJ, and WPWS from 2008 through 2016. All sampling was conducted in early 
summer when eelgrass beds generally have reached their seasonal maximum in extent and 
density of plants. All beds sampled were in sheltered bays and in closest proximity to the 
randomly selected rocky intertidal sites (see intertidal invertebrates and algae section). At 
each site, we sampled eelgrass within a prescribed area along a shoreline of approximately 
200 m in length. The width of each bed examined depended on the depth contour at each 
site, but was generally on the order of 50 to 100 m. The areas sampled were bounded by an 
approximately 200 m segment of shoreline over which eelgrass was observed and 
extended offshore to a distance approximately 15 m beyond the last observed eelgrass. The 
percent cover of eelgrass within this area was estimated by determining the presence or 
absence of eelgrass at approximately evenly spaced intervals along a series of transects 
running perpendicular to shore that were spaced approximately 20 m apart. Presence or 
absence at each observation point was determined using an underwater video camera 
lowered from a small inflatable boat and/or a single-beam sonar (Dean and Bodkin 2016). 
Mean percent cover was calculated based on presence / absence of eelgrass shoots within a 
given polygon for each eelgrass site within a region.  
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Unconsolidated Sediment Bivalve Communities 
Mixed-sediment bivalve communities were quantified following the GWA Standard 
Operating Procedure (SOP) for mixed-sediment bivalve communities at five sites, within 
four blocks (KATM, KBAY, KEFJ, and WPWS) across the GOA (Fig. 2; Dean et al. 2014; 
Weitzman et al. 2017). Sites were selected based on proximity to rocky intertidal sites and 
presence of clams (siphons, squirts, and shell liter). Sampling occurred biannually by a 
predetermined GPS point for the transect start. At each site a 100 m transect was placed 
along the 0.0 MLLW tide elevation and 12 evenly spaced, 0.25 m2 quadrats were excavated 
to a depth of 25 cm. All excavated material was run through a 10 mm sieve to recover all 
bivalves with a shell length of ≥ 14 mm. All bivalves recovered were measured with Vernier 
calipers to the nearest mm and recorded in the clam data spreadsheet for quantification of 
abundance and size distribution (Fig. 4). Mean densities (#/¼m2) and mean biomass 
(kg/¼m2) have been calculated to date.  

 

 

 

 

 

 

Mussel Beds 
Pacific Blue mussels (Mytilus trossolus) were sampled under two nearshore monitoring 
standard operating procedures that direct sampling of intertidal invertebrate and algal 
communities (Table 1, Appendix B). At five rocky intertidal sites in each of three regions 
(Fig. 2, KATM, KEFJ and WPWS) the percent cover of mussels is estimated using point 
contact methods at two tidal elevations (+0.5 m and +1.5 m) within 24, 0.25 m2 quadrats 
evenly spaced along 50 m permanent transects parallel to the shoreline (Dean and Bodkin 

Figure 4. Photos illustrating methods used for quantifying bivalve density and size class 
in unconsolidated sediment sites. 
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2011). Mussel bed size and abundance is estimated at five sites in each of three regions by 
measuring the distance of contiguous mussels along 10 transects placed perpendicular to 
the shoreline spaced at five m intervals along 50 m permanent transects parallel to the 
shoreline (Bodkin et al. 2016). Densities and sizes of mussels and specifically of mussels > 
20 mm are estimated within each bed through a quadrat located randomly along each of 10 
perpendicular transects. Means and associated SE of several mussel bed metrics are 
calculated annually. More detailed data analyses of the spatial and temporal patterns in 
mussel abundance are presented by Bodkin et al. (2017) and Appendix B. 

Marine Bird and Mammal Surveys 
Standardized surveys of marine birds are conducted in KATM and KEFJ between late June 
and early July and are generally conducted from small vessels (5-8 m length) traveling at 
speeds of 8-12 knots along randomly selected sections of coastline that represent 
independent transects. The survey design consists of a series of transects along shorelines 
such that a minimum of 20% of a NPS park shoreline is surveyed. Transects are 
systematically selected beginning at a random starting point from the pool of contiguous 
2.5-5 km transects that are adjacent to the mainland or islands. The transect width is 200 – 
300 m, depending on the elevation of the observer platform, and the survey boat 
represents the midpoint. Transects are surveyed by a team of three. The boat operator 
generally surveys the 100 - 150 m offshore area of the transect, while a second observer 
surveys the 100 - 150 m nearshore area. The third team member enters the observations 
into a laptop running program dLOG, specifically designed for this type of surveying, and 
the third team member can assist with observations when needed. All marine birds and 
mammals within the 200 - 300 m transect swath are identified and counted. Detailed 
descriptions of methods and procedures can be found in the Marine Bird and Mammal 
Survey SOP (Bodkin 2011a). Densities (#/km2) are calculated annually.  

Black Oystercatchers 

Nest Density 
Black oystercatcher surveys are conducted along five 20 km transects associated with each 
rocky intertidal site to estimate nest density of black oystercatchers. Survey were 
conducted at KATM since 2006 (no sampling in 2011), KEFJ since 2007, and WPWS in 2007 
and annually in WPWS since 2010. We located nest sites by surveying the shoreline in a 
small boat using high resolution binoculars (Fig. 5). All accessible nest sites were visited to 
determine the number of chicks and/or eggs present. Detailed survey methods for 
estimation of nest density and productivity can be found in the SOP for monitoring black 
oystercatchers (Bodkin 2011b). Densities (#/ linear km) are calculated annually.  
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Figure 5. Black oystercatcher breeding pair near their nest in Kenai Fjords National 
Park. 

Chick Diet 
We estimated species composition and size distributions of prey fed to chicks during 
oystercatcher surveys. Upon locating an active nest, we collected all prey remains found 
near the nest, indicative of adults provisioning their chicks. Prey items were measured and 
identified to the genus or species level. We also opportunistically collected prey from nests 
found outside of our survey transects. Detailed methods for estimation of chick diet can be 
found in the SOP for monitoring black oystercatchers (Bodkin 2011b). Size frequency 
distributions of select prey species are calculated annually as well as prey proportions by 
species.  

Sea Otters 

Aerial Surveys of Abundance 
An aerial survey method developed specifically for estimating sea otter abundance (Bodkin 
and Udevitz 1999) was used to sample each survey area. Sea otter habitat was divided into 
two strata, high density and low density, distinguished by distance from shore and depth 
contour. The high density stratum extended from shore to 400 m seaward or to the 40 m 
depth contour, whichever was greater. The low density stratum extended from the high 
density line to a line 2 km offshore or to the 100 m depth contour, whichever was greater. 
However, bays and inlets less than 6 km wide were treated as high density habitat, 
regardless of depth. Transects were spaced systematically within each stratum according 
to expected sea otter densities. 

For each survey, a pilot flew an airplane over the transects at an altitude of 91m while an 
observer searched on one side of the plane and recorded sea otter group counts and 
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locations. Sea otters observed within 400 m of each transect were later used to estimate 
abundance. To estimate the number of sea otters in small groups (<20) not detected along 
transect swaths (e.g., because they were diving or camouflaged by kelp), 400 m diameter 
circles were searched intensively by periodically flying 5 concentric circles around an 
initiating group. These Intensive Search Units (ISUs) were distributed throughout the 
survey area to reflect the full range of observation conditions encountered during the 
survey and were later used to adjust the abundance estimate of sea otters in small groups. 
Large groups of sea otters (≥20) sighted on transect were circled until a complete count 
was made and were not adjusted for detection.  

Carcass Collections 
We examined the age-at-death distributions of beach-cast sea otters in KATM and WPWS. 
We systematically collected beach cast carcasses at KATM each summer (July) from 2006-
2016, except for 2011 (no field work conducted in KATM) and in WPWS each spring (April) 
from 2006-2016 except for 2009. The WPWS collections added to data from identical 
carcasses surveys conducted between 1976-1989 and 1990-2005 (Monson et al. 2000, 
Monson et al. 2011). We also attempted to collect carcasses at KEFJ each summer (June), 
though numbers recovered were very low. We estimated the age of dying otters by aging 
teeth collected from the recovered carcasses (Bodkin et al. 1997) and binned the age 
distribution into three age-classes including young (< 2 yrs), prime-age (2-8 yrs) and old (> 
8 yrs). These age-class distributions were compared with a “baseline” distribution collected 
in WPWS before the Exxon Valdez Oil Spill (1976-1989; Monson et al. 2000). 

Foraging Observations 
We estimated rates of food consumption by sea otters in KATM, KEFJ, and WPWS based on 
the: 1) time of an average foraging dive, 2) time interval between dives, 3) proportion of 
dives that were successful in obtaining food, 4) type, number, and size of prey obtained on 
each successful dive, and 5) average energy content of each prey (Dean et al. 2002). We 
estimated the first four measurements based on direct foraging observations made from 
sites along the shoreline using a 50 to 80 power spotting scope (Questar Corp. New Hope, 
PA). Average energy content of prey was estimated based on published or calculated values 
from prey species tissues. Forage observations were made annually at KATM (2006 to 
2016, except for 2011), and KEFJ (2007 through 2016), while in WPWS observations were 
made in 2007, and then annually from 2010 through 2016. We conducted all foraging work 
during daylight hours with the bulk of the observations made between late May and late 
July. We based energy conversions on expressions given in Table 3 of Dean et al. (2002) or 
from values given in Cummins and Wuycheck (1971) or Wacasey and Atkinson (1987). For 
dives where prey type was not identified, we used maximum likelihood methods to assign 
the most likely prey type based on the dive attributes associated with identified prey types, 
which removes the potential biases that may occur if the known dive data are not 
representative of missing data (Tinker et al. 2012, Tinker 2015). We estimated 95% 
confidence intervals for each recovery rate using Monte-Carlo simulations (Manly 1991, 
Dean et al. 2002). We used MATLAB (MathWorks, Inc., Natick, MA) for all likelihood 
analysis and Monte-Carlo simulations.  
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Detailed analyses of sea otter metrics are presented by Coletti et al. (2016) and in Appendix 
A, and inferences are drawn from the suite of metrics with regard to the factors that 
influence sea otter population dynamics within each block. 

Marine Water Chemistry and Water Quality 
We measured water and air temperature at five sites in sheltered rocky habitats within 
each of three areas including KATM, KEFJ and WPWS. HOBO temperature loggers (Onset 
Computer Corp., Bourne, MA) were first deployed at KATM in June 2006, at KEFJ in June 
2007 and in WPWS in June 2010. Loggers were mounted within PVC pipe bolted to 
intertidal rocks at ~0.5 m tidal elevation and programmed to recorded temperature at 20, 
30 or 60 min intervals depending on location and year of deployment. These recording 
intervals generally allowed the HOBOs to log one to nearly two years of continuous 
temperature readings with most HOBOs recovered and data downloaded after one year. 
HOBOs deployed in 2009 at both KATM and KEFJ were erroneously programed to record 
temperature at 1 min intervals and all logger’s memory capacity filled and quite logging 
after ~18 days. We did not conduct field work at KATM in the summer of 2011 thus no 
loggers were deployed in that year at these sites. Data were downloaded using Onset’s 
HOBOware software and then brought into SAS (SAS Institute Inc., Cary, NC,) for further 
processing. Data were standardized by fitting a spline function to each temperature time 
series and assigning temperature values at 10 min intervals starting at the top of each hour. 
Temperature values at each 10-min interval were merged with tidal height from the 
nearest tide station using tide information exported from Tides & Currents software 
(Nobeltec, Inc., Beaverton, OR). To obtain water temperature information, we limited 
readings to those where tide level for the site was > 2 m (i.e., loggers submerged to ~1.5 m 
depth). We determined the over-all mean monthly water temperatures (all years of data 
combined) for each area separately and subtracted this from each area-level monthly mean 
to calculate mean monthly water temperature anomalies. 

Contaminant loads at our intertidal sampling sites were evaluated by collection of mussels 
for analyses of soft tissues, utilizing protocols developed for the NOAA National Status and 
Trends (NS&T) Mussel Watch Program (https://coastalscience.noaa.gov/). In summer 
2007, mussels were collected from our five sampling sites at KEFJ and KATM, plus at one 
additional site at KATM. In summer 2012, mussels were collected from the five intertidal 
sampling sites in WPWS, and at four sites in EPWS, and two sites in KBAY. In summer 2013, 
mussels were collected from three intertidal sampling sites in NPWS. Mussels were 
collected according to NS&T protocols (Lauenstein and Cantillo 1993) and submitted for 
analysis of a suite of contaminants including polycyclic aromatic hydrocarbons (PAH) by 
GC/MS-SIM, organochlorine pesticides (OC) and polychlorinated biphenyls (PCBs) by 
GC/ECD, butyltins (BT) by GC/MS-SIM, polybrominated diphenyl ethers (PBDE) by GC/MS-
NCISIM, polybrominated biphenyls (PBB) by GC/MS-SIM, trace metals (TM) and mercury. 
Details on collection, shipping and analytical procedures, including quality assurance and 
quality control, and a listing of specific analyses, are presented in three technical reports 
received from the contract laboratory overseeing analyses (TDI-Brooks International, Inc. 
2008, 2013, 2014).  

https://coastalscience.noaa.gov/
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RESULTS 
Over the first five years of GWA Program, we have successfully completed the nearshore 
ecosystem sampling as prescribed (Dean et al. 2014). Table 2 describes the effort, by 
location, metric, and year. Results from each of the metrics are described in more detail 
below. 

Table 2. Nearshore component metrics measured by location and year, 2012-2016. 

Location and Metric 2012 2013 2014 2015 2016 
Western PWS, intertidal invertebrates  and algae x x x x x 
Western PWS,  kelps and sea grass x x x x x 
Western PWS,  black oystercatchers x x x x x 
Western PWS, contaminants/water quality  x     
Western PWS, sea otter carcass recovery x x x x x 
Western PWS, sea otter foraging observations x x x x x 
Western PWS, water / air temperature x x x x x 
      
Eastern PWS, intertidal invertebrates and algae x  x   
Eastern PWS, kelps and sea grass x  x   
Eastern PWS, contaminants/water quality x     
Northern PWS, intertidal invertebrates  and algae  x  x  
Northern PWS, kelps and sea grass  x  x  
Northern PWS, contaminants/water quality  x    
      
Katmai NP, intertidal invertebrates and algae                                         x x x x x 
Katmai NP, kelps and sea grass x x x x x 
Katmai NP, black oystercatchers x x x x x 
Katmai NP, sea otter carcass recovery x x x x x 
Katmai NP, sea otter foraging observations x x x x x 
Katmai NP, water / air temperature x x x x x 
      
Kenai NP, intertidal invertebrates and algae x x x x x 
Kenai NP, kelps and sea grass x x x x x 
Kenai NP, black oystercatchers x x x x x 
Kenai NP, sea otter carcass recovery x x x x x 
Kenai NP, sea otter foraging observations x x x x x 
Kenai NP, water / air temperature x x x x x 
      
PWS, sea otter aerial survey   x   
Kenai NP, sea otter aerial survey  x   x 
Katmai NP, sea otter aerial survey x   x  
      
PWS Nearshore marine bird survey*  x  x  x 
Katmai nearshore marine bird survey x x x x x 
Kenai nearshore marine bird survey x x x x x 
*Under Pelagic component Restoration Project 16120114-K 

Rocky Intertidal Communities 
The analyses presented here focus on percent cover estimates of mussels (Mytilus 
trossulus), the dominant perennial alga (Fucus distichus) and of bare substrate as a measure 
of disturbance. We also present analyses on the abundance of sea stars. Results for percent 
cover of blue mussels are also reported in detail in Bodkin et al. (2017; Appendix B). 
Trends for the percent cover of mussels were similar in all regions. Cover of mussels was 
high in 2007 and 2008, declined to a low in 2012/2013, increased to a second peak in 
2014, and declined since. In contrast, temporal trends in cover by Fucus differed 
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substantially between regions. Peaks in Fucus cover were in 2010 in KEFJ, 2014 in WPWS, 
and 2009/2014 in KATM. These patterns (Fig. 6) suggest that trends in cover by mussels 
were influenced by factors operating on a large, GOA-wide scale while trends in Fucus 
cover were influenced by factors operating at the regional scale.  

While temporal trends in Fucus differed between regions, all regions showed a decline in 
cover between 2014 and 2016. This decline was coincident with an increase in bare 
substrate (no algae or sessile invertebrates observed). The reason for the decline in Fucus 
and increase in bare substrate is unclear, but may have been the result of mortality caused 
by especially high temperatures observed during this period. 

Density of sea stars varied considerably over years and between regions (Fig. 7). Declines 
in the density of Evasterias troshelii (in KATM), Pisaster ochraceus (in KEFJ), and 
Pycnopodia helianthoides (in both KEFJ and WPWS) were observed from 2015 to 2016. The 
cause of this decline is unclear. Observations made during our summer sampling period did 
not indicate a high incidence of sea star wasting disease and we have little evidence 
indicating that the disease, which has been widely observed from California to Southeast 
Alaska, was the cause of these declines. However, we only made observations in early 
summer and cannot rule out that animals were dying from disease later in the summer or 
fall.  
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Figure 6. Mean percent cover of Mytilus trossulus, Fucus distichus, and bare substrate 
at 0.5 and 1.5 m MLLW in KATM, KEFJ, and WPWS during 2006-2016. Error bars 
represent ± 1SE. 

Percent cover data for algae and invertebrates were also utilized to examine the role of six 
static drivers (physical attributes that do not appreciably change from year to year) on the 
structure of the intertidal communities in the northern GOA (Konar et al. 2016). Static 
attributes included distance to freshwater streams, tidewater glacial presence, wave 
exposure, fetch, beach slope, and substrate composition. Five to six sites in each of the six 
regions in the mid and low intertidal strata were examined. Across regions, static attributes 
were not consistently different and only small clusters of sites had similar attributes. 
Additionally, intertidal communities were less similar at the site compared with the region 
level. These results suggest that these biological communities were not strongly influenced 
by the local static attributes measured.  
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Figure 7. Mean density (individuals per 200 m2) of the four most common species of 
sea stars (Dermasterias imbricata, Evasterias trishelii, Pisaster ochraceus and 
Pycnopodia helianthoides) in KATM, KEFJ, and WPWS during 2006-2016. Error bars 
represent ± 1SE.  

 

Eelgrass Beds 
Eelgrass cover varied widely among sites and years (Fig. 8). Overall, percent cover of 
eelgrass within sampling transects ranged from 12% (Kaflia, 2014) to 90% (Iktua, 2013). 
At the block level, KEFJ and WPWS exhibited similar trends with mean eelgrass cover 
peaking in 2013 (Fig. 9). Trends in KATM were consistent with KEFJ for the first three 
years of sampling and then diverged in 2012. Despite high inter-annual variability, long-
term trends in eelgrass bed cover appears to be relatively stable based on calculated means 
of percent cover. 
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Figure 8. Percent cover of eelgrass within sampling transects for sites in KATM, KEFJ, 
and WPWS during 2008-2016. KATM and WPWS were not sampled in 2011 and 2008-
2010, respectively. 
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Figure 9. Mean percent cover of eelgrass within sampling transects in KATM, KEFJ, 
and WPWS during 2008-2016. KATM and WPWS were not sampled in 2011 and 2008-
2010, respectively. Error bars represent ± 1SE. 

 

Unconsolidated Sediment Bivalve Communities 
Bivalve assemblages within mixed-sediment beaches were successfully sampled from 
2007-2015 in KATM, KEFJ, WPWS, and 2013-2015 in KBAY. Thirteen distinct taxa were 
quantified, where several genera were pooled as spp. (Clinocardium nuttallii, Diplodonta 
spp. [D. impolita, D. orbella], Hiatella arctica, Leukoma staminea, Lucinoma annulatum, 
Macoma spp. [M. balthica, M. calcarea, M. inquinata, M. nasuta, M. obliqua], Modiolus 
modiolus, Mya spp. [M. arenaria, M. truncata], Mytilus trossulus, Neaeromya compressa, 
Saxidomus gigantea, Serripes groenlandicus, and Siliqua patula). Of these taxa encountered, 
six species of clam and one species of mussel comprised the majority of species 
assemblages across all regions: C. nuttallii, H. arctica, L. staminea, Macoma spp., Mya spp., S. 
gigantea, (Fig. 10) and Mytilus trossulus. .  
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Figure 10. Mean clam densities of taxa per ¼m2 in mixed-sediment beaches across the Gulf 
of Alaska from 2007-2015. Vertical lines indicate ± 1SE. 
 

The most abundant taxa were Macoma spp. and H. arctica. The largest taxa were L. 
staminea, Mya spp., and S. gigantea, occurring at biomass densities in excess of 1kg/¼ m2. 
When occurring in high abundance Macoma spp. and H. arctica also amounted to similar 
levels of available biomass (Fig. 11). Mussels were not routinely monitored at mixed-
sediment beaches prior to 2015, but occurred at markedly high densities at some sites. 
Regionally, KATM had the highest abundance and biomass of most taxa, particularly S. 
gigantea. However, a general pattern of decline in clam abundance and biomass has been 
observed across the GOA, and this pattern varied among WPWS, KEFJ, and KATM. Trends at 
KBAY will be determined following a third year of sampling in 2017. 
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Figure 11. Mean clam biomass per ¼m2 of taxa across the Gulf of Alaska from 2007-
2015. Vertical lines indicate ± 1SE. 

 

Mussel Beds 
Since 2006 we have monitored mussel abundance in the northern GOA. We report the 
results of monitoring 7 metrics that describe mussel abundance and size at three regions 
(KATM, KEFJ and WPWS) from 2006-2015 in Bodkin et al. (in press; Appendix B). Through 
2015 we found that, for all metrics, mussel abundance varied on a site-by-site basis (Fig. 
12). After accounting for site differences, we found similar temporal patterns in several 
measures of abundance (% cover at +0.5 and +1.5 m tidal elevations, large mussel density, 
large mussel abundance, and core mussel abundance), in which abundance was initially 
high, declined significantly over several years, and subsequently recovered (Fig. 13). 
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Averaged across all sites, we documented declines of more than 80% in total large mussel 
abundance through 2013 with recovery to about 40% of initial abundance by 2015. These 
findings suggest that factors operating across the northern GOA were affecting mussel 
survival and subsequently abundance. In contrast, density of primarily small mussels 
obtained from cores (as an index of settlement), varied markedly by site, but did not show 
meaningful temporal trends. We interpret this to indicate that settlement was driven by 
site-specific features rather than broad-scale drivers. By extension, we hypothesize that 
temporal changes observed in mussel abundance were not a result of temporal variation in 
larval supply leading to variation in recruitment or settlement, but rather suggest mortality 
as a primary demographic factor driving mussel abundance. 

Preliminary analysis of 2016 data are generally consistent with the findings summarized 
above, that mussel abundance varied among sites and there are consistent trends in mussel 
abundance across most sites. In 2016 most estimates of mussel abundance generally 
continued the pattern of recovery observed since 2012-2013, while a lack of consistent 
trend in abundance of small mussels remains evident.  

 

 

Figure 12. Mussel bed width by site across years (2008 – 2016) illustrating variation. 
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Figure 13. Average mussel bed width by region. When differences across sites are 
accounted for, a temporal trend is observed. 

Marine Bird and Mammal Surveys 
Skiff-based marine bird and mammal surveys along coastal (nearshore) transects have 
been conducted annually in KATM since 2006 (with the exception of 2011) and annually in 
KEFJ since 2007. During the summer of 2015, we observed large increases in common 
murres relative to previous years. This increase was particularly evident in KATM (Fig. 14). 
KEFJ does have common murre colonies, however we observed an increase of these birds 
moving into coastal areas not associated with colonies (Fig. 15). Our documentation of 
unusual murre distributions corresponded to observations of large die-offs of murres 
throughout the north Pacific in winter of 2015-2016. We speculate that high water 
temperature may have disrupted prey abundance or availability, leading to changes in 
murre distribution, behavior, condition, and mortality rates. Our results contributed to 
observations across GWA components that demonstrated that 2015 was an anomalous 
year. Common murre density and distribution have returned to pre-anomalous values in 
2016. Observations from KEFJ in 2016 were slightly lower than expected, but due to 
inclement weather, many transects in close proximity to colonies were not surveyed.  

We have observed interesting trends in black oystercatcher density in KATM and KEFJ over 
time. Black oystercatcher trends appear to correlate with mussel abundance data to date, 
where a decline in black oystercatcher density in both KATM and KEFJ beginning in 2009 
coincided with increases in density in both parks beginning in 2012-2013 with continued 
growth through 2016 (Fig. 16). Other marine bird species, while highly variable, tend to 
have had relatively stable densities over time with little evidence of increasing or 
decreasing trends over time, although average densities (#/km 2) with ± 1SE are the only 
values examined to date (Table 3). 
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Figure 14. Common murre density in KATM. 2011 was not surveyed. Error bars 
indicate ± 1SE. 

 

Figure 15. Common murre density in KEFJ. 2006 was not surveyed. Error bars indicate 
± 1SE. 
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Figure 16. Black oystercatcher density in KATM and KEFJ. 2011 was not surveyed in 
KATM while KEFJ was not surveyed in 2006. Error bars indicate ± 1SE. 

 

Table 3. Select marine bird survey results from KATM (2006-2016; 2011 was not 
sampled) and KEFJ (2007-2016). Numbers shown are average densities (number of 
birds/km2) and (± 1SE). Bird table headings: BLKI (Black-legged kittiwake), BLOY 
(Black oystercatcher), GWGU (Glaucous-winged gull), HADU (Harlequin duck), PIGU 
(Pigeon guillemot), Corm (Cormorant species pooled and include Double-crested, Red-
faced and Pelagic), Scot (Scoter species pooled and include Surf, Black and White-
winged), and Merg (Merganser species pooled and include Common and Red-
breasted). 

Park Year BLKI BLOY GWGU HADU PIGU Corm Scot Merg 

KATM 2006 
62.44 

(31.04) 
2.13 

(1.07) 
74.68 

(23.42) 
16.32 
(3.44) 

8.02 
(2.20) 

75.49 
(35.17) 

2.30 
(1.30) 

5.66 
(3.80) 

KATM 2007 
77.80 

(37.79) 
1.87 

(0.52) 
103.11 
(29.52) 

30.19 
(7.92) 

7.30 
(2.67) 

42.03 
(23.70) 

6.62 
(4.72) 

5.72 
(3.29) 

KATM 2008 
3.34 

(3.25) 
1.57 

(0.53) 
49.04 

(30.26) 
38.38 

(17.51) 
9.85 

(3.55) 
0.50 

(0.24) 
9.01 

(6.79) 
14.67 

(12.77) 

KATM 2009 
59.93 

(19.05) 
1.37 

(0.48) 
110.68 
(38.34) 

36.86 
(13.30) 

16.35 
(4.74) 

46.70 
(26.75) 

50.39 
(22.88) 

1.73 
(0.79) 

KATM 2010 
67.80 

(28.71) 
0.55 

(0.41) 
122.10 
(47.80) 

25.61 
(9.85) 

15.56 
(9.35) 

33.08 
(17.05) 

17.37 
(5.81) 

26.83 
(18.07) 
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Park Year BLKI BLOY GWGU HADU PIGU Corm Scot Merg 

KATM 2012 
44.41 

(13.09) 
0.69 

(0.23) 
127.95 
(40.08) 

23.92 
(5.78) 

8.50 
(2.99) 

12.88 
(5.90) 

5.28 
(3.60) 

4.55 
(2.25) 

KATM 2013 
33.74 

(14.66) 
1.81 

(0.83) 
92.12 

(26.98) 
38.73 

(14.29) 
15.25 
(5.70) 

7.61 
(2.77) 

20.88 
(8.23) 

5.39 
(3.10) 

KATM 2014 
35.28 

(15.18) 
1.25 

(0.42) 
85.48 

(28.11) 
29.64 

(11.25) 
12.04 
(4.57) 

40.60 
(24.30) 

1.92 
(1.25) 

11.92 
(11.15) 

KATM 2015 
485.00 

(366.43) 
2.05 

(0.82) 
141.56 
(37.02) 

44.15 
(18.73) 

10.81 
(5.58) 

34.33 
(11.67) 

18.43 
(11.65) 

10.78 
(8.80) 

KATM 2016 
37.71 

(14.26) 
2.52 

(1.42) 
73.09 

(25.25) 
24.62 
(9.02) 

13.81 
(4.84) 

50.01 
(35.88) 

16.96 
(9.40) 

14.39 
(8.27) 

                    

KEFJ 2007 
45.78 

(21.59) 
0.74 

(0.21) 
180.19 
(56.86) 

12.45 
(8.87) 

6.49 
(1.34) 

34.33 
(15.43) 

1.17 
(0.59) 

1.40 
(0.69) 

KEFJ 2008 
31.00 

(25.48) 
0.57 

(0.18) 
126.84 
(40.16) 

17.53 
(13.31) 

5.49 
(1.34) 

21.14 
(6.97) 

2.30 
(1.66) 

0.00 
(0.00) 

KEFJ 2009 
81.82 

(76.05) 
1.29 

(0.07) 
119.19 
(40.06) 

15.92 
(8.26) 

4.63 
(1.31) 

29.19 
(10.70) 

0.11 
(0.08) 

0.00 
(0.00) 

KEFJ 2010 
38.32 

(28.21) 
0.52 

(0.19) 
106.00 
(22.62) 

28.84 
(24.88) 

5.69 
(1.36) 

31.98 
(10.41) 

10.85 
(8.03) 

4.71 
(3.10) 

KEFJ 2011 
45.18 

(39.76) 
0.44 

(0.19) 
117.74 
(25.12) 

11.38 
(5.84) 

5.01 
(1.07) 

30.90 
(9.94) 

2.85 
(1.78) 

0.54 
(0.40) 

KEFJ 2012 
12.25 
(4.33) 

0.51 
(0.21) 

78.09 
(18.28) 

20.49 
(11.01) 

6.87 
(1.91) 

16.58 
(8.09) 

3.95 
(3.69) 

0.22 
(0.13) 

KEFJ 2013 
68.03 

(66.50) 
0.52 

(0.18) 
176.66 
(71.90) 

12.59 
(6.68) 

7.75 
(1.31) 

9.36 
(2.55) 

0.00 
(0.00) 

1.01 
(0.66) 

KEFJ 2014 
104.65 
(99.36) 

0.57 
(0.17) 

111.69 
(26.23) 

12.93 
(6.61) 

7.79 
(2.13) 

7.39 
(1.83) 

0.39 
(0.31) 

0.06 
(0.04) 

KEFJ 2015 
105.53 
(80.11) 

0.83 
(0.21) 

106.99 
(28.61) 

12.57 
(6.09) 

4.30 
(1.24) 

15.52 
(6.57) 

1.01 
(0.68) 

2.49 
(1.96) 

KEFJ 2016 
22.14 

(12.18) 
1.14 

(0.30) 
109.23 
(28.28) 

12.15 
(8.16) 

4.08 
(0.75) 

11.68 
(2.82) 

0.41 
(0.22) 

0.94 
(0.94) 

 

Black Oystercatchers 

Nest Density 
All five black oystercatcher transects were analyzed at the regional level for nest density 
(nest/km) and productivity ((eggs + chicks)/nest) by year in KATM, KEFJ and WPWS. The 
mean density of active black oystercatcher nest sites at KATM ranged from 0.06 to 0.12 per 
km of shoreline from 2006-2016. The mean density of active black oystercatcher nest sites 
at KEFJ ranged from 0.05 to 0.09 per km of shoreline from 2007-2016 and from 0.06 to 
0.13 per km of shoreline in WPWS between 2007 and 2016 (Fig. 17). Although highly 
variable in all three regions, active nest density continues to be similar across time with 



 

30 
 

little evidence of a trend (Fig. 17). However, in 2016, there was evidence of a decline in 
KEFJ nest density, although the decline appears to be not significant.  

The mean productivity ((eggs + chicks) / nest) ranged from 1.13 to 2.2 for KATM from 
2006-2016 while in KEFJ, mean productivity ranged from 0.12 to 1.87 from 2007- 2016 
and from 0.6 to 2.22 in WPWS from 2007-2016 (Fig. 18). Mean productivity also tends to 
be highly variable across all regions. However, in KEFJ and WPWS, we observed a decline in 
productivity that appears to correlate with a decline in mussel abundance (see mussel 
section) beginning in 2009 with subsequent increases in both regions beginning in 2012-
2013. Because we only visit a nest once per year in our monitoring program, results reflect 
productivity at the time of the survey, adding to the variability in the results. 

 

 

Figure 17. Number of active black oystercatcher nests/km in KATM, KEFJ, and WPWS 
during 2006-2016. Error bars indicate ± 1SE. 
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Figure 18. Productivity ((eggs + chicks)/nest) of active black oystercatcher nests in 
KATM, KEFJ, and WPWS during 2006-2016. Error bars indicate ± 1SE. 

 

Chick Diet 
We collected 17,898 prey items, representing at least 26 different prey species, at 154 
black oystercatcher nest sites in KATM, KEFJ and WPWS. Although prey size is measured 
for all species, here we report only on the mean size of the three most predominate species: 
Lottia pelta, L. persona, and Mytilus trossulus. Three species of limpets (Lottia pelta, L. 
persona, and to a lesser extent L. scutum) and the Pacific blue mussel (Mytilus trossulus) 
were the predominant prey items found at nest sites (Fig. 19). Together, these four species 
represented 84, 92, and 97% of prey items found at KATM, KEFJ, and PWS, respectively, for 
all sampling years. The size of M. trossulus prey varied widely across blocks and years, 
ranging from 19.37 ± 6.39 (mean ± 1SD; KEFJ 2008) to 41.88 ± 8.66 mm (KATM 2006; Fig. 
20). Limpet prey sizes did not vary as widely; L. pelta prey ranged from 18.63 ± 2.96 (mean 
± 1SD; WPWS 2007) to 26.10 ± 5.17 mm (KEFJ 2013) and L. persona prey ranged from 
17.71 ± 2.81 (WPWS 2012) to 23.74 ± 4.37 mm (KATM 2008). 
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Figure 19. Species composition of prey items collected at active black oystercatcher 
nests in KATM, KEFJ, and WPWS during 2006-2016. KATM was not sampled in 2011. 
KEFJ was not sampled in 2006 and 2012. WPWS was not sampled in 2006, 2008, and 
2009. 
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Figure 20. Mean size (mm) of the three most common species of prey found at black 
oystercatcher nest sites in KATM, KEFJ, and WPWS during 2006-2016. KATM was not 
sampled in 2011. KEFJ was not sampled in 2006 and 2012. WPWS was not sampled in 
2006, 2008, and 2009. Error bars represent ± 1SE. 

 

Sea Otters 

Aerial Surveys of Abundance 
Based on aerial surveys in 2012 and 2015, sea otter abundance in KATM appears to have 
stabilized following more than a decade of population growth (Appendix A). In KEFJ, 3 
surveys between 2002 and 2010 suggest a stable sea otter population (Appendix A). 
However, sea otter numbers in KEFJ declined from 1,322 (1SE=494) in 2010 to 866 
(1SE=214) in 2016. Sea otter abundance in WPWS increased at 3% per year from 1993-
2013 (Ballachey et al. 2014, Appendix A) (Fig. 21). 
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Figure 21. Sea otter abundance in KATM, KEFJ and WPWS during 1993 – 2016. Error 
bars indicate ± 1SE. 

 

Carcass Collections 
We collected 302 carcasses at KATM between 2006 and 2015. The KATM age-at-death 
distributions had high proportions of prime-age animals and relatively low proportions of 
young and old age-classes when compared to the baseline age-class distribution (Appendix 
A). We collected an additional 59 carcasses at KATM in 2016, and teeth have been 
submitted for aging. We collected 329 carcasses from the beaches of WPWS between 2006 
and 2015. However, until at least 2010, the age-at-death distribution was still significantly 
affected by EVOS-related mortality (Monson et al. 2011, Ballachey et al. 2014). In general, 
the recent WPWS age-at-death distributions  (2010 to 2015) contained low proportions of 
prime-age animals similar to pre-spill collections reflecting the generally low mortality 
rates of this age-class (Appendix A). Aging results are pending for an additional 32 
carcasses collected in WPWS in 2016. 

Foraging Observations 
From 2006 to 2016, we observed a total of 1,498 summer (late May to early August) forage 
bouts, including 534 bouts at KATM, 443 bouts in KEFJ, and 527 bouts in WPWS. Most 
forage observations focused on adult animals (94% of all bouts including 98%, 89% and 
94% for KATM, KEFJ and WPWS respectively). Adult foraging success averaged 91% and 
was similar among areas averaging 89%, 92% and 92% for KATM, KEFJ and WPWS 
respectively.  
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At KATM, sea otter energy recovery rates steadily declined from a high of 11.6 kcal/min 
when first measured in 2006, to levels observed in sea otters at the other two areas by 
2012 (overall average = 8.1 kcal/min) and continued to decline through 2016 (results up to 
2015 presented in Appendix A). Clams are the predominant item in the diet of KATM otters 
averaging 63% of recovered biomass. The declining energy recovery rates at KATM 
presumably reflects generally decreased abundance and size of available clams with the 
rate of prey tissue mass gain from clam foraging declining from a high of about 14 g/min 
during 2006 to 2008 to approximately 5.3 g/min in 2016. Energy recovery rates were low 
but fairly stable at KEFJ and WPWS. Overall, recovery rates averaged 5.8 kcal/min at both 
KEFJ and WPWS. However, the values in WPWS represent a decline from the mid-1990’s 
recovery rates (mean = 9.0 kcal/min; 95% CI = 7.9 to 10.2) measured while sea otter 
densities were still depressed from the EVOS (Dean et al. 2002). Clams are also the 
predominant item in the diet in WPWS averaging 57% of recovered biomass. The high 
energy recovery rate documented in the mid 1990’s in WPWS otters appeared to be driven 
by the relaxation of predation pressure on the clam population while the sea otter 
population was depressed (Bodkin et al. 2002, Dean et al. 2002). Similar to KATM, the 
subsequent decline in energy recovery rates in WPWS during the period of this study 
presumably reflect reductions in clam numbers and size, with mass gain from clam 
foraging averaging 6.2 g/min from 2007 to 2015). In contrast, mussels were a much more 
important component of sea otter diet at KEFJ averaging 58% of recovered biomass. 
Interestingly, energy recovery rates at KEFJ appear to track changes in intertidal mussel 
(Mytilus trossulus) biomass at rocky intertidal sites (Appendix A). Overall, mass gain from 
mussel foraging at KEFJ averaged 8.6 g/min from 2007 to 2016 with highs of 17.7 g/min 
and 14.4 g/min in 2008 and 2015 respectively and a low of 4.1 g/min in 2011.  

Marine Water Chemistry and Water Quality 
Mean monthly water temperatures (2006-2016) were coolest at KATM and warmest in 
WPWS (Fig. 22). KEFJ had intermediate water temperatures with values similar to WPWS 
during winter months but staying cooler and becoming more similar to KATM values 
during summer (Fig. 22). In general, water temperatures among sites within KATM and 
KEFJ were less variable than among sites within WPWS. Coincident with a warm water 
mass (the BLOB) that entered the Gulf of Alaska in 2014, intertidal water temperatures 
became anomalously warm during the spring of 2014 and remained high through the 
summer of 2016 with winter water temperatures 1.5 °C to 2 °C above average in all three 
areas (Fig. 23). 
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Figure 22. Mean monthly water temperatures (2006-2016) at KATM, KEFJ and WPWS 
rocky intertidal sites as measured by HOBOs placed at the 0.5 m tidal elevation. Month 1 
corresponds to January, month 2 to February, etc.  
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Figure 23. Monthly mean water temperature anomalies from 2006 to 2016 at KATM, 
KEFJ and WPWS rocky intertidal sites as measured by HOBOs placed at the 0.5 m tidal 
elevation. 

 

Results of the contaminant analyses on mussels sampled in 2007, 2012 and 2013 (from 25 
intertidal sites) are provided in three technical reports received from the contract 
laboratory overseeing analyses (TDI-Brooks International, Inc. 2008, 2013, 2014). Data 
provided include presentation of quality assurance and quality control measures, and for 
each sample analyzed, concentration for each specific compound tested. A preliminary 
examination of the data has not identified outliers or unanticipated findings. A 
comprehensive statistical analysis of the contaminant data will be conducted subsequent to 
collection and testing of additional mussel samples, planned for the second 5-year cycle of 
the GWA Program (2017-2021). 
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DISCUSSION 
Our overarching objective for the nearshore component was to detect change and identify 
important processes regulating or causing changes within the nearshore ecosystem across 
portions of the northern GOA. Several examples have been given throughout this report 
and are summarized below. Specific objectives also included: continued restoration 
monitoring in the nearshore to evaluate the current status of injured resources in oiled 
areas, identify if those injured resources being monitored may be considered recovered 
from EVOS effects, identify potential factors that could inhibit recovery of injured 
resources, and recommend potential restoration actions.  

As highlighted in the Results section above, our nearshore ecosystem monitoring has 
provided spatially-extensive data on a wide array of nearshore metrics, many of which 
were considered injured resources from the EVOS, and builds whenever possible on 
longer-term data streams that pre-date GWA. In terms of status and recovery, our data 
have been critical for evaluating recovery status for nearshore species injured by the EVOS 
(Ballachey et al. 2014, 2015, Bodkin et al. 2014, Esler et al. 2015, Michel et al. 2016). For 
example, both contaminants and gene expression information from mussels confirms 
findings from other studies concluding that lingering oil is no longer a source of 
bioavailable contamination (Bowen et al. 2017). Similarly, GWA lingering oil studies have 
shown that harlequin ducks were exposed to oil through 2011, but that exposure has since 
abated (Esler and Ballachey 2014, Esler et al. 2016). Our GWA sea otter surveys have 
contributed to understanding long-term trends in oiled areas of WPWS; even in the 
heavily-oiled area of northern Knight Island, sea otter abundance has returned to pre-spill 
levels (Ballachey et al. 2014). Taken together, these results indicate that, for nearshore 
species, recovery from the oil spill has occurred, despite the continuing presence of 
lingering oil. The timeline over which recovery of nearshore species occurred was long, 
spanning decades in some cases (Iverson and Esler 2010, Ballachey et al. 2014, Michel et al. 
2016). Now that recovery is complete, however, other natural and anthropogenic 
influences will be the most significant drivers of change in nearshore ecosystems. We note 
that some pelagic species are not considered recovered from the spill, although lack of 
recovery is not related to continued exposure to oil (Bodkin et al. 2014, Esler et al. in press, 
Michel et al. 2016). 

Data streams from GWA as well as from programs that pre-date GWA, but are being 
continued through this effort, have already revealed many interesting patterns, processes 
and potential causes for change. For example, we see that different metrics vary at 
substantially different spatial and temporal scales. Some physical (e.g., water temperature) 
and biological (e.g., large mussel densities) attributes show consistent temporal variation 
at the scale of the northern GOA, suggestive of broad-scale drivers. Other metrics show 
variation at the regional level (e.g., proportions of mussels in sea otter diets), indicating 
regional-scale differences in ecological conditions. Other metrics vary on a site-by-site 
basis (e.g., mussel recruitment and eelgrass cover), which indicates responses to local 
conditions. Potential drivers and the scales at which they operate, both temporal and 
spatial, are critical for managers as they engage in scenario planning in anticipation of 
climate change effects (National Park Service 2013) and oil spill response. Through a 
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variety of outlets, we have provided managers with updates on the status of these vital 
signs and their various metrics over the entire study period.  

For example, one important result has been recognition of divergent population 
trajectories and differing equilibrium densities of sea otters at our various sampling 
regions. When population data is coupled with sea otter foraging data, this information 
provides important insights on the factors that influence sea otter populations at each 
region. Sea otter numbers in KATM have increased dramatically in recent decades and are 
now substantially higher than in KEFJ and WPWS, which is likely due to more extensive and 
potentially more productive habitat at KATM. Sea otters in WPWS have increased in 
abundance since 1993, as they recovered from injury resulting from the EVOS. Sea otter 
densities in KEFJ have been consistent and low. Interestingly, foraging data indicate that 
otters in all three regions currently appear to be near a food-limited equilibrium density, 
suggesting that managers should not expect substantial increases in any of these regions in 
sea otter abundance and that region-specific drivers have influenced past population 
trajectories and dictate current abundance. These results, including explicit management 
implications, are reported in detail by Coletti et al. (2016), which is included as Appendix A 
of this report. 

As another example of completed work, in collaboration with Restoration Project 
16120114-K, we evaluated the role of selected physical factors in dictating rocky intertidal 
community structure across our study regions (Konar et al. 2016). Surprisingly, these static 
drivers were not strongly related to intertidal communities. This may have resulted from 
our selection of similar, sheltered rocky sites throughout the region. However, this may 
provide an ideal situation for subsequently understanding the role of dynamic drivers of 
intertidal community structure across the region, which we intend to pursue during the 
next five-year program. Understanding drivers of community change will allow agencies to 
make informed management decisions for marine areas.  

We also have analyzed mussel data collected as part of our nearshore monitoring efforts 
(Bodkin et al. in press; Appendix B of this document). All mussel metrics varied 
considerably on a site-by-site basis, which highlights the importance of local conditions for 
mussel recruitment and abundance. However, after accounting for site differences, we also 
found patterns in several measures of abundance that indicated synchronous variation 
across the entire northern GOA, suggesting an influence of broad-scale drivers. Because 
mussels are an important food resource for nearshore predators such as sea stars, black 
oystercatchers, sea ducks and sea otters, understanding mussel dynamics may also allow 
us to predict predator responses to changing prey resources. These tools will be invaluable 
to managers as local and regional stressors continue to impact nearshore resources.  

In addition to the detailed findings reported in the attached Appendices, we also have seen 
a number of interesting patterns in other metrics, as described in Results. For example, our 
water temperature data confirm that the warm water anomalies that are well-established 
in offshore measurements also are expressed in intertidal regions across the northern Gulf 
of Alaska. Nearshore biological effects of abnormally warm water remain under 
investigation. As another example, in response to the well-publicized common murre die-
offs during the winter of 2015-2016, we examined our marine bird survey data, and 
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determined that we also observed anomalous distributions and numbers of murres 
preceding the winter die-off. Also, we have discovered, in collaboration with Restoration 
Project 16120114-K, that sea star abundance and species dominance varies markedly 
among regions, suggesting broad-scale rather than site-specific drivers of these patterns. 
With continuing data collection in upcoming years, we will continue to see and explore 
patterns in the data, to understand causes of variation and the spatial scales over which 
they operate. 

In conjunction with core monitoring work, we also were engaged in several collaborative 
efforts to understand nearshore processes, leveraging the field presence facilitated by 
GWA. These collaborations included stable isotope analyses of nearshore communities, 
collection of mussels for growth and energetics analyses, evaluation of the prevalence of 
sea star wasting disease, and collection of clams as part of an evaluation of gene expression 
and other biomarkers as tools for monitoring health of nearshore ecosystems. 

As an example of the value of these collaborations, we surveyed sea stars at our nearshore 
sites for sea star wasting disease, which has been widely observed in stars along the 
California, Oregon, Washington and British Columbia coasts. We initially collaborated with 
an experienced star observer from the University of California Santa Cruz on our first GWA 
trip in 2014. In 2014, we conducted a concerted effort to look for wasting disease at all 
GWA nearshore monitoring sites in southcentral Alaska. We detected only 9 diseased stars 
out of 1,588 counted across 30 sites (0.6%), far fewer than expected given the prevalence 
of wasting disease further south. In 2015, we recorded 69 diseased stars out of 2,016 stars 
observed (3.4%); almost all of these (67) were observed in KBAY (Iken and Konar pers 
comm.). Although there was a slight increase in 2015, the occurrence of diseased stars is 
still low in contrast to southeast Alaska and the Lower 48.  

Through collaboration and a multi-agency approach to monitoring, the nearshore 
component of GWA has met the objectives defined for this study period. We have 
concurrently provided valuable information to management agencies (NPS, USFWS, BOEM) 
that has been used in spill response actions as well as in planning documents. We have also 
provided data streams that originated prior to the start of the GWA program as part of 
other EVOSTC projects and the NPS SWAN I&M program. The data sets, including data 
collected under GWA, have been made publicly available in order to preserve the 
opportunity for other researchers, managers and the public to access these data in the 
future.  

CONCLUSIONS 
This work provides unprecedented spatial and temporal coverage of nearshore ecosystem 
dynamics in the northern GOA. Results to date are showing compelling patterns, and are 
leading to insights about the drivers of observed patterns in the nearshore communities. In 
a broader context, our findings are providing interesting comparisons with and contrasts to 
those of the Pelagic Component of GWA (Restoration Project 16120114-O). For example, 
biological responses to recent, anomalous warm water conditions have been stronger in 
pelagic species, perhaps reflecting adaptation by nearshore species to temperature and 
salinity conditions that naturally vary widely. In contrast, nearshore systems may be more 
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vulnerable to other kinds of changes (e.g., ocean acidification, upland habitat modification, 
contamination), highlighting the value of multiple windows into overall marine health. We 
anticipate that the GOA is likely to be affected by projected changes in ocean condition 
across the Northeast Pacific as well as by oceanographic changes in the arctic. As the GWA 
Program progresses and matures, we are confident that further insights into the marine 
environment will become apparent, and will be valuable for improving understanding and 
management of marine natural resources of high societal and ecological value. 
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