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In January 2007 the Seattle Art Museum’s Olympic Sculpture Park (OSP) opened along 
Seattle’s urbanized Elliott Bay shoreline.  The park includes enhanced shoreline features 
designed to benefit juvenile salmon and other organisms.  A pocket beach and habitat 
bench were created in shallow nearshore waters, vegetation was planted in the uplands, 
and coarse-grained sediments and driftwood were placed on the beach.  These features 
replaced the relatively unproductive armored seawall and riprap shoreline, with a goal 
of increasing the number and diversity of fish and invertebrates.  Although natural 
functions of this urban, commercial shoreline cannot be completely restored to pre-
historic conditions, the enhancements created at the park have provided both public 
access and more natural functions than before. 
 

Reinforcements along OSP’s seawall segment were spurred by concerns about the long-
term seismic stability of the existing structure.  The seawall along Seattle’s waterfront is 
in need of replacement but at the time the City of Seattle did not have plans to replace 
the northern section for some years.  The Seattle Art Museum chose to address the 
seawall during the park’s construction rather than experience disruption after the park 
was created.  Reinforcement of some of the existing seawall along with the associated 
habitat enhancements cost $5.5 million, which was cost-effective compared to the 
initial estimate of $50-80 million to completely replace that portion of seawall.  OSP’s 
approach made it possible to include the shallow water habitat bench in front of the 
reinforced seawall, and also to excavate the new pocket beach from adjacent riprap. 

Photographs of the Olympic Sculpture Park Pre- and Post-Enhancement 

(a) Riprap and seawall armoring at the site before enhancement, (b) post-enhancement 
pocket beach at high tide (habitat bench is under water) and (c) habitat bench at low tide 
showing kelp on the outer margin. The pocket beach replaced riprap armoring, and the 
habitat bench enhanced the existing seawall. Dune grass and riparian vegetation were planted 
around the pocket beach, and vegetation was planted in the uplands above the habitat bench. 
Riprap seen in the foreground of the pocket beach in (b) and the seawall in the background of 
the habitat bench in (b) were sampled as reference armored sites. 
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The site was monitored the year before habitat enhancements were created and three 
additional times across a five-year period after construction in order to measure the 
status and development of the shoreline enhancements, and to provide data that will 
inform future restoration efforts along this and other regional urbanized shorelines.  
The main goal of monitoring was to test if nearshore enhancement at the Olympic 
Sculpture Park has improved habitat for biota as compared to adjacent armored 
shorelines.  Sampling focused on providing information specific to usage by juvenile 
Chinook salmon, which are listed under the Endangered Species Act as threatened in 
Puget Sound.  We collected data on assemblages of fish, invertebrates, algae, and 
vegetation, and conducted sediment surveys and beach profiling.  Monitoring results will 
help us determine if shoreline enhancements along the urban waterfront provide 
beneficial habitat for nearshore biota, and if the physical structures (e.g., pocket beach) 
will remain intact without frequent beach sediment nourishment or stabilization efforts. 
 
Results from the monitoring indicate that the beach structure is relatively stable and 
there has been a rapid development of aquatic and terrestrial biota.  Many of our 
indicators of invertebrate and fish use measured in years 1, 3, and 5 post-enhancement 
have higher values (abundance, diversity, assemblages) when compared to the baseline 
conditions measured before enhancement, or the adjacent sections of seawall and 
riprap.  Monitoring is currently planned for year 10 post-enhancement (2016) to 
continue to assess biological and physical functions at the developing site. 

Overall Timeline of Monitoring Activities at the Olympic Sculpture Park 
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This report summarizes Year 5 data taken in 2011 that builds on past pre-enhancement 
and post-enhancement monitoring.  Specific monitoring results are detailed for each of 
the measured categories below, followed by an overall conceptual model. 

 

Fish 
Snorkel surveys: Juvenile salmonids were most abundant in shallow 
waters, and were observed feeding at the enhanced sites.  There 
were higher feeding frequencies for juvenile Chinook salmon at the 

pocket beach shallow and habitat bench deep sites, and for juvenile chum salmon at the 
habitat bench shallow site as compared to riprap.  Densities were somewhat variable by 
year but whenever results were statistically significant, they showed higher numbers at 
enhanced sites: densities were higher at the habitat bench compared to riprap in 2011, 
equal at all sites in 2009, and higher at the habitat bench and pocket beach compared to 
riprap in shallow waters in 2007.  Larval fish in 2011 were also most abundant at the 
pocket beach and habitat bench with patchy occurrences of large fish schools, and their 
densities were significantly higher in 2009 at the pocket beach compared to riprap.  The 
larval fish category contained both larval and post-larval forage fish (e.g., smelt) and 
demersal fish (e.g., sculpin) types.  Both juvenile salmon and larval fish benefit from 
refuge areas in the nearshore that are created by habitat enhancement.  Potential fish 
predators of juvenile salmon were rare at all sites. 

Enclosure nets: Juvenile salmonids accounted for 99% of the fish captured at the pocket 
beach.  Chinook salmon consumed mainly chironomid and aphid insects, and amphipod 
crustaceans.  Chum salmon fed similarly to Chinook salmon, but also fed on epibenthic 
harpacticoid copepods. 

Aquatic Invertebrates 
Epibenthic invertebrates: Taxa richness in pump samples taken on top of the 
substrate from the low intertidal zone increased after enhancement and 
was highest at the pocket beach and habitat bench.  The habitat bench had 

high densities of harpacticoid copepods, amphipods, and overall epibenthic 
invertebrates, and the pocket beach also had high densities of harpacticoids.  
Harpacticoids and amphipods are crustaceans that are generally important prey for 
juvenile salmon, although the most abundant amphipod species at the sites was not 
common in fish diets and was also abundant at the riprap site. 

Benthic Invertebrates:  Pocket beach sediments have been colonized by diverse benthic 
invertebrates, including several taxa of amphipods and polychaete worms that were not 
present before creation of the pocket beach.  Densities and taxa richness were high 
from core samples, with a community shift away from amphipod crustaceans since the 
first year of restoration and toward more worms in the low intertidal, and more snails, 
springtails, and isopods in the high intertidal. 
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Terrestrial Insects 
All planted vegetation at the enhanced sites had greater taxa richness, 
overall densities and hemipteran insect densities (mostly aphids) than the 
adjacent armored shorelines.  Thus, production of certain insects associated 

with vegetation has increased, while others such as dipterans (flies, e.g., chironomid 
midges) have not increased since enhancement.  Diptera and Hemiptera are both 
juvenile salmon prey items, and were common in neuston tows on the water’s surface 
at the sites. 

Algae Colonization and Planted Vegetation 
Aquatic algae: The habitat bench has been colonized with a diverse, dense 
growth of kelps and other algae, with eighteen species of green, red, and 
brown algae documented in 2011.  Overall percent cover was greatest in 

2011 at all surveyed elevations as compared to previous years and reached 100% at two 
of the elevations.  The number of kelp stipes was variable among years, consistently 
increasing at the habitat bench but greatest in 2009 at the deeper elevations of -3 to  
-6.1m. 

Terrestrial Vegetation: All measurements of understory and overstory 
vegetation percent cover in 2011 increased over previous years.  Dune grass 
patches had lower percent cover than other areas, and trampling continues to 

be problematic with dune grass flourishing only where it is protected by logs.  However, 
all dune grass patches did increase in overall area, cover, and shoot density.   

Physical Structure 

Morphology:  The year 4 and 5 monitoring shows that the beach continues 
to be relatively stable and is presently losing little sediment from the 
profile, although sediment regularly moves on the upper foreshore creating 

different profile forms and grain-size zonation.  The combination of tidal elevation and 
energetic wave conditions determine the zones on the beach most impacted by natural 
sediment transport on the beach.  The peak vulnerability to transport conditions is 
during periods of extreme high tidal elevation combined with storm conditions.  These 
conditions early in the winter can result in major reorganization of the beach sediments, 
and will likely become more frequent as sea-level rises. 
 
Sediment:  Digital grain-size analysis has been found to be a useful and efficient tool for 
monitoring the grain size on the upper foreshore of the pocket beach.  A continued 
increase in the fining of the surface sediment on the upper foreshore of the pocket 
beach is evident.  The larger material that comprised the former surface sediment 
seems to be moving downslope to the lower foreshore on the south side of the beach, 
and former surface material that is lost through anthropogenic means is unlikely to 
return to the upper foreshore. 
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Conceptual Model of Olympic Sculpture Park Monitoring Results 

 

     Mean Higher High Water (MHHW): approximate high-tide line 
     Mean Lower Low Water (MLLW): approximate low-tide elevation 
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Conclusions 
Enhancing armored shorelines in order to restore some natural conditions is relatively 
new from both design and scientific perspectives, and several conclusions from our 
study will help guide future efforts: 

(1) Nursery area for fish: Nearshore fish used shallow-water enhancements along 
armored shorelines.  More fish (juvenile salmon and larval fish, depending on the 
year) were at enhanced shorelines, often with higher feeding activity. 

(2) Foraging opportunities: Invertebrates that are prey for juvenile salmon and other 
fish colonized the low gradient, finer-grained intertidal habitats that were 
incorporated into the armored shorelines.  Most of these aquatic invertebrates 
increased in taxa richness and numbers after enhancements were in place. 

(3) Riparian value: Certain types of terrestrial insects increased in abundance and 
taxa richness where patches of shoreline vegetation were planted.  Vegetation in 
urban parks requires routine maintenance, so progression to a more natural 
riparian zone will be somewhat limited in this setting. 

(4) Connectivity: Linkages between aquatic and terrestrial zones are broken on 
heavily armored shorelines.  When artificial barriers are removed and aquatic 
habitats merge with terrestrial habitats, this provides the opportunity for 
biological and physical processes to reconnect across the ecotone. 

(5) Physical resilience: In heavily urbanized settings, habitat enhancements have 
limited ability to restore larger-scale processes such as sediment supply, and this 
may lead to the need for maintenance.  Human use of urban beaches can create 
some surface sediment loss and structural impact such that occasional 
maintenance and nourishment may be necessary. 

It is encouraging that enhanced shorelines can provide benefits similar to those at more 
fully restored shorelines, and shoreline enhancement should be a management goal in 
locations where larger scale restoration is not possible due to high levels of urban 
development.  In restoration planning, scientific research can be useful (1) prior to 
restoration in helping to define project goals, (2) during project design by incorporating 
data to optimize the likelihood of desirable ecological responses, and (3) after 
completion of restoration to document performance, to identify problems, and to 
provide critical information for adaptive management.  The Seattle seawall is scheduled 
for replacement starting as soon as 2013, and using the data collected on design 
elements at OSP should prove useful for planning other shoreline enhancements along 
this highly urbanized segment of Elliott Bay.  The habitat bench, pocket beach, and 
planted shoreline vegetation have all had beneficial effects, and these features along 
with other studied features such as textured and sloped seawalls should be 
incorporated into project designs.  Each of these design elements result in different 
ecological responses, and using a combination of shoreline enhancements would 
produce a more diverse community than that along the uniform seawall, riprap, and 
pier structures that currently exist along the urban Seattle shoreline. 
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Introduction 

The Seattle Art Museum’s Olympic Sculpture Park (OSP) opened in January 2007 on the 
northern part of the city of Seattle’s urbanized marine shoreline.  Part of the OSP 
included habitat enhancements along the waterfront.  In order to provide benefits for 
juvenile salmon and other biota inhabiting the shoreline, a pocket beach and a habitat 
bench were created in shallow nearshore waters with plantings of vegetation in the 
uplands and placement of coarse sediment and driftwood on the beach.  These features 
replaced relatively unproductive armored seawall and riprap shoreline, with an overall 
goal of supporting higher numbers and a greater diversity of fish and invertebrates than 
the existing urbanized shoreline. 
 
An average of 27% of Puget Sound’s natural shoreline is armored by retaining 
structures, increasing to ~65% near urban centers (Simenstad et al. 2011).  These 
structures are usually composed of vertical seawalls or riprap boulder fields.  Such 
shoreline modifications are prevalent in many aquatic systems worldwide, especially in 
highly developed urban areas.  Recent research has started to document the 
detrimental effects that shoreline modifications can have on the ecotone between 
aquatic and terrestrial realms (Chapman 2003, Alberti et al. 2007, Toft et al. 2007, 
Bilkovic and Roggero 2008, Defeo et al. 2009, Bulleri and Chapman 2010, Shipman et al. 
2010).  Understanding the current status of developed shorelines and potential for 
restoration in degraded systems is an important topic regionally (Simenstad et al. 2006, 
PSP 2012), nationally (NRC 2007) and worldwide (Defeo et al. 2009). 
 
Enhancement features at OSP were incorporated because juvenile salmonids use the 
Seattle urban nearshore of Puget Sound for rearing and migration (Toft et al. 2007), with 
the nearby Green/Duwamish River being the closest source for both wild and hatchery 
juvenile salmon.  Juvenile Chinook and chum salmon use nearshore habitats more than 
other species of salmon (Fresh 2006).  Improved habitat for Chinook salmon is often a 
focus for shoreline restoration in the region, because Puget Sound Chinook salmon are 
listed as threatened under the Endangered Species Act.  Research in Puget Sound and 
elsewhere has shown that shoreline habitat types can affect nearshore fish distribution, 
abundance, and nursery function of estuaries (Valesini et al. 2004, Rice 2006, Toft et al. 
2007, Bilkovic and Roggero 2008, Courrat et al. 2009).  The nearshore is also an 
important source of juvenile Chinook salmon prey items such as terrestrial insects and 
aquatic crustaceans (Simenstad et al. 1982, Brennan et al. 2004).  Scale of armoring is an 
important factor to consider because sites with armoring extending into subtidal waters 
truncate the entire intertidal zone.  When this occurs the decrease in shallow water 
habitat causes juvenile salmon to school directly along the armoring and also limits their 
access to terrestrial insect prey items (Toft et al. 2007).  This was the case with the 
riprap and seawall at the OSP before enhancement, so designs were based on improving 
fish habitat by changing the subtidal armored shorelines into lower-gradient, intertidal 
shorelines. 
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Nearshore restoration often emphasizes improving habitat for invertebrates that are 
important food for fish.  Having ample invertebrate prey can increase the opportunity 
that juvenile salmon have to benefit from a site (Simenstad and Cordell 2000).  
Measurements of invertebrate abundance and composition are also useful as metrics 
that may be linked to localized geomorphic processes.  It has been shown that 
invertebrates can be negatively impacted by shoreline armoring, depending on how low 
in tidal elevation the armoring encroaches (Peterson et al. 2000, Chapman 2003, Cruz 
Motta et al. 2003, Romanuk and Levings 2003, Moschella et al. 2005, Sobocinski et al. 
2010).  Shoreline modifications can also add unique hard structures not naturally found, 
which in certain cases can attract organisms different from and sometimes not 
indigenous to the surrounding habitat (Glasby 1998, Davis et al. 2002, Glasby et al. 
2007).  Benefits of restoring shorelines in urban systems include increasing invertebrate 
densities and diversities over those found in heavily armored conditions.  However, the 
science regarding this subject is still in a relatively early state, and long-term datasets 
are rare. 
 
Monitoring beach structure and biota at constructed habitats can provide information 
on how the designs function in regards to providing beneficial habitat.  Monitoring at 
the OSP included pre- and post-enhancement sampling, occurring before and after 
construction in 2006 and opening of the park in January 2007 (Fig. 1). 
 

 

Figure 1. Overall timeline of monitoring activities at the Olympic Sculpture Park. 
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Although it is usually not possible to restore original conditions to extremely modified 
shorelines within urban centers, it can still be feasible to enhance or rehabilitate 
shorelines within these urban constraints (Simenstad et al. 2005).  We use the term 
restoration to describe a specific end-point goal, and enhancement for actions that are 
in aggregate intended to make progress toward that goal.  Puget Sound has varying 
levels of natural and modified shorelines depending on the shoreline segment, and it is 
important to address how small-scale enhancements in urban areas can benefit the 
large-scale goal of restoration.  The impact of clusters of small-scale enhancements may 
together be worth more than the simple additive benefit of single sites that are spread 
further apart (Simenstad et al. 2005).  For this reason, success at the site level can 
encourage similar enhancement activity in a region and lead to the development of 
recommendations for future enhancements. 
 
Two main shoreline elements were enhanced during construction at OSP, a habitat 
bench and a pocket beach (Figs. 2 and 3).  The habitat bench was created in the low 
intertidal along ~280m of the previously existing north end of the Seattle seawall.  The 
pocket beach was excavated from a stretch of riprap armoring immediately north of the 
existing seawall.  The pocket beach consists of a pebble/cobble beach, with surrounding 
dune grass and riparian vegetation.  Monitoring focused on initial development of these 
two stretches of shoreline, sampling the following biological and physical characteristics: 
juvenile salmon and other fish, aquatic epibenthic and benthic invertebrate fish prey 
such as amphipod and harpacticoid crustaceans that live on the substrates, terrestrial 
insects from surrounding vegetation, development of terrestrial vegetation and aquatic 
algae, physical beach profiles, and sediment characteristics. 
 

 

Figure 2. Photographs of the Olympic Sculpture Park (a) pre-enhancement riprap and 
seawall armoring, (b) post-enhancement pocket beach at high tide (habitat bench is 
under water) and (c) habitat bench at low tide showing kelp on the outer margin. The 
pocket beach replaced riprap armoring, and the habitat bench enhanced the existing 
seawall. Dune grass and riparian vegetation were planted around the pocket beach, 
and vegetation was planted in the uplands above the habitat bench. Riprap seen in 
the foreground of the pocket beach in (b) and the seawall in the background of the 
habitat bench in (b) were sampled as reference armored sites. 
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Figure 3. Aerial view of the Olympic Sculpture Park site after construction, showing 
general sampling locations. 

 
Artificially created or nourished beaches are becoming increasingly popular as a 
preferred option for shore protection in many areas worldwide (Nordstrom 2005).  
Where shoreline erosion problems have traditionally been controlled by hard structures 
(e.g., seawalls), created beaches that are coarse clastic (i.e., have sediments that range 
from sand to boulders) can provide an alternative solution to shore stabilization 
problems, as well as adding value to the natural system and the public who use them.  
Coarse clastic beaches that are nourished can presumably decrease the adverse impacts 
of harder forms of shoreline stabilization (e.g., increased wave energy, scour, and 
interruption of sediment supply to coastal systems; Shipman et al. 2010), restore or 
enhance natural beach processes and habitats, and create recreational and ecological 
opportunities where they did not exist before.  However, many of the adverse impacts 
of armoring and scale of enhancement of nourished beaches remain untested in their 
specific effects on biota.   
 
As beach enhancement and nourishment continues to become an encouraged coastal 
engineering solution for shoreline stabilization in the U.S. and particularly within Puget 
Sound, understanding the geomorphic response of coarse-grain beaches to physical and 
anthropogenic processes will become increasingly important (Mason and Coates 2001, 
Shipman 2001).  Coarse-grained beaches are widespread at mid to northern latitudes, 
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where the sources for the littoral system are composed of mixed sediment (e.g., sand to 
cobble; Osborne 2005).  In Puget Sound most of the beach substrate comes directly 
from the glacial tills incorporated in nearby bluffs.  These supply an abundant source of 
sands, pebbles, and cobbles for subsequent reworking by long- and short-term physical 
processes (Terich 1987, Mason and Coates 2001).  The mixed-sediment composition of 
these beaches makes them morphologically distinct from sand or gravel beaches (Kirk 
1980, Mason and Coates 2001).    
 
Physical beach-profile monitoring provides a unique opportunity to begin addressing 
some of the problems and uncertainty faced by managers today (e.g., determining the 
sensitivity of the beach cross-shore profile and area to changes in sediment distributions 
and patterns; Mason and Coates 2001).  The general approach for the physical beach-
profile monitoring includes: (a) measurement of beach profile transects at the pocket 
beach and along the habitat bench, (b) substrate size sampling, and (c) relating the 
results to the natural sediment-transport processes and geomorphic setting in Puget 
Sound.  Beach profile surveys have been conducted monthly to seasonally throughout 
the five years after enhancement to document the impact of seasonal conditions and 
potential anthropogenic impacts to the beach profile.  When combined with the 
biological monitoring, results from this work are intended to address the overall 
performance of the OSP enhanced shoreline and provide an interdisciplinary approach 
to evaluation of the site. 
 
The following hypotheses are being tested by this research: 
Central hypothesis: Nearshore enhancement at the Olympic Sculpture Park improves 
habitat for biota as compared to armored shorelines. 
 Hypothesis 1 – Biota: Enhancement sites along seawall and riprap provide improved 

habitats for juvenile Chinook salmon and other fish, as measured by fish, 
invertebrate, algae, and vegetation assemblages. 
Hypothesis 2 – Physical: The created pocket beach and habitat bench are relatively 
stable shoreline features along the waterfront, as measured by sediment surveys and 
beach profiling. 

 
Testing these hypotheses will allow us to determine if created shoreline enhancements 
along the urban waterfront provide beneficial habitat for nearshore biota, and if the 
physical structures remain intact with minimal beach renourishment and/or 
stabilization.  Although it is not feasible for this urban stretch of shoreline to be restored 
to historic conditions, features of the park are designed to enhance a publically 
accessible segment of the shoreline and restore some of the original biological 
functions. 
 
This report describes year 5 post-enhancement monitoring of aquatic fish, 
invertebrate, algae, terrestrial insects, vegetation, and physical beach properties.  This 
work is similar to that conducted in years 1 and 3 (Toft et al. 2008, Toft et al. 2010b) and 
the baseline pre-construction biological monitoring (Toft and Cordell 2006).  Results 
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from previous monitoring indicated that in general there had been an initial rapid 
development of aquatic and terrestrial biota within the newly created habitats, 
evidenced by many indicators having higher values than baseline conditions or adjacent 
sections of seawall and riprap.  Physical properties of the habitat bench and pocket 
beach were relatively stable, with minor sediment loss at the pocket beach.  Results of 
the year 5 monitoring will add to previous datasets and indicate if conditions have 
remained stable and/or are continuing to develop after the first year.  This follows the 
planned monitoring schedule that will also include monitoring in year 10 after 
construction in order to assess progression of biological and physical functions as the 
site develops. 

Methods 
Methods are briefly described below for techniques used in past monitoring and 
described in detail in Toft et al. (2008). 
 

Physical Characteristics 
Timeline 
A timeline of field activities of monitoring of the beach for years 4 and 5 is contained in 
Table 1.  As in previous reports, we consider physical beach surveys from January – May 
2007 as year 0 (baseline), June 2007 – April 2008 as year 1 (Toft et al. 2008), June 2008 – 
March 2009 as year 2 (Toft et al. 2009), and June 2009 – March 2010 as year 3 (Toft et 
al. 2010b).  We will compare these data with that collected in year 4 (April 2010 – April 
2011) and year 5 (May 2011 – April 2012). 
 

Beach Profile Surveys 
Two across-beach transects (Fig. 4) were selected for seasonal monitoring.  On the 
landward end of each transect, a nail was placed in the sidewalk surrounding the beach.  
On the seaward end, a mark was placed on a piece of toe riprap that was assumed to be 
immobile: 
 
 BS – South transect.  

Landward endpoint location:  47° 37.003' N, 122° 21.483' W 
  Seaward endpoint location:  47° 37.011' N, 122° 21.506' W 
 BN – North transect. 
  Landward endpoint location:  47° 37.046' N, 122° 21.501' W 
  Seaward endpoint location:  47° 37.018' N, 122° 21.515' W 
 
The central bench, a section of the habitat bench at the base of the pocket beach (Fig. 
4), was monitored near monthly for elevation changes.  Along this section of the bench, 
two transect lines were run at approximately one third and two thirds of the bench 
width (Fig. 4).  Horizontal control was limited on the bench, so these surveys were 
analyzed for variability, not absolute change. 
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Seasonal profile surveys (Table 1) were conducted at low spring tides (coinciding with 
the new and full phases of the moon) to capture the complete beach profile.  The 
elevations were determined using a laser leveler and direct rod measurements.  A 
known point on the habitat bench (partially buried construction debris) was monitored 
during each survey to determine the accuracy of vertical measurements.  The vertical 
precision was estimated to be +/- 4 cm for years 1 and 2 and was improved to +/-3 cm in 
year 3-5.  Mean Lower-Low Water (MLLW) is used as the vertical datum, and survey 
data was converted to MLLW using the measured water-surface elevation and NOAA 
tidal observations. 
 
 

 

Figure 4. (a) Plan view drawing of the Olympic Sculpture Park shoreline enhancements 
with approximate physical sampling locations of the beach north (BN) and beach 
south (BS) transect lines, seaward and landward transect lines at the habitat bench, 
and adjacent riprap and seawall sites, (b) location map, and (c) cross-section of the 
pocket beach. 
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        Table 1. OSP pocket beach and habitat bench physical monitoring 

                     timeline for years 4 and 5. 

YR Date 
Pocket 
Beach 
Survey 

Bench 
Survey 
(Full) 

Bench 
Survey 
(Partial) 

Sediment 
Sample 
 

 4 

April 2010 X X   

November 2010 X    

April 2011 X X  X 

 
 
 5 

June 2011 X  X X 

October 2011 X    

December 2011 X    

February 2012 X    

April 2012 X X   

July 2012     X 

 

Bench Surveys 
The entire (~286 m-long) habitat bench was surveyed in April 2011 and April 2012 for 
the year 4-5 database (Table 1).  These surveys provide a basis for comparison and 
evaluation of change over the year 0-5 record when added to the data provided in Toft 
et al. 2010b.  Two transect lines were laid out along the bench (Fig. 4) along which 
elevations were measured using the same survey equipment as for the beach profiles.  
The approximate width of the bench between the intertidal sea-wall buttress and the 
subtidal riprap base at the toe of the bench was also estimated.  
 

Sediment Sampling 
In year 4 and 5, grain size on the OSP beach was largely monitored using a digital 
photographic technique as described in Warrick et al. (2009).  Sediment was 
photographed in ambient daylight using a 2.0 megapixel digital camera at the 
characteristic locations on the pocket beach transects. Larger seaweed and detritus was 
removed prior to taking surface photos, but sediment was left undisturbed. Some 
photos included puddles of water, woody debris and biological organisms.  Sediment 
photos were analyzed using Cobble Cam Analysis Tool in Matlab (Warrick et al. 2009) to 
estimate the dominant grain size in millimeters which we are using as a measure of D50, 
and compared to the calculated D50 of sieved sediments.  From these calibration 
samples, a bias factor was determined which was applied to all subsequent digital 
estimates.  Note that the digital photographs were collected late in the year in year 5 
due to a camera malfunction. 
 

Water-Surface Elevation and Winds 
Water-surface elevations for Seattle, WA were provided by the Center for Operational 
Oceanographic Products and Services’ (CO-OPS) NOS station 9447130.  Located at the 
downtown ferry terminal (47° 36.3' N, 122° 20.3' W), the tide gauge records primary and 
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backup water-level variations every six minutes.  Primary water-level observations were 
retrieved and small data gaps (e.g., <24 min) were interpolated.  Observations extracted 
were in units of gauge height and were then converted to MLLW levels, so the tidal data 
could be coupled with beach survey and process data (recorded at West Point and the 
OSP pocket beach, respectively) to reconstruct the natural forcing mechanisms acting on 
OSP’s beach. 
 
Wind data was obtained from the National Weather Service (through the National Data 
Buoy Center (NDBC, http://www.ndbc.noaa.gov/).  Winds are measured near the Seattle 
downtown tide station (EBSW1; 47°36'18" N 122°20'18" W) every six minutes and 
reported as average wind speed (over 2 min measurement period), direction and peak 
gust (5 second sustained within measurement period. 
 

Biological Characteristics 
Site 
Main invertebrate and fish sampling locations are shown in Figure 5, and vegetation 
locations are shown in Figure 6.  Pre-enhancement monitoring focused on two sections 
of riprap and two sections of seawall; one segment of each was to correspond to 
shoreline enhancements, and one segment of each to un-enhanced shoreline (e.g. 
restored and reference; Toft and Cordell 2006).  However, in the final design, almost the 
entire length of the seawall at the site had the habitat bench added, except for a small 
portion adjacent to Pier 70.  Thus, post-enhancement fish sampling was focused at the 
riprap site, pocket beach, and two sections of the habitat bench (i.e., there was no 
adjacent reference site for the habitat bench).  The small section of unaltered seawall 
adjacent to Pier 70 was large enough to provide a reference site for epibenthic 
sampling, but seawall insect and neuston reference sampling was conducted on the 
south side of Pier 70.  Additional fish sampling along the seawall was not conducted, as 
the exposed seawall south of Pier 70 was short and affected by adjacent piers.  A 
timeline of overall pre- and post-enhancement biological monitoring is outlined in Table 
2. 
 
 

http://www.ndbc.noaa.gov/
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   Figure 5. Fish and invertebrate sampling locations. 

 
Figure 6. Vegetation sampling locations. 
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Table 2. Timeline of biological monitoring; 2005 was pre-enhancement sampling, and 2007, 2009, and 
2011 were post-enhancement samplings. 

Sample 
April – 

July 2005 Location 
April – July 
2007/9/11 Location 

Fish - Snorkeling X Riprap, Seawall X Riprap, Pocket Beach, Habitat 
Bench 

Fish - Enclosure Nets   X Pocket Beach 

Fish - Juvenile Salmon 
diets 

  X Pocket Beach 

Epibenthic 
Invertebrates 

X Riprap, Seawall X Riprap, Pocket Beach, Habitat 
Bench, Seawall 

Benthic Invertebrates   X Pocket Beach 

Terrestrial Insects X Riprap, Seawall, 
Riparian 

X Riprap, Riparian, Pocket Beach, 
Habitat Bench, Seawall 

Neuston X Riprap, Seawall X Riprap, Pocket Beach, Habitat 
Bench, Seawall 

Terrestrial Vegetation   X Overlook, Backshore, Dune 
grass, Uplands 

Algae     X Habitat Bench 

 
Fish - Snorkel Surveys 
Sampling spanned the peak juvenile salmonid outmigration period, beginning with chum 
salmon in April and ending with Chinook and coho salmon in June and July.  Fish were 
surveyed weekly, coinciding with both spring tides (high tidal ranges coinciding with the 
new and full phases of the moon) and neap tides (low tidal ranges coinciding with the 
first and last quarter phases of the moon).  
 
Surveys were conducted from 20 April to 18 July.  Transects at the pocket beach 
spanned the entire length of 35 m, other transects were 75 m in length.  Eighteen 
transects were sampled on each sampling date.  At high tide, each site was 
characterized at one shallow and one deep water transect (3 m and 10 m from shore), 
with an additional two transects conducted in the shallow water portion of the pocket 
beach to account for the intertidal gradient not present at the other habitat types.  This 
allowed surveys over all intertidal water depths at each habitat type during high tide.  
This was repeated at low tide, except at the inner part of the pocket beach, which 
dewatered at low tide.  Successful observations depended on sufficient water clarity for 
underwater visibility, corresponding to horizontal secchi-disk measurements exceeding 
2.5 m (Toft et al. 2007, Toft et al. 2008).  Fish numbers were standardized by transect 
length and water visibility: fish number/[length (m) x horizontal secchi (m)].  Data is 
presented as shallow and deep at each habitat type, standardized by numbers/m2. 
 
The following data were collected during snorkel transects: 

 Fish identification and number.   
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 Approximate fish lengths (2.5 cm increments). 

 Water column position of fish (surface, mid-water, bottom). 

 Behavior (feeding, schooling, swam away, unaffected, fleeing, hiding). 

 Water depth of shallow and deep transects. 

 Horizontal secchi readings of underwater visibility for each snorkel surveyor. 

 Salinity and temperature of water surface and bottom. 
 

Fish - Enclosure Nets and Diets 
The pocket beach was sampled for fish with an enclosure net (60 m long, 4 m deep, 0.64 
cm mesh – Toft et al. 2007), five times during high spring tides.  The net was deployed at 
high tide across the mouth of the pocket beach, effectively enclosing the entire site, and 
sampled for fish as the site dewatered at low tide.  Fish were removed with either a 
small pole seine (9.1 m x 1.2 m, 0.64 cm mesh) or dip nets, usually starting at mid-tide a 
few hours after net deployment.  All fish were removed before low tide.  Non-salmonid 
fish were identified, counted, and 20 individuals of each species were measured for 
length.  After measuring and counting they were released.  Hatchery and wild status of 
Chinook and coho salmon were determined by recording hatchery-clipped adipose-fins 
and testing with a coded-wire tag reader (chum salmon are not marked).  We refer to 
those fish that were marked and/or tagged as “hatchery”, and those that had intact 
adipose fins and no coded-wire tags as “wild”.  Although unmarked salmon were 
assumed to be wild fish, incomplete marking can complicate this determination.  Fork 
lengths, weights, and diets of salmon were sampled to at least n = 5 for each species 
and hatchery or wild status. 
 
The main benefits of using an enclosure net were: (1) it samples the entire water 
column, providing more accurate density estimates; densities from techniques such as 
beach-seining can be compromised by varying sampling efficiencies over different 
substrates and water depths (Rozas and Minello 1997), and (2) it held fish at the site for 
several hours, making fish diet analysis more representative of feeding at the site, 
instead of an “instantaneous” measure that is provided by beach seining.  Numbers can 
be converted to densities (#/1000 m2) by standardizing catches to an estimate of the 
surface area sampled with the net, as calculated by digitizing the specific sampling area 
blocked with the enclosure net from digital orthophotos (SA = 1000 m2).  
 
At each net deployment, the following environmental measurements were taken: (1) 
surface and bottom water salinities and temperatures were recorded with a portable YSI 
meter, (2) total amount of time the net was deployed before complete fish sampling, 
and (3) maximum water depth at time of net deployment at high tide. 
 
Diets of juvenile Chinook and coho salmon from enclosure nets were sampled by gastric 
lavage.  Each fish was placed in a tray of seawater with a small amount of the anesthetic 
MS-222 for approximately 30 seconds, removed from the tray and measured for fork 
length and weight.  Gut contents were then removed using a modified garden pump 
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sprayer with a custom nozzle and filtered seawater.  Gastric lavage has been shown to 
result in 100% removal of food items and to have no adverse long-term effects on 
salmon (Twomey and Giller 1990).  Contents were washed into a 0.106 mm sieve and 
fixed in 10% buffered formaldehyde solution.  Fish were immediately placed in a bucket 
of seawater for recovery (approximately 2-3 minutes), and then released.  Diets of 
juvenile chum salmon from the enclosure nets were obtained from whole fish samples; 
chum salmon were euthanized in MS-222 and preserved in 10% formalin. 
 
In the laboratory, salmonid prey items were identified using a dissecting microscope.  
Small benthic and planktonic crustaceans and a few other taxa were identified to genus 
or species.  For other major prey items such as insects, identification was only 
practicable to the order or family level.  Each prey taxon was counted and weighed to 
the nearest 0.0001 g. 
 

Epibenthic Invertebrates 
An epibenthic pump was used for sampling invertebrates living at the water-sediment 
interface at 0 to +0.3 m MLLW, twice monthly as in past monitoring (Toft et al. 2008).  
At each site seven replicate samples were collected at random points along the same 
transect that was used for snorkel surveys.  The samples were fixed in 10% buffered 
formalin in the field, and returned to the laboratory for identification of the collected 
invertebrates.  Samples were sieved at 0.106 mm, and taxa were identified to genus and 
species level for taxa known to be juvenile salmon prey items; other taxa were 
processed to order level. 
 

Benthic Invertebrates 
Benthic invertebrates living within bottom substrates were sampled twice monthly with 
a benthic core 10 cm in diameter to a depth of 15 cm.  Cores were taken in the substrate 
at the pocket beach at two tidal elevations: approximately +3.7 m and 0 m MLLW, 
corresponding to high tide wrack deposits and the low tide terrace, respectively.  High 
tide wrack deposits are the accumulation of debris deposited by an ebbing tide, 
consisting mostly of marine algae/eelgrass and terrestrial wood/leaves, as well as some 
urban waste.  Seven samples were randomly collected along a sampling transect at each 
elevation.  Large substrate was sieved in the field to retain mostly invertebrates, and 
returned to the beach.  Samples were fixed in 10% formalin and dyed with rose-bengal 
to aid in sorting and identification.  Samples were sieved at 0.5 mm, and 
macroinvertebrates identified and counted. 
 

Terrestrial Insects 
Seven fall-out traps (plastic storage bins 40 x 25 cm) were placed twice monthly at 
random points along a sampling transect at each site.  One transect was also sampled in 
the riparian zone on the north end of the pocket beach.  The bottom of each trap was 
covered with a mild soap solution and they were deployed for 24 hours.  Samples were 
collected by pouring the contents of the trap through a 0.106 mm sieve, washing into a 
sample jar, and preserving in 70% isopropanol.  Samples were returned to the 
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laboratory and sorted using a dissecting microscope.  Most insects were identified to 
family level. 
 

Neuston 
We collected three neuston tows every other week along the shoreline, in order to 
assess insects available to juvenile salmon at the water’s surface.  A floating net (40 x 20 
cm, 0.13 mm mesh) was towed for 10 m by snorkeling or walking parallel to the 
shoreline during an ebbing high tide.  This provided a means to compared insect 
assemblages from the fallout traps in the riparian and shoreline zones, with those 
occurring on the water’s surface and available as prey for juvenile salmon. 
 

Terrestrial Vegetation 
Riparian vegetation was surveyed on 27-28 July 2011.  Areas surveyed were the north 
and south uplands, beach dune grass and backshore, and overlook plantings (Fig. 6).  In 
addition to a species list, each area was divided into smaller quadrats and percent cover 
(over and understory) was estimated in increments of 5 percent.  The canopy diameter 
at its widest point was recorded for every tree in the area.  Each riparian area was 
assigned a health rating between 1 (dead) and 5 (vigorous growth).  Photos were taken 
of each riparian area from a fixed point.  Cover and shoot density within each of the four 
dune grass patches (numbered 1 to 4 from north to south) was estimated using a 0.5 m2 
quadrat placed in five randomly selected spots, with cover estimated in increments of 1 
percent.  The area of each dune grass patch was found using GIS software and patch 
perimeter information gathered using a measuring tape and compass. 
 

Algae 
Algae located at the habitat bench was surveyed by scuba divers on July 27 (Frank 
Stevick and Beth Sosik, UW SAFS).  Seven transects perpendicular to shore were 
surveyed, with algae observations starting in shallow water on top of the habitat bench 
0 m to -1.5 m MLLW, and then at -1.5, -3.0, -4.6, -6.1, and -7.6 m tidal elevations.  At 
each elevation measurements were taken of algae percent cover by species, and 
number of kelp stipes (Nereocystis luetkeana) observed within 3 m. 
 

Statistics 
Data was entered in Microsoft Excel and analyzed using S-plus for univariate statistics.  
Density measurements were evaluated for normal distribution and homogeneity of 
variances, and log-transformed if necessary (this was the case for densities of epibenthic 
invertebrates, insects, and fish densities from snorkel surveys).  ANOVA tests (alpha = 
0.05) were used to analyze densities at different sites for 2011 data, as well as for 
comparing across years pre-enhancement (2005) and post-enhancement (2007, 2009, 
and 2011).  When results were significant, the Tukey test for multiple comparisons was 
used to identify specific differences between all possible pairs of means (Zar 2009).  Chi-
square tests were used to analyze frequencies of feeding versus not feeding for juvenile 
Chinook salmon and chum salmon observed in snorkel transects. 
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Results 
Physical Characteristics 
The complete set of year 4 and 5 survey profiles of the beach and habitat bench are 
shown in Figure 7.  A selected profile from each of the monitoring years is shown in 
Figure 8 for evaluation of long-term change.   
  

Beach Profiles in Years 4-5 
Consistent with the results from year 3, the pocket beach profile underwent minimal 
change over year 4-5.  On the north transect, BN (Fig. 7a), changes of up to 20 cm were 
observed in the area of the berm and driftwood accumulation (upper foreshore, 
elevations of +3.5 to +4.3 m MLLW), but the rest of the profile remained relatively 
unchanged over the year.  On the south transect, BS (Fig. 7b), change was more 
apparent.  The profile exhibited the upper berm motions as seen in the past, but in 
addition, the upper foreshore (elevations of +2.0 to +3.5 m MLLW) appears to have 
lowered while the lower foreshore (elevations of +0.6 to +2.0 m MLLW) rose over the 
sampling period. 
 

 

 

Figure 7. OSP Pocket beach and bench survey data from year 4-5.  Transects a) BN and 
b) BS cross the pocket beach and a transect c) runs along the habitat bench (seaward 
survey line shown). Note that the elevation scale changes between the beach and the 
bench profiles. 

 

Beach Profile Changes (Year 0 – Year 5) 
Comparison of surveys between years 0 and 5 show two areas with significant change in 
the beach profile, 1) the berm and upper foreshore (Fig. 8a and b), and a flattening of 
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the overall slope on the BS transect (Fig. 8b).  The berm and upper foreshore changes 
between surveys and years is to be expected as this is the region of more frequent 
sediment motion, although the most recent surveys on both transects show the lowest 
berm/upper foreshore elevations.  The flattening of the slope on transect BS partially 
results from the lower elevations on the upper foreshore as well as the higher 
elevations on the lower foreshore.  The same profile flattening process may be 
occurring on the BN transect, but it is below our detection confidence limits.   
 
 

 

 
 

Figure 8. OSP Pocket beach and bench survey data comparison for selected surveys 
from year 0 to year 5. Transects a) BN and b) BS cross the pocket beach and a transect 
c) runs along the habitat bench (seaward survey line shown). Note that the elevation 
scale changes between the beach and the bench profiles. The asterisk (*) indicates a 
developing hole in habitat bed material in 2010-2012. 

 
 
 

Bench Survey (Year 4-5)  
The year 4 and 5 habitat bench surveys were performed in April 2011 and April 2012.  
Tides in the month of April provide the first opportunity of the year to access the bench 
during negative (e.g., lower-low) tides and daylight hours.  The full survey was 
undertaken in 2011, and a truncated version was performed due to tidal limitations in 
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2012.  As found previously, the habitat bench generally ranged in elevation between -
0.8 and -0.2 m MLLW (Fig. 7c).  There are some points (holes) on the south end of the 
bench that were lower where it appears that the habitat bed material was not placed 
level or settled following the installation.  One of these holes extended down to -1.7 m 
MLLW elevation.  The habitat bench at the base of the pocket beach has an elevation 
that averaged -0.15 m MLLW, and the rest of the bench to the south of the beach 
averaged -0.5 m MLLW in elevation.  The width of the habitat bench (Fig. 9) as defined 
by the distance between the riprap slope and the riprap toe was estimated to range 
between ~0.6 and ~4.0 m, and averaged approximately ~2.5 m in 2011 and 2012.   
Between transect distances of 25 to 55 m, a 30 m length of the bench was completely 
covered with riprap.  The width of the bench is difficult to monitor accurately as the 
riprap at the slope and the toe is very irregular, and width estimates are subjective.   
 

 
Figure 9. Width of habitat bench from year 0 to year 5. Note that in April 2010 (year 
3), survey conditions for the south end of the habitat bench made width estimation 
difficult (particularly at transect distances towards the right of the figure).   

 

Bench Profile Changes (Year 0 – Year 5) 
Surveys conducted in years 0 to 5 are compared in Fig. 8c.  As described previously (Toft 
et al. 2010b), elevations in year 0 likely had a higher degree of error and the net trend 
between that survey and years 1-5 may not be significant.  The range of elevations 
observed south of the pocket beach was similar for all year surveys, indicating relatively 
little change in the habitat bench elevation at distances of +50 m and greater along the 
transect (Fig. 8c) with the exception of a deeper area along the bench of <10 m length 
that has become progressively lower in elevation over the 5 years (see * in Fig. 8c).  At 
present, the deepest point is at approximately -1.7 m MLLW compared to the 
surrounding bench elevation of -0.9 m MLLW.  Other slight differences in profiles at 
locations to the south of the repair area were likely due to minor differences in 
horizontal control on the irregular surface (i.e., whether or not the survey rod was 
placed on a high or low patch).  The width of the bench appears to be gradually reducing 
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over time, mainly due to riprap material falling from the retaining slope on to the finer 
material that composed the horizontal bench. 
 
The bench below the pocket beach continued to flatten in year 5.  The steep mounds of 
coarse-grained sediment seen in initial surveys, year 0 - 1 decreased in elevation over 
time.  The initial profile displayed in Fig. 10 was collected 3 months after the initial 
emplacement and does not show the full extent of the initial vertical elevation variation 
(see Toft et al. 2008 for details on the initial changes).  However, we see in the 
comparison between the height of the mounds over the five years of monitoring, and 
even in the recent measurements in year 4 and 5, that the sediment on this central 
bench continue to become more flatter in form.   
 

 
 
Figure 10. Detailed central bench surveys at base of the pocket beach from year 0 to 
year 5.  Mounds of gravel-sized material were placed on the habitat bench in the 
winter of 2006.  The emplaced mounds rapidly flattened between January 2007 and 
July 2007, likely by human use of the beach. The mounds have continued to flatten in 
year 2 to year 5, but are reaching a relatively stable morphology. 

 
 
 
Sediment Grain Size (year 4-5) 
Sediment samples in this reporting period were obtained in February 2010, and 
sampling methods shifted to digital photo estimation of sediment size in April and June 
of 2011 and July of 2012.  Further sediment sampling was deemed unnecessary as the 
sediment sizes in the pocket beach are constrained by the available materials, and the 
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previous report (Toft et al. 2010b) showed that although there is much movement of 
the surface layer on the beach, the size differences generally display different mixes of 
the coarser surface and finer sub-surface “pea-gravel” layers.  The grain-size distribution 
and it’s evolution over time on the OSP pocket beach in year 4-5 are shown in Figure 11.  
The surface layer on the upper foreshore ranges from ~10 mm (-3.25 phi) near the berm 
to ~25 mm (-4.75 phi) at the transition to the lower foreshore.  On the lower foreshore 
the size increases at lower elevations, reaching values greater than 40 mm (-5.5 phi).  
The largest grain sizes on the lower foreshore and central bench are more difficult to 
detect with the photographic analysis and sizes there are estimated to be ~40 – 80 mm 
(-5.5 to -6.5 phi).  The subsurface layer has a median diameter of ~ 5-14 mm (-3.75 to -
2.25 phi) in the upper foreshore and in year 4 and 5 this material has become exposed 
at the surface in areas that alternate on the upper foreshore.  At elevations below 
approximately +2.0 m MLLW, the surface and subsurface sediment were equivalent in 
size.  Although more difficult to document in specific grain-size determinations, we can 
visually see that the surface sediment below ~+2.0 MLLW that was originally very coarse 
cobble grains now contains some of the grain sizes from the upper foreshore. 
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Figure 11. Surface sediment grain-size distribution across the OSP pocket beach, in 
year 4 and 5. The sediment between +4.0 and +1.0 m MLLW generally increases in 
mean size down the beach reaching a maximum on the habitat bench. Over time, the 
exposure of the subsurface layer in varying areas of the beach cause the variations in 
surface layer sediment size.  

 

Grain Size Changes (Year 0 – Year 5) 
Variations in grain size over years 0-5 have occurred mainly on the upper foreshore with 
little variation on the lower foreshore, except for the small addition of foreshore grain 
sizes on the lower foreshore and bench.  Temporally variable striations in grain size on 
the upper foreshore were evident in the early monthly surveys (see Toft et al. 2008), 
indicating active reorganization of surface sediments, and this has continued through 
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year 5, with the finer-grained striations becoming a more prevalent fraction of the 
profile.  Frequent temporal- and small-scale variability in the spatial distribution of 
surface sediment has been observed, making absolute tracking of long-term change in 
the sediment composition on this small pocket beach difficult.  Evaluation of the surface 
grain size at set points over time illustrates general changes that have occurred on the 
beach (Table 3). 
 
On the upper to mid-foreshore of both transects, the surface sediment size distribution 
has become more variable since year 1, and consistently smaller grained.  In year 3 (June 
2009 samples) the sediment was generally less well sorted and in areas of the upper 
foreshore contained mixed components of the surface and subsurface sediment, and 
this has continued into year 5 with more subsurface grains exposed (Fig. 12).   
 
On the lower foreshore, the grain size coarsened between year 0 and year 1 (Toft et al. 
2008), but has remained relatively stable since that time.  This sediment is generally too 
large to move, and evidence of biological growth on the grains indicates its stability.  
Individual grains of upper foreshore surface sediment can be seen on the lower 
foreshore during profiling due to their lack of biological growth and size.  These were 
likely brought to the lower foreshore through human intervention, e.g., throwing of 
rocks, and through slow migration of upper foreshore surface particles down slope, and 
result in a slight decrease in the mean grain size. 
 
Less evident in the grain-size analysis is the addition of large clasts onto the lower 
foreshore (Fig. 13) from the riprap structures that protect the shoreline and surround 
the pocket beach.  These large, angular clasts are generally located at elevations of +1.2 
to 0.0 m MLLW on the beach. 
 

Table 3. Selected sediment grain-size results, D50 in mm, for years 0, 1 and 3 and 4/5 
over the BN and BS transects. The position of the sediment sample is relative to the 
landward endpoint of the transect. For temporal comparison purposes, spatial groups 
of samples were given a sample designation. 

 BN Transect BS Transect 

Designation: BN +22m BN +27m BN +35m BS +13m BS +18m BS +34m 

Approximate 
Elevation (MLLW): 

+3.0 +2.0 +0.82 +3.7 +2.7 +0.14 

Year 0 

Dec.  6, 
2006 

33.1 38.7 --- 36.6 41.9 --- 

Jan. 20, 
2007 

15.9 --- --- 12.0 29.2 --- 

Feb. 15, 
2007 

26.6 31.5 --- 11.4 32.0 --- 

Year 1 Aug. 10, 30.5 32.1 49.8 20.2 35.5 44.9 
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2007 
Dec. 11, 

2007 
30.6 36.4 52.4 39.2 31.3 50.8 

Year 3 

Jun. 10, 
2009 

9.1 28.8 48.8 42.8 35.3 56.5 

Feb. 5, 
2010 

28.2 36.7 --- 11.8 42.1 --- 

Year 4/5 

April 
2011 

12.1 25.0 --- --- 23.2 43.3 

June 
2011 

9.6 24.3 --- 17.7 32.3 --- 

July 
2012 

14.5 20.6 40.5 8.2 20.7 41.5 

 
 

 

 
 

Figure 12. Image of the finer surface sediment grain-size distribution on the BN 
transect of the OSP pocket beach, year 5 summer (July 2012). The area of exposed 
subsurface material indicated with the yellow arrows has increased over time and now 
occupies a significant fraction of the upper foreshore. 
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Figure 13. Image of large clasts of angular riprap material that have been deposited on 
the OSP pocket beach surface.  The white dashed lines indicate the region on the 
pocket beach where these clasts are depositing, and the arrow indicates their source 
from the riprap retaining structure.  

 

Biological Characteristics 
Environmental Parameters 
In 2011, salinity and temperature ranges varied little with water depth, averaging 21.1 
ppt and 10.7 °C at the surface, and 23.8 ppt and 10.3 °C at the bottom of intertidal 
sampling locations.  Tidal elevations during snorkel surveys differed 1.3 m between high 
and low tide transects, averaging +2.5 m MLLW for high tide transects and +1.2 for low 
tide transects.  Water clarity was over the 2.5 m necessary to conduct snorkel surveys 
except for one date in May. 
 
Water depths during snorkel surveys varied between 1.1 and 3.9 m depending on site 
and tide (Table 4).  In general, the span of depths surveyed was similar among sites, but 
the specific gradients differed due to habitat morphology.  The pocket beach had a more 
gradual gradient than the other sites and at high tide the entire beach was inundated.  
The outer beach, habitat bench, and riprap sites all had values of 1.6-2.5 m at the 
shallow depth and 2.9-3.7 m at the deep depth during high tide.  At low tide, shallow 
values ranged from 1.5-1.9 m and deep values from 2.6-3.9 m. 
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Table 4. Average water depths (m) from snorkel surveys, for high 
(avg +2.5 m MLLW) and low (avg +1.2 m) tides, and shallow (3 m 
from shore) and deep (10 m from shore) transects. 

Site High Tide Low Tide 

Pocket Beach Shallow 1 1.1 
 Pocket Beach Shallow 2 2.1 
 Pocket Beach Shallow 3 2.5 1.5 

Pocket Beach Deep 3.7 2.6 

   Habitat Bench Shallow 1.6 1.5 

Habitat Bench Deep 2.9 2.9 

   Riprap Shallow 1.8 1.9 

Riprap Deep 3.1 3.9 

 

 
Fish – Snorkel Surveys 
A total of 216 snorkel transects were conducted during 12 weeks of sampling.  Eighteen 
species of fish and crabs were counted during snorkel surveys (Table 5).  Identification 
of salmon species while snorkeling was sometimes difficult because of water turbidity 
and short viewing time.  Therefore, salmon were sometimes designated as either 
“unknown juvenile salmon” or grouped into one category of “Chinook/coho salmon”.  
Over 42% of the overall numbers were larval fish, which were a combination of all fish 
that were too small to identify to species level by snorkel observation.  These fish 
formed large schools often over 1000 fish per school.  Two main types of larval fish were 
observed: (1) post-larval forage fish, that were identified as smelt on a few occasions 
and had a thin linear shape, and (2) demersal-type larval fish that were more compact 
with large eyes, that were identified as sculpins (Cottidae) on a few occasions.  
Abundant non-larval fish were chum salmon, shiner perch, tubesnout, smelt, and one 
large school of herring.  A few red rock and kelp crabs were observed.  Lingcod were the 
only fish predators encountered likely to prey on juvenile salmon, and they were 
observed a total of only six times throughout the study. 
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Table 5. Average length estimates of fish and crabs from snorkel surveys, with total 
counts (not standardized by transect length or visibility), and number of 
observations. Length estimates of fish are based on total length, and crab lengths 
are carapace width. 

 

Common Name Scientific Name 

Average 
Length 
(cm) 

Total Number 
of Counted 

Fish 
Number of 

Observations 

Chum salmon Oncorhynchus keta 5.7 2,490 50 

Chinook salmon Oncorhynchus tshawytscha 8.8 394 70 

Chinook/Coho salmon O. tshawytscha/kisutch 9.3 19 5 

Coho salmon Oncorhynchus kisutch 10.0 25 8 

Larval Fish - 2.3 15,565 16 

Herring Clupea harengus pallasi 6.3 2,000 1 

Smelt Osmeridae 6.3 1,545 7 

Pacific Sand Lance Ammodytes hexapterus 12.5 3 2 

Tubesnout Aulorhynchus flavidus 10.5 2,181 107 

Shiner Perch Cymatogaster aggregata 8.8 11,348 42 

Striped seaperch Embiotoca lateralis 15.6 801 348 

Pile perch Rhacochilus vacca 14.5 139 65 

Kelp Perch Brachyistius frenatus 9.3 79 26 

Perch, unk. Embiotocidae 8.8 5 1 

Lingcod Ophiodon elongatus 52.9 6 6 

Spotted Ratfish Hydrolagus colliei 39.6 3 3 

Sculpin Cottidae 13.8 1 1 

Penpoint Gunnel Apodichthys flavidus 11.3 1 1 

Gunnel Pholidae 10.0 2 2 

Fish, unk. - 8.8 20 1 

Kelp Crab Pugettia spp. 8.8 3 2 

Red Rock crab Cancer productus 11.3 1 1 

 

Overall fish densities were dominated by larval fish, which peaked once in May and once 
in June (Fig. 14).  Juvenile salmonids and shiner perch were relatively abundant from 
May until mid-June, with tubesnout and smelt having consistent but lower numbers in 
June and July.  One large school of herring was observed on July 18.  Striped sea perch 
and pile perch were consistently observed in low abundances. 
 
Timing of juvenile salmonids was similar to past years (Fig. 15).  Juvenile chum salmon 
were the most abundant salmonid observed, peaking in May with lower numbers by 
late June.  Chinook salmon and Chinook /coho salmon categories appeared in May, and 
occurred consistently until the end of sampling in late July.  
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Figure 14. Total fish densities from snorkeling transects by sampling week (no 
sampling occurred on May 16th and 30th). 

 
Figure 15. Juvenile salmon densities from snorkeling transects by sampling week. 
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As in 2009, larval fish were abundant at the pocket beach and habitat bench sites (Fig. 
16).  Larval fish were slightly more abundant at the shallow transects at these sites in 
2011.  Also similar to 2009, tubesnouts were abundant at the habitat bench and pocket 
beach sites, mostly at the deep transects.  In 2011 herring were only observed on 18 July 
at the habitat bench shallow transect, consisting of one school of ~2000 fish.  Smelt 
were also mostly observed at the habitat bench.  Shiner perch were abundant, with 
highest numbers at the deep riprap and habitat bench sites.  As in previous years, 
overall juvenile salmonids were most abundant at shallow transects, and their densities 
were also fairly consistent with those in previous years (Fig. 17).  Overall juvenile salmon 
densities were highest at the pocket beach and habitat bench shallow transects, and 
Chinook salmon densities were highest at the pocket beach transects, although 
variability was high. 
 
ANOVA was conducted on juvenile salmonids and larval fish, two of the most abundant 
groups of fish that occurred in the nearshore habitats (Table 6).  Juvenile salmon were 
significantly more abundant at the habitat bench site than at the riprap, and significantly 
more abundant at shallow depths compared to deep depths. There were no differences 
in larval fish densities among the sites in 2011.  Significant results from past years are 
also illustrated in Figures 16 and 17; in 2009, densities of larval fish were significantly 
greater at the pocket beach site, and in 2007 densities of juvenile salmon were 
significantly greater at the pocket beach and habitat bench than at the shallow riprap 
site. 
 
Water column position and behavior varied by species (Table 7).  Chinook and coho 
salmon mostly occurred in middle and surface positions, and chum salmon mainly 
occurred near the surface; no juvenile salmon were observed in the bottom portion of 
the water column.  Smelt also occurred in the surface and middle of the water column, 
while most other fishes occurred at middle to bottom depths.  The most common 
behaviors were unaffected, swimming away, schooling, and feeding.  Most observations 
of feeding were for juvenile salmon, tubesnout, and perch species.  All of the tubesnout 
observed to be feeding occurred at the habitat bench and pocket beach sites. 
 
A chi-square analysis on feeding frequencies at the enhanced sites compared to the 
riprap site in 2011 showed significantly higher feeding frequencies for Chinook salmon 
at the pocket beach shallow and habitat bench deep sites, and for chum salmon at the 
habitat bench shallow site (Table 8).  Juvenile salmonid typically fed by darting to the 
surface to feed on neustonic prey or by taking prey in the middle of the water column; 
feeding directly on bottom substrates was not observed in 2011.  
 



 39 

 
Figure 16. Average total fish densities at shallow and deep transects by habitat type 
and year. RR = Riprap, RR-pb = Riprap at location where pocket beach was later 
created, SW = Seawall at location where habitat bench was created, PB = Pocket 
Beach, HB = Habitat Bench. The asterisk (*) indicates significant differences in larval 
fish densities, error bars are standard error. 
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Figure 17. Average juvenile salmon densities at shallow and deep transects by habitat 
type and year. Asterisk (*) indicates significant differences. 
 
 
 

Table 6. Results of ANOVA and Tukey multiple comparison tests on juvenile salmon and larval fish 
densities in 2011. P-values are stated in bold to three decimal places if significant, and coded if not 
significant (ns). 

  
3-way 
Factor Level 

p-
value Differences 

Juvenile  Site Habitat Bench, Pocket Beach, Riprap 0.006 Habitat Bench > RipRap 

 Salmon Depth Shallow, Deep 0.004 Shallow > Deep 

 Tide High, Low ns  

     
Larval Fish Site Habitat Bench, Pocket Beach, Riprap ns  

 Depth Shallow, Deep ns  

  Tide High, Low ns   
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Table 7.  Number of observations of fish and crabs for categories of water column position and behavior.   

  Water Column Position Behavior 

Fish Species Bottom Middle Surface Aggressive Feeding Fleeing Hiding Injured Schooling Swam Away Unaffected 

Chum salmon   6 44   17 1     21 9 2 

Chinook salmon   50 20   15     1 11 37 6 

Chinook/Coho salmon   4 1   1       1 3   

Coho salmon   5 3   3       1 4   

Larval Fish 5 10 1           16     

Herring   1     1             

Smelt   3 4           4   3 

Pacific Sand Lance 1 1               2   

Tubesnout 54 53   1 11       18 2 75 

Shiner Perch 19 23     7     2 18 4 11 

Striped seaperch 312 36     42 4     27 96 179 

Pile perch 53 12     5 1     6 30 23 

Kelp Perch 3 22 1   5   1 1 1   18 

Perch, unk. 1                 1   

Lingcod 6           1     3 2 

Spotted Ratfish 3                   3 

Sculpin 1                   1 

Penpoint Gunnel   1         1         

Gunnel 2                 1 1 

Fish, unk.   1               1   

Kelp Crab 2                   2 

Red Rock crab 1                   1 
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Table 8. Percentage of juvenile salmonid numbers observed feeding at all sites and years. 
Bold values in 2011 are significantly greater than the riprap site using chi-square analysis. 

  
Feeding Behavior 

Fish Species Site 2005 2007 2009 2011 

Chinook salmon, and  Rip-Rap shallow 18% 53% 60% 2% 

Chinook/coho salmon Rip-Rap Deep 36% 41% 14% 0% 

 
Pocket Beach Shallow 57% 59% 76% 65% 

 
Pocket Beach Deep 2% 64% 

 
17% 

 
Habitat Bench Shallow 67% 64% 82% 8% 

  Habitat Bench Deep 5% 49% 20% 57% 

Chum salmon Rip-Rap shallow 10% 3% 81% 6% 

 
Rip-Rap Deep 

 
58% 34% 

 

 
Pocket Beach Shallow 11% 8% 36% 13% 

 
Pocket Beach Deep 

 
37% 

 
2% 

 
Habitat Bench Shallow 10% 55% 58% 48% 

  Habitat Bench Deep   69% 9% 2% 

 

Fish - Enclosure Nets and Diets 
On average, the enclosure net was deployed for 3.2 hours at the pocket beach, with a 
maximum water depth of 2.8 m at time of net deployment.  Fish composition in the net 
was mainly juvenile salmon, accounting for 99% of the total catch with an average count 
of 170 per net (Fig. 18).  Chum salmon were the most abundant species, followed by 
hatchery and wild Chinook salmon.  Average fork length and weight of salmon were: 
Chinook salmon 84.8 mm and 6.8 g, coho salmon 95.0 mm and 8.5 g, and chum salmon 
44.3 mm and 0.8 g.  Most non-salmonid species were small, and were not considered to 
be predators on juvenile salmon. 
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Figure 18. Numerical percent composition of fish captured by enclosure net at the 
Pocket Beach (n = 5). 
 

Diet samples from 20 Chinook salmon, 36 chum salmon, and 2 coho salmon were 
analyzed from the pocket beach enclosure netting in 2011 (Fig. 19, Table 9).  Chinook 
salmon diet biomass was dominated by aphid and chironomid insects in June, and the 
amphipod Calliopius sp. in July.  Chironomid insects were mostly adults (97%), rather 
than larva (3%).  Comparable hatchery and wild Chinook salmon from July fed on similar 
prey items.  Chum salmon also fed on aphids and chironomids, but less on amphipods.  
As in the Chinook salmon diets, chironomids were mostly adults (91%).  Harpacticoid 
copepods were a consistent prey item in chum salmon, ranging from 2-13%.  These 
harpacticoids were predominantly Harpacticus spp., Tisbe sp, Diosaccus spinatus, and 
Parastenhelia spinosa.  Three different size classes of chum salmon were captured on 
June 6 (average fork length 37, 48, and 64mm).  The small and medium chum salmon fed 
mostly on chironomid insects and calanoid copepods, while the large chum salmon fed 
mostly on fish larvae, aphids, and isopods.  Coho salmon captured in July had prey 
similar to the Chinook salmon captured on the same date, consisting mostly of the 
amphipod Calliopius sp. 
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Figure 19. Average percent weight composition of juvenile salmon prey in 2011, by 
date and average fork length (mm) of chum salmon, Chinook salmon, and coho 
salmon, by hatchery (H) and wild (W) status.  
 
 

Table 9. Taxa listing of fish diet contents, in descending gravimetric importance within each category. 

Taxa Grouping Taxa 

Amphipoda (scuds) Calliopius sp., Phoxocephalidae, Pontogeneia rostrata, Hyperiidea, 
Caprella kennerlyi, Caprella sp., Dulichia sp., Protohyale frequens, 
Americorophium salmonis, Calliopiidae, Corophiidae 

Calanoida and Cyclopoida 
(copepods) 

Calanoida parts and nauplii, Paracalanus sp., Oncaea sp., Calanus sp., 
Pseudocalanus sp., Epilabidocera longipedata, Corycaeus sp. 

Cirripedia (barnacles) Cirripedia nauplii, Cirripedia, Cirripedia  exuvia, Cirripedia Cyprid 

Cladocera (water fleas) Evadne sp., Podon sp., Cladocera ephippium 

Collembola (springtails) Isotomidae, Onychiuridae 

Cumacea Cumella vulgaris, Nippoleucon hinumensis 

Decapoda (crabs/shrimp) Heptacarpus sp., Decapoda megalopa, Brachyura zoea, Paguridae 
megalopa, Anomura zoea, Porcellanidae megalopa, Decapoda zoea, 
Grapsidae zoea, Caridea zoea 

Diptera (true flies) Chironomidae, Chironomidae larva,  Diptera pupa, Brachycera larva, 
Ephydridae, Nematocera, Chironomidae pupa, Mycetophilidae, 
Brachycera, Sphaeroceridae, Chloropidae, Ceratopogonidae, 
Cecidomyiidae, Sciaridae 
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Harpacticoida (copepods) Harpacticus uniremis group, Tisbe sp., Diosaccus spinatus, 
Parastenhelia spinosa, Zaus sp., Heterolaophonte longisetigera, 
Harpacticus obscurus group, Harpacticus sp. A, Laophontidae, 
Scutellidium sp., Dactylopusia sp., Amonardia perturbata, Diarthrodes 
sp., Parathalestris sp., Parathalestris californica, Dactylopusia crassipes, 
Dactylopusia vulgaris, Mesochra sp., Heterolaophonte sp., Harpacticus 
uniremis 

Hemiptera (true bugs) Aphididae, Cicadellidae 

Hymenoptera (wasps) Formicidae, Chalcidoidea, Pteromalidae, Ichneumonidae, Braconidae 

Isopoda (pillbugs) Idotea sp., Epicaridae 

General Taxa Groupings Fish (fish, fish larva), Insect parts, Plant matter, Coleoptera larva, 
Psocoptera, Euphausidacea, Crustacean parts, Polychaeta, Crustacean 
nauplii, Plecoptera, Staphylindae, Annelida, Aranaea, Acari, Ostracoda 

 

Epibenthic Invertebrates 
As in previous years, taxa richness and total densities of epibenthic invertebrates had 
higher abundances at the enhanced sites (Fig. 20).  ANOVA tests showed that the habitat 
bench and pocket beach had significantly higher taxa richness values than the armored 
sites, and that taxa richness increased from pre-enhanced 2005 levels (Table 10).  Total 
densities at the habitat bench were significantly higher than at the armored sites, and 
both the habitat bench and pocket beach had significantly higher densities than in 2005. 
 
ANOVA testing was also done on densities of two important orders of juvenile salmon 
prey taxa, amphipods and harpacticoid copepods.  The habitat bench and riprap sites 
had almost equal densities of amphipods in 2011, which were both significantly higher 
than the pocket beach and seawall sites (Table 10).  Amphipod densities at the habitat 
bench were significantly higher than in all previous years.  At the pocket beach there was 
not a significant difference in amphipod densities between 2011 and 2005, and 2009 
had the lowest and 2007 had the highest densities.  Amphipod numbers were 
dominated by one species, Paracalliopiella pratti, especially at the armored sites 
(seawall 94%, riprap 90%, habitat bench 87%, and pocket beach 76%).  As compared to 
the armored sites, the pocket beach and habitat bench had more percent composition 
of other amphipods such as Protohyale sp. (8.0 and 1.3%, respectively) and Pontogeneia 
sp. (1.2 and 1.4%, respectively); other amphipod species comprised less than 1% of the 
composition.  Densities of harpacticoid copepods were significantly higher at the 
enhanced sites compared to the armored sites in 2011, and densities at both the habitat 
bench and pocket beach sites were significantly higher than in 2005.  Among the main 
harpacticoid taxa were the juvenile salmon prey taxa Tisbe sp. and Harpacticus spp., and 
overall there was a diverse mix of taxa.  Epibenthic species and taxa groups found in 
2011 are listed in Table 11. 
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Figure 20. Average densities, taxa richness, and general taxa composition of epibenthic 
invertebrates by habitat and year. (A) are amphipods, (H) are harpacticoid copepods, 
error bars are standard error. 

  

Table 10. Results of ANOVA testing on epibenthic invertebrate densities, p-values are stated 
in bold to four decimal places if significant. Site differences in 2011 are detailed for enhanced 
(pocket beach, habitat bench) versus armored (riprap, seawall) comparisons. Tests through 
years are detailed for the pocket beach and habitat bench as compared to pre-enhanced 
2005 conditions. 

Measurement Site differences in 2011 
Year differences 
at Pocket Beach 

Year differences at 
Habitat Bench 

Taxa Richness 0.0001 (All enhanced 
sites>armored) 

0.0001 (all>05; 
11,07>09) 

0.0001 (all>05; 
11>09,07) 

Total Densities 0.0001 (Habitat Bench>armored) 0.0001 (all>05; 
11,07>09) 

0.0001 (all>05; 
11,07>09) 

Amphipoda 0.0001 (Habitat Bench, 
Riprap>Seawall, Pocket Beach) 

0.0001 (all>09; 
07>05,11) 

0.0001 (all>05; 
11>09,07) 

Harpacticoida 0.0001 (All enhanced 
sites>armored) 

0.0001 (all>05; 
11,07>09) 

0.0001 (all>05) 
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Table 11. List of sampled epibenthic invertebrates and taxa groups, taxa are listed in descending 
numerical abundance within each grouping. 

Taxa Grouping Taxa 

Amphipoda (scuds) Paracalliopiella pratti, Calliopiidae juvenile, Protohyale sp., Pontogeneia 
sp., Ischyrocerus sp., Pontogeneia rosrata, Hyalidae juvenile, Protohyale 
frequens, Gammaridea juvenile, Calliopius sp., Calliopiidae, 
Ischyroceridae, Gammaridea, Eogammarus confervicolus, Pleustidae, 
Americhelidium shoemakeri, Aoroides exilis, Monocorophium insidiosum, 
Ampithoe juvenile, Corophiidae juvenile, Caprella sp., Americorophium 
salmonis, Caprellidae, Allorchestes sp., Anisogammaridae juvenile, 
Ampithoe sp., Pontogeniidae juvenile, Perampithoe sp., Americorophium 
juvenile, Photis sp., Desdimelita desdichada 

Harpacticoida 
(copepods) 

Tisbe sp., Harpacticoida copepodid, Harpacticus uniremis group, 
Amphiascopsis cinctus, Paralaophonte perplexa group, Laophontidae 
copepodid, Heterolaophonte longisetigera, Amonardia perturbata, 
Parastenhelia spinosa, Diarthrodes sp., Mesochra sp., Scutellidium sp., 
Heterolaophonte sp., Harpacticus obscurus group, Harpacticoida nauplii, 
Harpacticus copepodid, Ectinosomatidae, Diosaccus spinatus, Zaus sp., 
Harpacticus uniremis, Parathalestris californica, Rhynchothalestris 
helgolandica, Laophonte elongata, Echinolaophonte sp., Ameiridae, 
Dactylopusia sp., Dactylopusia vulgaris, Peltidiidae, Amphiascoides sp., 
Amonardia normani, Tegastidae, Ameira sp., Thalestris sp., 
Dactylopusiidae copepodid, Paradactylopodia sp., Parathalestris sp., 
Paralaophonte sp., Laophonte cornuta, Sarsamphiascus sp., Dactylopusia 
crassipes, Miraciidae, Thalestridae copepodid, Laophontidae, 
Sarsamphiascus minutus, Amphiascoides sp. A, Harpacticus sp. A, 
Amphiascopsis copepodid, Danielssenia typica, Microsetella norvegica, 
Paratisboides sp., Dactylopusiidae, Amphiascus sp., Stenhelia sp., 
Amonardia copepodid, Normanella sp., Heterolaophonte discophora, 
Paramphiascella fulvofasciata, Orthopsyllus linearis, Porcellidium sp., 
Robertsonia sp., Idomene purpurocincta, Pseudonychocamptus sp., 
Cletodidae, Typhlamphiascus sp., Amonardia sp., Microsetella rosea, 
Esola bulbifera 

Cyclopoida (copepods) Cyclopoida, Corycaeus anglicus, Oithona sp., Euryte robusta 

Isopoda (pillbugs) Epicaridea, Idotea wosnesenskii, Idotea sp., Dynamenella sheareri, 
Gnorimosphaeroma oregonense, Sphaeromatidae, Exosphaeroma sp., 
Gnorimosphaeroma sp., Exosphaeroma inornata, Munnidae, 
Dynamenella sp. 

Decapoda 
(crabs/shrimp) 

Grapsidae zoea, Paguridae megalopa, Heptacarpus sp., Pleocyemata 
larva, Brachyura zoea, Decapoda zoea, Heptacarpus brevirostris, 
Heptacarpus sitchensis  

Polychaeta (worms) Polychaeta juvenile, Paleanotus bellis, Polychaeta larva, Ophiodromus 
pugettensis, Micropodarke dubia, Nereididae, Syllidae, Eulalia 
quadrioculata, Platynereis bicanaliculata, Spionidae juvenile, Prionospio 
lighti, Phyllodocidae, Harmothoe sp., Syllis sp., Exogone dwisula, 
Trypanosyllis sp., Boccardiella truncata, Pholoides asperus 

Diptera (true flies) Chironomidae Larva, Chironomidae Pupa, Chironomidae Adult 

Cirripedia (barnacles) Cirripedia Nauplii, Cirripedia Cyprid, Cirripedia, Balanomorpha 

Gastropoda (snails/sea 
slugs/limpets) 

Littorina scutulata egg case, Gastropoda, Patellogastropoda, Lottiidae, 
Lottia sp. 
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General Taxa 
Groupings 

Nematoda, Poecilostomatoida, Ostracoda, Turbellaria, Calanoida, 
Bivalvia, Euphausiacea, Cladocera, Hydrozoa (Hydromedusa, 
Siphonophorae), Cumacea (Cumella vulgaris), Opisthobranchia, 
Larvacea, Tanaidacea (Leptochelia dubia), Sacoglossa, 
Siphonostomatoida, Nemertea, Collembola 

 

 
Benthic Invertebrates 
Total densities of benthic invertebrates inhabiting the substrate at the pocket beach 
significantly increased at both 0 and +3.7m MLLW tidal elevations in 2011 compared to 
2009 and 2007 levels (Fig. 21, Table 12; there was no sampling of benthic substrates 
from pre-enhanced 2005).  Taxa richness also significantly increased at the 0 tidal 
elevation, but not at +3.7m (2011 equal to previous years). 

Taxa composition differed somewhat among the three post-enhancement sampling 
events at both elevations.  At 0m, increases in nematodes and polychaete worms mainly 
accounted for significantly higher total densities in 2011 (Fig. 21).  Two important groups 
that contain juvenile salmonid prey taxa, amphipods and Chironomidae larva, were 
tested with ANOVA and amphipods had significantly lower abundances in 2011 and 2009 
compared to 2007, while Chironomidae larvae had no significant differences.  The 
amphipod Desdimelita californica was the dominant species in 2007 but decreased 
greatly in 2009 and did not occur in 2011 samples.  

At +3.7m, increases in Collembola, gastropods (juvenile snails), and terrestrial isopods 
mainly accounted for the significantly higher total densities in 2011 (Fig. 21).  Talitrid 
amphipods, important inhabitants of beach-wrack, have decreased and were 
significantly higher in 2007 compared to 2011 (Table 13).  Complete taxa listings for 2011 
are in Table 13. 

 



 49 

     
 

    
 

Figure 21. Average densities, taxa richness, and general taxa composition of benthic 
invertebrates at the pocket beach by year and tidal elevation (scales differ between 
graphs).  (A) are amphipods, (D) are diptera, (P) are polychaetes, (I) are isopods, error 
bars are standard error.  
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Table 12. Results of ANOVA on benthic invertebrate densities between 2007, 2009 and 2011 
at the pocket beach. P-values are stated in bold to four decimal places if significant, and coded 
if not significant (ns).  

Tidal 
Elevation Taxa Richness Total densities Amphipoda Chironomidae larva 

0 m 
MLLW 

0.0005 (11>all) 0.0003 (11>all) 0.00001 (07>09,11) ns 

 

    

 

Taxa Richness Total densities Talitridae  

+3.7 m 
MLLW 

0.01 (09>07) 0.003 (11>all) 0.02 (07>11)  

 

 
Table 13. List of sampled benthic invertebrates and taxa groups for each tidal elevation, taxa are 
listed in descending numerical abundance within each grouping. 

+3.7 m MLLW  

Taxa Grouping Taxa 

Amphipoda 
(beachhoppers) 

Talitridae juvenile, Paracalliopiella pratti, Traskorchestia traskiana, 
Paciforchestia klawei 

Collembola (springtails) Onychiuridae, Isotomidae, Entomobryidae 

Isopoda (woodlice) Detonella papillicornis 

Coleoptera (beetles) Hydrophilidae, Coleoptera larvae, Staphylinidae 

Diptera (true flies) Chironomidae larvae, Ephydridae larvae, Ephydridae, 
Sphaeroceridae, Diptera pupae 

General Taxa Groupings Gastropoda, Acari, Oligochaeta, Nemertea, Dermaptera, 
Hymenoptera 

  

0 MLLW  

Taxa Grouping Taxa 

Polychaeta (worms) Pholoe sp., Paleonotus bellis, Fabricicola sp., Prionospio lighti, 
Boccardia columbiana, Spionidae, Micropodarke dubia, Eulalia 
quadrioculata, Syllidae, Terebellidae, Spirorbinae, Phyllodocidae, 
Opheliidae, Pygospio elegans, Syllinae, Syllis sp., Neoamphitrite 
robusta, Eusyllinae, Platynereis bicanaliculata, Pholoidae, Eumida 
longicornuta, Exogoninae, Pionosyllis sp., Eusyllis sp., Autolytinae, 
Hemipodia simplex, Brania sp., Fabriciinae, Spaerosyllis sp., 
Nereididae, Polynoidae, Cirratulidae, Capitellidae 

Amphipoda (scuds) Paramoera mohri, Protohyale sp., Corophiidae, Monocorophium 
insidiosum, Desdimelita desdichada, Monocorophium acherusicum, 
Megamoera subtener, Ampithoe sp., Paracalliopiella pratti, Ampithoe 
lacertosa, Hyalidae juvenile, Ischyrocerus sp., 

Isopoda (pill bugs) Idotea sp., Munna sp., Limnoria sp., Idotea resecata, 
Gnorimosphaeroma oregonense 

Decapoda (crabs) Paguridae Megalopa, Hemigrapsus oregonensis, Paguridae Adult, 
Pagurus hirsutiusculus, Brachyura megalopa, Hemigrapsus sp. 

Diptera (true flies) Chironomidae larvae, Chironomidae pupae, Dolichopodidae larvae 
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Gastropoda            
(snails/sea slugs/limpets) 

Gastropoda, Opistobranch, Patellogastropoda 

Bivalvia (mussels/clams) Mytilus sp., Hiatella arctica, Bivalve Juvenile, Pododesmus sp. 

Echinodermata (sea 
cucumbers/sea 
urchins/sea star) 

Echinoderm Juvenile, Holothuroidea, Strongylocentrotus 
drobachiensis, Asteroidea, Strongylocentrotus sp., Cucumariidae, 
Phyllophoridae 

General Taxa Groupings Nematoda, Ostracoda, Tanaidacea (Leptochelia dubia), Turbellaria, 
Nemertea, Acari, Polycladida, Oligochaeta, Fish (gunnel), 
Archiannelida (Nerilla sp.), Annelida, Cumacea (Cumella vulgaris), 
Coleoptera larva 

 
 
Terrestrial Insects 
Taxa richness, densities and taxa composition in fall-out traps were fairly similar 
between 2011 and the last monitoring year, 2009 (Fig. 22).  ANOVA tests indicated that 
taxa richness and overall densities in 2011 were significantly greater at the enhanced 
vegetation areas than at the armored sites.  Also, the pocket beach and habitat bench 
sites had significantly greater taxa richness in years 2011 and 2009 than in 2007 and 
2005 (Table 14).  There were no significant differences in overall densities at the pocket 
beach among sampling years.  At the habitat bench, insect densities were significantly 
greater in 2009 than in 2007 and 2005. 
 
ANOVA testing was also done on densities of two important orders of juvenile salmon 
prey taxa, Diptera and Hemiptera.  As in previous sampling years, Hemiptera densities 
were greatest at the enhanced sites.  They were significantly more abundant at the 
enhanced sites as compared to armored sites, and also compared to pre-enhanced 2005 
conditions (Table 14).  Densities of Hemiptera also increased at the Habitat Bench in 
2011 compared to those found in 2009 and 2007.  As previously found, Diptera did not 
increase at the enhanced sites.  There was no density differences between sites in 2011, 
and highest Diptera abundances were found in 2005.  Overall listings of 2011 fall-out 
trap invertebrates and taxa groups are in Table 15. 
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Figure 22. Average densities, taxa richness, and general taxa composition of insects by 
habitat and year. (D) are diptera, (H) are hemiptera, error bars are standard error. 

 

 

Table 14. Results of ANOVA testing on fall-out trap insect densities, p-values are stated in 
bold to four decimal places if significant, and coded if not significant (ns). Site differences in 
2011 are detailed for enhanced (pocket beach, habitat bench, riparian) versus armored 
(riprap, seawall) comparisons. Tests through years are detailed for the pocket beach and 
habitat bench as compared to pre-enhanced 2005 conditions. 

Measurement Site differences in 2011 
Year differences 
at Pocket Beach 

Year differences at 
Habitat Bench 

Taxa Richness 0.0001 (All enhanced 
sites>armored) 

0.0001 
(11,09>07,05) 

0.0001 (11,09>07,05) 

Total Densities 0.0001 (All enhanced 
sites>armored) 

ns 0.0007 (09>07,05) 

Diptera 0.02 (no enhanced/armored 
differences) 

0.0001 (05>all; 
09>11,07) 

0.0001 (05>all; 
07>11,09) 

Hemiptera 0.0001 (All enhanced 
sites>armored) 

0.0001 (all>05) 0.0001 (all>05; 
11>09,07) 
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Table 15. Taxa listing of sampled fall-out trap invertebrates, in descending numeric abundance 
within each grouping. 

Taxa Grouping Taxa 

Diptera (true flies) Chironomidae, Cecidomyiidae, Sciaridae, Psychodidae, 
Cecidomyiidae larva, Dryomyzidae, Muscidae, Phoridae, Tipulidae, 
Sphaeroceridae, Calliphoridae, Dolichopodidae, Anthomyiidae, 
Ephydridae, Anthomyzidae, Empididae, Scathophagidae, 
Ceratopogonidae, Syrphidae larva, Syrphidae, Chloropidae, 
Opomyzidae, Drosophilidae, Sepsidae, Canacidae, Culicidae, 
Sciomyzidae, Mycetophilidae, Diptera pupa, Bibionidae 

Hemiptera (true bugs) Aphididae, Cercopidae, Cicadellidae, Cicadellidae immature, 
Psyllidae, Psyllidae immature, Sternorrhyncha immature, Hemiptera 
immature, Coccoidea, Miridae, Miridae immature, Anthocoridae, 
Auchenorrhyncha immature, Delphacidae immature, Lygaeidae, 
Cercopidae immature 

Hymenoptera 
(wasps/bees/ants) 

Ichneumonidae, Mymaridae, Braconidae, Symphyta larva, 
Ceraphronidae, Scelionidae, Torymidae, Tenthredinidae, 
Chrysididae, Pteromalidae, Formicidae, Aphelinidae, Megaspilidae, 
Cynipidae, Encyrtidae, Diapriidae, Apididae, Halictidae, Figitidae, 
Sphecidae, Signiphoridae, Hymenoptera larva, Proctotrupoidea, 
Agaonidae, Eulophidae, Eupelmidae, Chalcidoidea 

Coleoptera (beetles) Throscidae, Staphylinidae, Mordellidae, Latridiidae, Coleoptera larva, 
Coccinellidae, Elateridae, Carabidae, Hydrophilidae, Bostrichidae, 
Heteroceridae, Nitidulidae, Ptiliidae 

Neuroptera (lacewings) Hemerobiidae larva, Hemerobiidae, Chrysopidae, Neuroptera larva 

Thysanoptera (thrips) Thysanoptera immature, Thripidae, Phlaeothripidae 

Collembola (springtails) Sminthuridae, Entomobryidae, Hypogastruridae, Isotomidae, 
Onychiuridae 

Amphipoda 
(beachhoppers) 

Talitridae, Traskorchestia traskiana 

General Taxa Groupings Acari, Psocoptera (adults and immature), Araneae, Lepidoptera 
(adults and larva), Gastropoda (slug), Dermaptera (Forficulidae), 
Opiliones, Trichoptera 

 
Neuston 
Neuston tows were replicated less than the other sampling methods (three 10 m tows 
per site/date), and were characterized by high variability.  As in 2009, terrestrial 
invertebrate densities in the neuston were highest at the riprap, but the results were 
not significant for total densities (one-way ANOVA on site, p = 0.19; Fig. 23).  The high 
density of Diptera at the riprap site in 2011 was due to only two samples in July that 
contained relatively numerous Chironomids (densities of 16 and 25).  Overall, 
chironomids accounted for 75% of Diptera numbers, and were the major neustonic 
salmon prey taxa in the samples.  Other major taxa included Hemiptera (mostly 
Aphididae), Hymenoptera (mostly Formicidae, winged ants), and Coleoptera.  Percent 
composition in 2011 neuston tows was similar to that found in 2009.  Samples from 
2007 differed from these in having more Collembola and fewer Diptera (Fig. 24).  Fallout 
traps in 2011 had much higher contributions of Collembola and Acari than the neuston 
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tows in 2011, which are usually associated with vegetation.  Hemiptera had about equal 
contributions in the fallout traps and neuston tows, and diptera were much higher in 
the neuston tows. 
 
 

 
Figure 23. Average overall densities and taxa composition of neuston by habitat type 
in 2007, 2009 and 2011.  Densities were highly variable and not significant different. 
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Figure 24. Numerical percent composition of invertebrates from neuston tows in 
2007, 2009 and 2011, and fallout traps in 2011. 

 

Terrestrial Vegetation 
A species list for each riparian area is provided in Table 16.  There were few changes in 
species composition from the previous monitoring year.  The overlook area experienced 
the greatest change in species due to planting (Spirea douglasii) and colonization by 
planted and volunteer species (Fragaria chiloensis, Epilobius sp., Hypericum perforatum, 
etc.).  The percent cover of both over and understory vegetation continued to increase 
over the as‐built and year 3 conditions in all areas (Fig. 25 and 26; Table 17).  In the 
north and south uplands, where there is dense growth of grasses and weedy species and 
soft rush (Juncus effusus), understory cover reached 100% (Fig. 27 and 28).  There were 
several new birch trees (Betula sp.) present in the north and south uplands and these 
contributed to the increase in overstory cover in those areas.  All of the four dune grass 
patches increased in area over the as-built condition (Table 18).  Percent cover and 
shoot density also increased in all patches.  We measured the perimeter of the patch 
including all Leymus mollis plants in the area.  In all cases the patch perimeter has 
expanded into the backshore area while the beach front edge has receded back to or 
behind the placed logs (Fig. 29).  Where they are protected from pedestrian traffic the 
plants are healthy and spreading vigorously, but in front of the logs where trampling is 
the most pronounced the dune grass is sparse or absent.  The average canopy diameter 
of each tree species increased compared to the as‐built condition (Table 19).  Willows 
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(Salix sp.) and alders (Alnus rubra) increased the most while shore pine (Pinus contorta) 
grew more slowly.  Health ratings were assigned separately to the overstory and 
understory plants in each riparian area (Table 20).  Ratings remained high and increased 
in all areas with the exception of the dune grass patches where there was a slight 
decrease due to the ragged appearance of plants growing in areas of pedestrian traffic.  
 

Table 16. List of all plant species present in each of the five riparian areas 2007-2011. 

  July 2007 July 2009 July 2011 

North 
Uplands 

Carex obnupta Asteraceae Asteraceae 

Deschampsia caespitosa Betula sp. Betula sp. 

Festuca idahoensis Carex obnupta Cirsium sp. 

Fragaria chiloensis Cirsium sp. Cornus stolonifera 

Gaultheria shallon Cornus stolonifera Epilobium sp. 

Oemleria cerasiformis Daucus carota Equisetum arvense 

Pinus contorta Equisetum arvense Fragaria chiloensis 

Picea sitchensis Fragaria chiloensis Galium sp. 

Quercus garryana Gaultheria shallon Gaultheria shallon 

Rosa sp. Hypericum perforatum Juncus effusus 

Salix sp. Juncus effusus Lamiaceae 

Spiraea douglasii Lupinus sp. Lotus sp. 

Symphoricarpos albus Mahonia aquifolia Physocarpus sp. 'diablo' 

Juncaceae Poaceae Pinus contorta 

Cyperaceae Ranunculus sp. Plantago sp. 

Vaccinium ovatum Robinia pseudoacacia Poaceae 

Viburnum edule Rosa sp. Ranunculus sp. 

 Salix sp. Rosa sp. 

 Scirpus acutus Rubus laciniatus 

 Scirpus microcarpus Rumex sp. 

 Spiraea douglasii Salix sp. 

 Symphoricarpos albus Scirpus acutus 

 Trifolium sp. Scirpus microcarpus 

 Typha angustifolia Spiraea douglasii 

 Vaccinium ovatum Symphoricarpos albus 

 Viburnum edule Trifolium sp. 

  Vaccinium ovatum 

    Viburnum edule 

South 
Uplands 

Arctostaphylus columbiana Alnus rubra Alnus rubra 

Deschampsia caespitosa Arctostaphylus columbiana Arctostaphylus 
columbiana 

Elymus glaucus Asteraceae Betula sp. 

Festuca idahoensis Cornus stolonifera Cornus stolonifera 

Fragaria chiloensis Daucus carota Daucus carota 

Garrya elliptica Epilobium sp. Epilobium sp. 

Mahonia aquifolium Garrya elliptica Eschscholzia californica 

Mahonia nervosa Hypericum perforatum Juncus effusus 

Picea sitchensis Juncus effusus Leymus mollis 

Quercus garryana Lupinus sp. Lotus sp. 

Thuja plicata Myrica californica Mahonia aquifolium 
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Poaceae Myrica gale Myrica californica 

Juncaceae Papaveraceae Physocarpus sp. 'diablo' 

Vaccinium ovatum Physocarpus sp. 'diablo' Plantago sp. 

 Plantago sp. Poaceae 

 Poaceae Quercus garryana 

 Quercus garryana Ranunculus sp. 

 Rubus laciniatus Rosa sp. 

 Salix sp. Rubus ursinus 

 Thuja plicata Rumex sp. 

 Trifolium sp. Salix sp. 

  Scirpus microcarpus 

  Thuja plicata 

    Trifolium sp. 

Overlook Alnus rubra Anaphalis margaritaceae Alnus rubra 

Fragaria chiloensis Gaultheria shallon Epilobium sp. 

Fragaria virginiana Holodiscus discolor Fragaria chiloensis 

Gaultheria shallon Juncus effusus Gaultheria shallon 

Holodiscus discolor Leymus mollis Holodiscus discolor 

Leymus mollis Mahonia aquifolium Hypericum perforatum 

Mahonia aquifolium Picea sitchensis Juncus effusus 

Picea sitchensis Pinus contorta Leymus mollis 

Pinus contorta Poaceae Mahonia aquifolium 

Rosa sp. Populus trichocarpa Myrica californica 

Salix sp. Rosa sp. Picea sitchensis 

Symphoricarpos albus Salix sp. Pinus contorta 

Thuja plicata Scirpus microcarpus Plantago sp. 

 Symphoricarpos albus Populus trichocarpa 

 Thuja plicata Ranunculus sp. 

 Trifolium sp. Rosa sp. 

  Rubus laciniatus 

  Salix sp. 

  Scirpus microcarpus 

  Spirea douglasii 

  Symphoricarpos albus 

  Thuja plicata 

  Trifolium sp. 

Backshore Alnus rubra Alnus rubra Alnus rubra 

Fragaria chiloensis Anaphalis margaritaceae Anaphalis margaritaceae 

Fragaria virginiana Asteraceae Epilobium sp. 

Gaultheria shallon Epilobium sp. Gaultheria shallon 

Holodiscus discolor Fragaria chiloensis Grindelia integrifolia 

Leymus mollis Gaultheria shallon Holodiscus discolor 

Mahonia aquifolium Holodiscus discolor Hypericum perforatum 

Pinus contorta Juncus effusus Juncus effusus 

Rosa sp. Leymus mollis Leymus mollis 

Symphoricarpos albus Mahonia aquifolium Mahonia aquifolium 

 Pinus contorta Myrica californica 

 Rosa sp. Pinus contorta 

 Rubus discolor Rosa sp. 
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 Symphoricarpos albus Rubus laciniatus 

 Trifolium sp. Spirea douglasii 

   Symphoricarpos albus 

Dune grass Fragaria chiloensis Fragaria virginiana Anaphalis margaritaceae 

Fragaria virginiana Grindelia integrifolia Fragaria virginiana 

Grindelia integrifolia Leymus mollis Grindelia integrifolia 

Leymus mollis   Leymus mollis 

 
 
 

 
Figure 25. Average percent cover of understory vegetation at shoreline habitats. 
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Figure 26. Average percent cover of overstory vegetation at shoreline habitats. 

 

 

 

Table 17. A summary of the changes in % cover at all riparian 
areas As-built (May 2007) to Year 5 (July 2011). 

    
% Cover 
in Year 5 

Average change 
% Cover 

Overstory North Uplands 55.0         +43.8 

  South Uplands 30.0 22.1 

  Backshore 55.0 42.5 

  Overlook 61.7 33.3 

Understory North Uplands 100.0 68.8 

  South Uplands 100.0 82.9 

  Backshore 83.0 45.8 

  Overlook 83.3 53.3 

  Dune grass 53.3 32.9 
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Figure 27. A section of the North Uplands, looking south in July 2007, 2009, and 2011. 
 
 
 

   
Figure 28. A section of the South Uplands in July 2007, 2009, and 2011. 
 
 
 
 

Table 18. Summary of changes between as-built and year 5 conditions for dune grass. 

  

Percent Cover Patch Area (m
2
) # Shoots/m

2
 

Year 5 Avg Change Year 5 Avg Change Year 5 Avg Change 

Patch 1 63.4      +42.2 68.9       +28.2 80.0      +56.0 

Patch 2 46.6 19.0 200.8       103.2 62.4 24.0 

Patch 3 46.2 30.8 64.4 46.9 58.4 28.0 

Patch 4 57.0 39.4 38.3 16.5 64.0 32.8 
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Figure 29. A section of dune grass in 2011, showing expansion into the backshore area 
and trampling in front of the logs. 

 

Table 19.  Average change in canopy diameter (m) of tree species. 

Species Site 
Average change diameter 

As-built – Year 5 

Pinus contorta North Uplands 1.16 
  South Uplands 1.66 
  Overlook 1.37 
  Backshore 1.13 

Alnus rubra North Uplands 2.80 
  South Uplands 2.10 
  Overlook 3.20 
  Backshore 3.79 

Quercus garryana South Uplands 0.87 

Picea sitchensis North Uplands 1.00 
  South Uplands 0.80 
  Overlook 0.98 

Salix sp. North Uplands 3.34 

Thuja plicata South Uplands 1.00 
  Overlook 1.87 

Betula sp. North Uplands 1.08 

Robinia pseudoacacia South Uplands 1.69 
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Table 20.  A summary of the overall health ratings for each riparian area. 

    As-built Year 1 Year 3 Year 5 

Overstory North Uplands 3.8 4.3 3.8 4.3 

  South Uplands 4.5 4.3 3.9 5.0 

  Backshore 3.3 3.7 4.7 4.8 

  Overlook 3.3 3.8 4.2 4.5 

Understory North Uplands 3.5 4.0 5.0 5.0 

  South Uplands 3.7 4.1 4.9 5.0 

  Backshore 4.0 4.0 3.2 4.0 

  Overlook 4.0 4.0 4.2 4.5 

  Dune grass 3.3 4.3 3.3 3.0 

 
Algae 
Beds of bull kelp (Nereocystis luetkeana) occurred at all sampled elevations, and in 
contrast to past years there were no significant differences in numbers of kelp stipes 
among elevations in 2011 (Fig. 30).  For the first time kelp was observed on the habitat 
bench, and this was significantly greater with ANOVA testing as compared to previous 
years.  Kelp numbers in deeper depths decreased slightly as compared to 2009, and 
were more similar to 2007 levels.  ANOVA showed significantly greater numbers in 2009 
than in 2007 and 2011 at the deeper elevations of -3 to -6.1 m, with equal densities at -
1.5 m. 
  
Eighteen species of algae were observed between tidal elevations 0 to -6.1 m MLLW 
(Table 21).  Twelve species occurred on the habitat bench in 2011 compared to eight in 
2009 and four in 2007, with the remainder occurring in shallow subtidal waters off the 
edge of the habitat bench between -1.5 to -6.1 m MLLW. 
 
Algae percent cover was greater in 2011 than in previous years at all elevations (Fig. 31).  
The overall range in 2011 was 73 to 100%, whereas in previous years the maximum 
percent cover was 74%.  There were some assemblage changes between years, with 
generally higher percentages of red algae in 2011.  The red algae Chondracanthus 
exasperatus and Mazzaella splendens were particularly abundant at the habitat bench, 
and the red algae C. exasperatus, Palmaria callophylloides, Cryptopleura ruprechtiana, 
and Sarcodiotheca gaudichaudii were abundant in deeper depths.  The brown alga 
Saccharina latissima had lower percentages at the elevations of -1.5 to -4.6 m in 2011.   
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Figure 30. Number of Nereocystis luetkeana kelp stipes observed within 3 m, by tidal 
elevation (m below MLLW) in 2007, 2009 and 2011. Asterisk (*) indicates significant 
differences at each elevation across years.
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Table 21. Species list of algae and presence at each tidal elevation (m below MLLW) in 2007, 2009 and 2011, with average number 
of stipes observed within 3 m for Bull and Stalked Kelp. 

 
 

Species 2007 2009 2011 2007 2009 2011 2007 2009 2011 2007 2009 2011 2007 2009 2011

Brown Bull Kelp (Nereocystis luetkeana) 6.4 9.3 9.0 10.4 14.5 37.1 6.0 5.6 35.0 4.3 0.6 12.4 1.3

Stalked Kelp (Pterygophora californica) 0.2 0.3

Sugar Kelp (Saccharina latissima) X X X X X X X X X X X X

Sieve kelp (Agarum fimbriatum) X X X X X X

Flat Desmarestia (Desmarestia ligulata) X X X X X X

Rockweed (Fucus  sp.) X X

Seersucker Kelp (Costaria costata) X X X X X X

Stringy Desmarestia (Desmarestia viridis ) X X X

Wireweed (Sargassum muticum) X X X

Green Sea Lettuce (Ulva fenestrata) X X X X X X X X X X X X

Green Ribbon (Ulva intestinalis) X X X

Red Branching Palmaria (Palmaria callophylloides) X X X X X X X X X X X X

Turkish Towel (Chondracanthus exasperatus) X X X X X X X X X X X X X

Hidden Rib Red (Cryptopleura ruprechtiana ) X X X X X X X X X X X X X

Splendid Iridescent Seaweed (Mazzaella splendens) X X X X X X X X X X X

Purple Laver (Porphyra perforata) X X X X X X X X

Fine Branching Reds (Ceramium pacificum ) X X X X X X X X X

Red String Seaweed (Sarcodiotheca gaudichaudii) X X X X X X X X

Sea Comb (Plocamium cartilagineum) X X X X X X X X

Fuzzy Reds (Polysiphonia  sp.) X X X X X X X X X X

Red Ogo (Gracilaria pacifica) X X X

Red Ogo (Gracilaria sp.) X X

Flat Palmaria (Palmaria mollis ) X X X X X X

Turkish Washcloth (Mastocarpus papillatus) X X X X X

Red Islet Silk (Sparlingia pertusa) X X

Small Delesseria (Delesseria decipiens ) X X

-6.1Algae 

Type

habitat bench 

(0 to -1.5) -1.5 -3 -4.6
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Figure 31. Average percent algae cover by tidal elevation (m below MLLW) in 2007, 
2009 and 2011. Algae types are grouped together: green algae are coded green, brown 
algae are brown/orange, and red algae are red/purple/blue. 

Discussion and Conclusions 
Overall, the beach structure and trends in the fish, invertebrate, vegetation, and algae 
communities were similar in year 5 to those in year 3.  This suggests some degree of 
stability in the physical and biological conditions at the enhanced sites.  Despite 
significant public use of the park and other constraints associated with the surrounding 
urban landscape, the enhanced shorelines have shown many improvements in metrics 
of nearshore ecology as compared to pre-enhanced and adjacent armored conditions.   
 
For each type of data collected we discuss the results in the context of pre- and post-
enhancement findings, and summarize the monitoring to date.  Rather than repeat 
discussion and interpretation of the data included in previous reports we will summarize 
year 5 findings and point out new results and any similarities or differences with 
previous results.  Also, in this report we will not repeat comparisons with data sets from 
other studies unless there are new additions to the literature since the year 3 report 
(Toft et al. 2010b).  Following the discussion of each component we present an updated 
conceptual model, conclusions and recommendations for future studies.  
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Physical Characteristics 
Analysis of Beach and Bench Profile Change 
Analysis of the change in area on transects BS and BN was accomplished by calculating 
the cross-sectional area of sediment between the beach profile and the -2 m MLLW 
elevation line.  The change in area between surveys gives an indication of the volume 
change of sediment on the beach.  Overall, year 0 and year 1 surveys showed that the 
amount of sediment on the beach at the two transects declined (Fig. 32).  Survey datum 
errors and along-isobath shifting of material probably contribute significantly to the 
changes in area between any two surveys, but the trend over the 5 years of data 
collection is robust.  In both beach transects, sediment appears to have been lost over 
the monitoring time period.  The data trend suggests that the beach lost sediment from 
these transects in 2007-2008 (year 1 and 2) and has stabilized or is losing sediment at a 
very low rate in 2009-2012 (year 3 - 5).  As noted, in the past two years of monitoring, 
sediment shifts on the beach caused variations in cross-sectional area at the measured 
transects, but it appears that the beach may have reached a relatively stable condition.  
Sediment shifts up and down the beach profile and north to south along the beach, 
resulting in only a small net loss.   
 
Seasonally on the OSP beach, sediment moves from the lower and middle foreshore 
into the berm under energetic winter conditions (Toft et al. 2010b).  This sediment 
appears to move back down the beach in the summer, largely due to anthropogenic 
influences.  Also, peak high tides and storm surge conditions occurred simultaneously in 
year 3 and 4 leading to overwash of beach sediments onto the backshore (Fig. 33).  
These deposits, although not a large volume of the beach sediment, will not return to 
the foreshore of the beach under natural forcing.  The volume of beach sediment on the 
backshore is increasing, but has not reached levels where it is significantly affecting the 
beach sediment volume. 
 

Potential Impacts of Sea-Level Rise 
To understand the impacts of rising sea level on the beach dynamics, we first evaluate 
the rate of sea-level rise at Seattle, WA.  Sea-level has been measured by tide gauges of 
the National Water Level Observation Network (NOAA/NOS), and at the Seattle tide 
gauge 108 years of observations (1898 to 2006) have been used to evaluate the mean 
sea-level trend (Fig. 34).  Sea level at this site has been observed to rise at a rate of 
approximately 2.1 mm/yr.  This is consistent with global sea-level rise (~1.7 mm/yr; 
IPCC, 2007) due to thermal expansion of ocean waters and additional oceanic water 
volume from melting of land-based ice. 
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Figure 32. Cross-sectional area within the beach profiles for BS (blue) and BN (red) 
transects relative to -2 m MLLW elevation. The data trend suggests that the beach lost 
sediment from these transects in 2007-2008 and has stabilized in 2009-2012. 
Sediment moves onto the beach between surveys but there seems to be only a small 
amount of net change.  

 

         
Figure 33. Overwash deposit photographed January 24, 2010 resulting from extreme 
spring tides and storm surge in Puget Sound. The dashed line outlines the spread of 
beach material on the sand pedestrian walkway. See comparison to constrained 
overwash deposits in Toft et al. (2010).  
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Figure 34. Mean sea-level trend at Seattle, Washington (NWLO gauge 9447130). Sea 
level has been observed to be rising at a rate of ~2.1 mm/yr at this gauge, located at 
the Colman ferry dock. Source: http://co-ops.nos.noaa.gov/sltrends/  

 
 
The five years of water level data during the period of the Olympic Sculpture Park 
existence is consistent with the long-term sea-level trend although the rate has been 
slightly slower during this period (0.90 mm/yr; Fig. 35).  Short term variations from the 
long-term trend are not unexpected, and can occur due to variations in repeatable 
cycles (e.g., El Niño cycles) or intermittent phenomena.  However, the change in 
extreme high tides is more pronounced.  An analysis of the peak tidal elevation for each 
month over the 5-year period shows an increase over this time of ~25 mm/yr.  
Significant water level peaks occurred in year 3 and 4 of the OSP project, with maximum 
tidal elevations exceeding +4.2 m MLLW.  These peaks correspond with overwash 
movement of beach sediment over the berm and driftwood and onto the pedestrian 
walkway (Fig. 33).  
 
 

http://co-ops.nos.noaa.gov/sltrends/
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Figure 35.  Monthly sea-level data (NWLO gauge 9447130) over the time period of the 
OSP pocket beach and habitat bench existence. The mean sea-level (evaluated at 
MHHW) has had a rising trend of 0.90 mm/yr over the 5-year period and the extreme 
water level during each month shows a rising trend of 2.5 mm/yr. 

 
Seasonally, the water surface elevation also displays a cyclic pattern with higher 
elevations in the winter months (November – February) and lower elevations over the 
rest of the year (Fig. 36).  This cycling is attributed to changes in atmospheric pressure 
and winds, and ocean circulation patterns that control the exchange of water between 
the North Pacific and Puget Sound.  Again, this predictable enhancement of water-
surface elevation corresponds to periods of overwash that occurred in winter periods of 
2010 and 2011. 

 
Figure 36.  Seasonal cycle in sea level data (NWLO gauge 9447130). The winter months 
see an upward shift in the average sealevel of up to 10 cm. Source: http://co-
ops.nos.noaa.gov/sltrends/ 
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Profile Vulnerability 
The year 4 and 5 monitoring shows that the beach continues to be relatively stable and 
is presently losing little sediment from the profile, although sediment regularly moves 
on the upper foreshore creating different profile forms and grain-size zonation.  In 
addition to the profile vulnerability discussed in Toft et al (2010), the year 4/5 
monitoring suggests that the places to watch for weakness and change are: 

 The deep hole along the habitat bench (Fig. 8c).  This has increased in depth over 
time indicating a subsurface weakness at that location in the structure of the 
bench.  In addition, the width of the defined habitat bench is decreasing due to 
rubble settlement from the riprap retaining wall. 

 A continued increase in the fining of the surface sediment on the upper 
foreshore of the pocket beach is evident (Fig. 11).  The larger material that 
comprised the former surface sediment seems to be moving downslope to the 
lower foreshore on the south side of the beach, and former surface material that 
is lost through anthropogenic means is unlikely to return to the upper foreshore. 

 Over time, overwash (Fig. 33) will start to strip material from the beach and 
place it onto the pedestrian walkway.  This may not occur for many years, but 
with rising sea level, the extreme high tides and storm surge are likely to 
increase and impact the beach profile. 

 The structural rip-rap berms that protect the pocket beach are slowly eroding 
and leaving riprap material (20+ cm angular clasts) on the lower foreshore of the 
pocket beach (Fig. 13).   

 

Use of Digital Grain Size Analysis 
Digital grain-size analysis has been found to be a useful and efficient tool for monitoring 
the grain size on the upper foreshore of the pocket beach.  The comparison between 
sieved samples and the digital analysis showed a linear correlation, and this regular 
difference in grain size provided a means to calibrate the digital analysis (see Methods).  
Warrick et al. (2009) studied beaches in Alaska with grain size between 1 and 200 mm 
and calculated a regression slope of 1.35 between the digital and measured grain size 
distribution.  The slope of the comparison for grains at the OSP pocket beach was 1.44, 
and for natural mixed grainsize beaches of Puget Sound was 1.23 (Fig. 37).  A problem 
with this technique occurs on the natural mixed grain-size beaches, as the analysis 
method locks onto the larger particles in a sample and ignores the sand, although it may 
comprise the bulk of the sample.  This is not a problem at OSP beaches, as there is little 
to no sand-sized sediment.  The Warrick et al. (2009) study found better results were 
achieved in daylight shade at mid-day, as shadows in the photo reduced accuracy. 
Photographs of fully dry and fully wet sand both resulted in good correspondence 
between photo and sample, but partial wet/partial dry sand did not.  Although it’s 
possible to achieve reasonable estimates of D50 using digital photo analysis, it is highly 
dependent on the quality of the photos.  Our comparison shows agreement between 
photo and sieve analysis of coarse-grained sediment on the OSP upper foreshore, 
possibly because the substrate was more likely to be dry and free of sessile 
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invertebrates.  Photos of sediment the lower foreshore often included puddles, 
barnacles, and algae, all factors that may interfere with the ‘pixel-shift’ method used to 
analyze the photos.  On the OSP lower foreshore and habitat bench, the digital method 
is less reliable, and visual techniques are the only feasible methods to use here.  The 
digital technique does not work well where grains are highly irregular in distribution, 
have biological growth, and consist of both wet and dry grains.  In spite of its limitations, 
future monitoring efforts should continue to incorporate the digital grain-size analysis.   
 

 
Figure 37. Median grain size of beach sediment (D50) from sieved samples collected on 
the OSP pocket beach foreshore (red squares) as well as natural beaches in Puget 
Sound (other symbols) and the uncorrected digital photographic determination of 
grain size.  The slope of this line defines the calibration, or bias correction for the 
digital method. 

 

Natural Forcing 
Seasonal cycles in the wind intensity and direction in Puget Sound can be seen in the 
five years of monitoring data obtained from the National Weather Service (through the 
National Data Buoy Center (NDBC, http://www.ndbc.noaa.gov/).  Annual weather 
conditions for year 1 were analyzed in Toft et al. (2008), and for years 2 and 3 in Toft et 
al. (2010).  The wind conditions during years 4 and 5 were considered typical in their 
seasonal pattern (Fig. 38).  Winter conditions in year 4 were relatively strong and 
between the increased water-surface elevations (Fig. 35) and strong winds, conditions 

http://www.ndbc.noaa.gov/
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were primed for movement of sediment on the beach, yet profile surveys bracketing 
this time period showed little to no net loss of sediment (Fig. 32).     
 
The combination of tidal elevation and energetic wave conditions determine the zones 
on the beach most impacted by natural sediment transport on the beach.  The peak 
vulnerability to transport conditions is during periods of extreme high tidal elevation 
combined with storm conditions.  These conditions early in the winter can result in 
major reorganization of the beach sediments, and as evidence, we see increase in the 
size of the finer patch of the surface sediment over year 4 winter conditions (Table 3).  
In this fetch-limited environment, seasonal trends are muted by extreme events and 
heavy anthropogenic use of the beach. 
 

 
Figure 38. Average wind speed and peak wind gust data from SEATAC Airport for the 
past two years of monitoring. The seasonal patterns are consistent between the years 
1 - 5, but with a slight tendency towards stronger peak wind speeds in year 1 (Toft et 
al. 2010) and year 4 (this study).   

 

Biological Characteristics 
Fish – Snorkel Surveys 
Results of pre-enhancement monitoring in 2005 indicated that benefits resulting from 
shoreline habitat created at the Olympic Sculpture Park should be available for juvenile 
salmon, because the salmon were relatively abundant in shallow water at and near the 
sites (Toft and Cordell 2006).  This affinity for shallow water persisted in post-
enhancement years, with higher abundances of juvenile salmon at the enhanced sites 
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dependent on the year.  In 2007 juvenile salmon were significantly more abundant in 
shallow waters at the habitat bench and pocket beach than at the adjacent riprap (Toft 
et al. 2008), in 2009 juvenile salmonids were fairly consistent among sites (Toft et al. 
2010b), and in 2011 juvenile salmon were significantly more abundant at the habitat 
bench than adjacent riprap.  Observed feeding by juvenile salmonids was low at the 
riprap site in 2011.  Statistical tests on feeding frequencies suggest that there was more 
available prey at the enhanced sites: juvenile Chinook salmon had higher feeding 
frequencies at the pocket beach shallow and habitat bench deep sites, and juvenile 
chum salmon had higher feeding frequencies at the habitat bench shallow site 
compared to the riprap.  Behavior measurements are rare in assessing restoration 
success, and have mostly been applied to studies of birds (Lindell 2008).  Increased 
feeding behavior at the enhanced shorelines represents a potential for improvement in 
growth (Cordell et al. 2011), although at the OSP sites we would need more measures of 
specific diet components in order to model possible growth benefits gained there.  Such 
behavioral indicators can become evident before that of broader population responses, 
and are important as applied to the conservation efforts for endangered salmon species 
(Berger-Tal, 2011). 
 
Larval fish were observed in high numbers in 2011 at the pocket beach and habitat 
bench sites, although they were quite variable (patchy occurrences of large school sizes) 
and did not differ statistically from larval fish numbers at the riprap.  The one significant 
difference in larval fish densities throughout all monitoring was that they were higher at 
the pocket beach in 2009 (Toft et al. 2010b).  There appeared to be a diversity of larval 
species represented by two observed morphologies, elongate post-larval forage fish 
(e.g., smelt) and less elongate demersal fish (e.g., sculpin).  Some of the larval fish may 
have hatched at the pocket beach, or they may have been attracted there as a refuge 
habitat because it is the first shallow water area located north of downtown Seattle at 
the end of the seawall.  Nearshore habitats are known to be used as nursery grounds by 
larval forage fish throughout Puget Sound (Penttila 2007).  Nearshore spawning fish 
such as juvenile and adult smelt, herring, and tubesnout were observed at the habitat 
bench and pocket beach.  Furthermore, in the spring of 2012 a large herring spawn was 
observed along this stretch of shoreline, which had not been documented before (Jim 
West, WDFW, personal communication).  These findings and observations reinforce the 
idea that creating shallow water beaches in urban settings can provide refuge for larval 
fish and benefit forage fish populations.  
 
When new shallow water habitats are created for juvenile salmon, concern is 
sometimes expressed about the potential of the site for attracting predators.  In this 
study we rarely observed fish predators likely to eat juvenile salmon at the created 
habitats; throughout the 2011 sampling these consisted of six lingcod.  Lingcod appear 
to rarely feed on juvenile salmon; a study in the San Juan Islands showed no occurrences 
of Salmonidae in the diets of lingcod under 66cm total length, and in lingcod greater 
than 66cm Salmonidae occurred in 0.6% of lingcod sampled, accounting for 0.4% 
numerical and 6.4% mass of diet items (Beaudreau 2009).  Average estimated lingcod 
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lengths in 2011 at the Olympic Sculpture Park were 52.9cm.  In addition to juvenile 
salmon and larval fish habitat, the enhanced shorelines have created habitats for other 
types of fish; juvenile gunnels were observed within sediments at the pocket beach 
during the process of taking benthic cores, and these fish may have benefited from the 
smaller sediments placed at the pocket beach.  Kelp perch prefer living in bull kelp 
canopies, and were observed in kelp beds at the sites. 
 
Comparative Datasets 
Since the last OSP monitoring report on year 3 results, two new fish community studies 
have been conducted in the area.  Goff (2010) recorded overwater fish observations 
along the Seattle seawall in 2008 and 2009.  In this study juvenile salmon were 
abundant close to the edge of the seawall, and during about 50% of observations they 
exhibited feeding behavior.  This is similar to the locations and range of feeding 
frequencies that we observed at the Olympic Sculpture Park.  Anchor QEA conducted 
snorkel surveys along the downtown Seattle seawall in 2011, from pier 48 to the north 
side of pier 70 incorporating the south end of the habitat bench at the Olympic 
Sculpture Park (Anchor QEA 2012).  They found that juvenile salmon avoided areas 
along the seawall that were shaded by adjacent piers, and that these fish milled in 
unshaded areas near corners where piers meet the seawall.  Using shallow and deep 
snorkel transects identical in position to ours, they also found that juvenile salmon 
occurred more along shallower transects than along deep transects.  These findings 
support our results that juvenile salmon along Seattle’s urban shorelines prefer 
unshaded shallow water habitats.  Anchor QEA (2012) found that juvenile salmon had 
low observations of feeding activities as compared to the Olympic Sculpture Park and 
Goff’s (2010) study.  This could have been the result of inter-observer differences, or 
variability in prey availability, with more prey at some times and less prey at others.  
 
Another recent study from the nearby industrialized Duwamish estuary found that 
juvenile salmon occupied brackish water restored wetland sites and exhibited positive 
modeled growth rates (Cordell et al. 2011).  Juvenile Chinook salmon had higher 
densities at the site with the largest opening, suggesting that access to shallow water 
areas is key to juvenile salmon abundance.  This suggests that if restored sites along the 
Duwamish-Elliott Bay corridor have shallow water areas that are readily accessed from 
offshore waters, and the habitats provide adequate prey resources, then juvenile 
salmon using the sites can exhibit positive growth. 
 

Fish - Enclosure Nets and Diets 
The pocket beach has created a new shallow water habitat that replaced the previously 
armored shoreline.  Because juvenile salmon were the main species netted at the 
pocket beach, any prey resources produced at the site are probably utilized mainly by 
juvenile salmon rather than by other fish species.  Thus, the created habitat at the 
pocket beach may provide more benefits to salmon than to their competitors.  For 
example, shiner perch, which overlap somewhat in diet composition with juvenile 
salmon (they feed mostly on small crustaceans and algae; Bane and Robinson 1970) 
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were rare in pocket beach net samples, and in snorkel surveys were mostly observed at 
the riprap and habitat bench deep surveys.   
 
Since juvenile salmon were held at the beach for an average of 3.2 hours per enclosure 
net, we assumed that undigested prey items mostly represented taxa fed on at the 
pocket beach.  Some of the major prey items overlapped with that sampled in our 
invertebrate collections.  Insects were an important prey component of both chum 
salmon and Chinook salmon from April-June, especially the two most abundant insects 
from fallout trap samples, chironomid flies and aphids.  Harpacticoid copepods were a 
consistent prey item of chum salmon from April-June, and the two most common 
species were Harpacticus spp. and Tisbe sp., which were also the two most abundant 
species in epibenthic samples.  The most disparate taxa between prey and invertebrate 
sampling were the amphipods.  Calliopius sp. was the only common amphipod in diet 
samples, mostly in larger Chinook salmon captured in July, whereas the most abundant 
amphipod from epibenthic sampling was Paracalliopiella pratti.  However, P. pratti and 
amphipods in general were lowest in abundance at the pocket beach as compared to 
the other sites; fish sampling along armored shorelines would be required to know if P. 
pratti are preyed on in areas where they are more abundant. 
 
Comparative Datasets 
Two new studies have reported on juvenile salmon diets upstream in the Duwamish 
estuary since the comparative datasets documented in Toft et al. 2010b, showing that 
insects are a major prey component for both Chinook salmon and chum salmon, and 
harpacticoids are important for chum salmon (Cordell et al. 2011, Morley et al. 2012).  
These terrestrial and benthic sources of prey are important throughout the Duwamish-
Elliott Bay migration corridor, and therefore habitat connections across the terrestrial-
aquatic interface should be encouraged. 
 

Epibenthic Invertebrates 
Enhanced habitats at the pocket beach and habitat bench have been colonized by a 
diversity of epibenthic invertebrates.  As found elsewhere (Chapman 2003), the new, 
more complex habitats had higher taxa richness and densities, and taxa occurred that 
were previously rare or not present at armored seawall and riprap sites.  In particular 
the habitat bench had the highest densities of total epibenthic invertebrates and taxa 
richness.  Both the habitat bench and pocket beach had higher numbers of harpacticoid 
copepods than the armored sites, which is a category that contains prey items for 
juvenile chum salmon.  Total invertebrate densities at the enhanced sites were higher 
than 2005 baseline levels, except for amphipods at the pocket beach.  The habitat bench 
and the riprap site had higher densities of amphipods than the seawall and pocket 
beach, but few of the amphipod species were important prey for juvenile salmon.  The 
dominant amphipod both before and after habitat enhancement was Paracalliopiella 
pratti, a species known to be associated with algae and organic debris (Bousfield and 
Hendrycks 1997), which was not common in juvenile Chinook salmon diets.  In 
experiments on various seawall surface textures to enhance habitat, P. pratti was also 
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very abundant and the dominant amphipod (Goff 2010).  This species may utilize algae 
produced at lower intertidal levels of the established armored shorelines.  The greater 
diversity of both amphipods and harpacticoids at the habitat bench and pocket beach 
suggests that even small scale enhancement projects can increase biological function 
along highly developed shorelines. 
 
Comparative Datasets 
Two recent studies have sampled epibenthic invertebrates near the OSP since other 
comparative datasets were documented in Toft et al. 2010b.  Goff (2010) took 
epibenthic samples along the Seattle seawall on test panels having several slopes and 
textures, and found more juvenile salmon prey harpacticoid copepods and chironomids 
at the sloped/textured panels as opposed to flat panels.  Morley et al. (2012) took 
epibenthic samples in the Duwamish estuary, and found much higher densities and taxa 
richness at unarmored as compared to armored sites.  These studies are similar to our 
results that there were more harpacticoids and greater taxa richness at the enhanced 
sites, which incorporate diverse slopes and substrates to the urbanized waterfront. 
 

Benthic Invertebrates 
As documented in 2007 and 2009, creation of the cobble/gravel beach at the OSP has 
provided habitat for benthic invertebrates where there was previously shoreline 
armoring and little or no benthic habitat.  We did note some differences between the 
2007 and 2009 results and those from 2011.  The previously dominant amphipods – 
Desdimelita californica at 0m and talitrid beach-hoppers at +3.7m MLLW –declined in 
abundance, and a number of other species occurred at higher overall densities at both 
elevations, and higher taxa richness at 0m MLLW.  This community shift may be related 
to natural succession in the first few years after enhancement, or to changes in 
substrate sizes and other physical components of the beach.  At the low elevation, 
nematode and polychaete worms have increased since 2007, which could signify a 
response to increased micro-algae and detritus.  At the high elevation, Collembola 
(springtails), gastropods (juvenile snails), and terrestrial isopods increased since 2007, 
which could be related to changes in substrate size and/or wrack composition.  Other 
studies have shown that talitrid amphipods in the supralittoral are impacted by 
armoring and may be a good predictor of beach health (Dugan et al. 2008, Sobocinski et 
al. 2010), but substrate size can also affect their distribution, as they prefer sand/pebble 
substrates as opposed to cobble (Sarah Heerhartz, unpublished data collected in 
2011/12).  Physical sampling has shown that although the sediments and beach profile 
have undergone minimal net change over time and have remained relatively stable, 
there is continual shifting of the surface sediment and in fact the sediments in the upper 
foreshore have become somewhat finer although there is no mechanism for sand to 
move onto the beach.  We initiated some basic wrack surveys at the pocket beach in 
2011 during our monitoring, and wrack composition was composed primarily of sticks 
and leaf litter (61%) with less input of marine algae (35%, mostly Fucus spp.)(Sarah 
Heerhartz, unpublished data collected in 2011/12).  When the beach was formed algae 
may have comprised more of the wrack and the driftwood line was not as established, 
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which could explain the composition shift in the benthic taxa due to their habitat 
preferences.  Disturbance could also be affecting these patterns, as the beach is heavily 
used by people in the spring and summer coinciding with the period of high biological 
productivity, and the logs at the wrack zone are also maintained by annual landscape 
maintenance, with removal of creosote logs and subsequent repositioning of the logs. 
 
Comparative Datasets 
One additional study on benthic invertebrates has been conducted since the 
comparative datasets documented in Toft et al. 2010b.  Similar benthic cores were 
taken at a restored and reference beach at Seahurst Park (City of Burien) at +3.7m 
MLLW elevation before and regularly after restoration (Toft 2011).  Since restoration, 
taxa richness has increased every year and has consistently been greater than the 
reference site, with invertebrate assemblages similar to the reference site although at 
lower overall densities.  The Seahurst restored beach borders a natural beach and is 
larger and has a more gradual slope than the OSP pocket beach, which may contribute 
to the finding that talitrid amphipods were the most abundant invertebrate there and 
experienced increasing numbers during the first five years of restoration, as opposed to 
declining numbers at the OSP pocket beach.  The taxa that are most abundant at the 
pocket beach after five years of restoration – Collembola, gastropods, and isopods – 
were not abundant at Seahurst Park, and again there must be characteristics of beach 
slope, substrate, and organic material at the pocket beach that are more beneficial for 
these organisms than they are for talitrids. 
 

Terrestrial Insects and Neuston 
All of the enhanced vegetation areas (pocket beach, riparian, and habitat bench) had 
greater taxa richness, total densities, and Hemiptera densities in the fallout traps than 
did the adjacent armored shorelines (seawall and riprap).  Thus, production of some 
vegetation-associated insects has increased as a result of plantings of shoreline 
vegetation and other site enhancements.  These include insects that are known to be 
juvenile salmonid prey items such as hemipterans (Brennan et al. 2004), whereas other 
prey taxa, mainly dipterans, have not increased since enhancement.  Chironomids were 
the most abundant dipteran and these have aquatic larval stages, as opposed to aphids 
(the most abundant hemipteran) that do not have aquatic larval stages.  Amount of 
chironomid production may be more linked to their larval aquatic habitat and not to 
their adult terrestrial habitat.  This is supported by results from the neuston samples 
from the water’s surface, which showed a higher percent contribution of diptera than in 
the fallout traps, but similar contributions by hemipterans in the two sampling types.  
Different species of chironomids live in freshwater, estuarine, and marine habitats, and 
without inclusion of any new aquatic environments one might not expect to see effect 
from shoreline enhancements alone.  For example, a comparison of restored wetlands 
in the Duwamish estuary found highest numbers of chironomids at a site with a small 
stream flowing into an intertidal cove, which allows for variable salinities and a diversity 
of aquatic environments (Cordell et al. 2008). 
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Comparative Datasets  
One recent study has been reported on neustonic invertebrates near the OSP since the 
comparative datasets documented in Toft et al. 2010b.  Morley et al. (2012) found taxa 
richness of neuston invertebrates to be higher at unarmored compared to armored sites 
in the Duwamish estuary, although as in our study abundances were similar.  High 
variability in invertebrate numbers from neuston tows may make it difficult to find 
statistical differences in these types of samples.  Previous research in Howe Sound, 
British Columbia found that both aquatic and terrestrial arthropods were more 
abundant when there was supralittoral vegetation (Romanuk and Levings 2003), and in 
Puget Sound insects have been found to be more diverse at natural as opposed to 
armored sites (Sobocinski et al. 2010).  Continued growth of the shoreline vegetation at 
OSP should increase overlap with the water’s edge and be beneficial to insect 
production and diversity. 
 

Terrestrial Vegetation 
Performance standards for year 5 vegetative cover require either 50% increase over as-
built conditions or a cover value of 80%, whichever is larger (OSP monitoring plan).  For 
overstory and understory vegetation combined, this standard was met in all areas. 
However, the dune grass patches taken separately did not meet the standard.  Dune 
grass patches had an increase in percent cover of 32.9% and a total cover of 53.3% 
within sample quadrats, although all four of the dune grass patches have increased in 
area, cover, and shoot density.  This is informative, as all other riparian areas are 
contained within fixed borders while the dune grass is free to spread across the upper 
beach, and changes in patch size reflect growth and vigor that might be missed by 
measurements of percent cover alone.  Trampling continues to be a problem with dune 
grass flourishing only where it is protected.  Patch 1 continues to have only sparse 
density at its center and signs of heavy foot traffic.  Patch 2, which is confined to a 
narrow strip along placed driftwood logs heavily used as seating by visitors, has greatly 
increased its size by colonizing the backshore area.  Without further protection, dune 
grass will likely be present only close to and mostly behind the logs in this patch.  Patch 
4 is the least impacted by park visitors and has maintained relatively high shoot density 
and percent cover values. 
 
Comparative datasets 
We are not aware of any recent studies of shoreline vegetation in the near vicinity since 
the comparative datasets documented in Toft et al. 2010b.  More studies are warranted, 
as overhanging vegetation is present along only 17.6% of modern Puget Sound 
shorelines yet serves an important ecological function providing shade that benefits 
spawning forage fish (Brennan 2007) and refuge and feeding opportunities for juvenile 
salmon (Levings and Jamieson 2001). 
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Algae 
The created habitat bench has been colonized with a diverse, dense growth of kelps and 
other algae, with eighteen species of green, red, and brown algae documented in 2011.  
The performance standard of an increase in algae was met for overall percent cover, 
which was greatest in 2011 at all elevations as compared to previous years and reached 
100% at two of the elevations.  Number of kelp stipes was variable between years, 
increasing at the habitat bench but greatest in 2009 at the deeper elevations of -3 to -
6.1m. 
 
Comparative Datasets 
We are not aware of any recent studies of nearshore algae in the vicinity since the 
comparative datasets documented in Toft et al. (2010b).  The importance of kelp has 
been documented in Puget Sound, and provides habitat for fish such as juvenile rockfish 
and kelp perch (Mumford 2007), and a vital source of primary production and carbon for 
foodwebs in both nearshore and deeper waters (Britton-Simmons et al. 2012).  
However, specific studies examining the roles of other fish-algae associations are 
lacking.  The kelp at OSP has recruited via natural processes without having to use 
transplanting restoration techniques used elsewhere (Carney et al. 2005), and 
presumably would occur at any similar shoreline enhancements developed in the area.  
The invasive alga Sargassum muticum was rare at OSP accounting for only 4% of the 
composition at the -1.5m MLLW elevation, so deleterious effects on other alga species 
should be minimal (Britton-Simmons et al. 2006). 
 

Conclusions 
Overall, the enhanced beach structures at OSP are fairly stable and many of the 
invertebrate and fish indicators have improved values compared to both current and 
baseline armored conditions.  An updated conceptual model of the main results from 
monitoring the OSP created sites before enhancement and for the five years after 
enhancement as compared to armored shorelines is in Figure 39.  There are some 
biological indicators that have not improved over armored conditions, mainly diptera 
insects, perhaps due to limitations in their preferred habitat either in the aquatic larval 
or adult terrestrial life stages.  Continuing to assess the physical stability of the pocket 
beach and habitat bench will provide important information on if or when 
renourishment of sediment or maintenance of other features is needed, which will 
benefit the long-term resilience of the site and inform management on how viable these 
options are in future designs of enhanced shorelines.   
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Mean Higher High Water (MHHW): approximate high-tide line 
Mean Lower Low Water (MLLW): approximate low-tide elevation 

 
Figure 39. Conceptual model of the Olympic Sculpture Park monitoring results. 
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Shoreline protection will increasingly be an issue due to the conflicting forces of sea 
level rise and shoreline development, termed “coastal squeeze” (NRC 2007, Defeo et al. 
2009).  More information about the effects of coastal squeeze is available for sandy 
beaches than it is for mixed sediment beaches characteristic of Puget Sound (Nordstrom 
2000, Defeo et al. 2009), and rigorous studies are needed in Puget Sound to fully 
understand these processes (Shipman et al. 2010).  Along a developed shoreline, the 
ecosystem goods and services provided by a mosaic of engineered and natural 
conditions may be more resilient under current conditions than an unobtainable historic 
goal (Jackson and Hobbs 2009).  Novel ecosystems that have formed under altered 
conditions require creative management solutions for reaching restoration goals, and 
collaborations between managers and scientists are necessary to understand the 
usefulness and application of shoreline enhancements (Seastedt et al. 2008).  All of 
these elements are encountered in urban landscapes such as along the Seattle 
waterfront, where interactions between people and nature are inevitable but can lead 
to opportunities to improve city life (Standish et al. 2012). 
 
The Puget Sound Partnership (PSP) and the Puget Sound Nearshore Ecosystem 
Restoration Partnership (PSNERP) both list shoreline armoring as a major threat to the 
health of Puget Sound (Simenstad et al. 2006, PSP 2012).  PSP and PSNERP were created 
to help guide the restoration of Puget Sound, and bulkhead removal is one of the foci of 
restoration actions of these groups.  In a recent report, PSNERP recommends the 
beaches of Elliott Bay for enhancement (Cereghino et al. 2012).  Enhancing armored 
shorelines in order to approach restored conditions is relatively new to both design and 
science, and several conclusions from our study will help guide future efforts: 

(1) Nursery area for fish: Nearshore fish used shallow-water enhancements along 
armored shorelines.  More fish (juvenile salmon and larval fish, depending on the 
year) were at enhanced shorelines, often with higher feeding activity. 

(2) Foraging opportunities: Invertebrates that are prey for juvenile salmon and other 
fish colonized the low gradient, finer-grained intertidal habitats that were 
incorporated into the armored shorelines.  Most of these aquatic invertebrates 
increased in taxa richness and numbers after enhancements were in place. 

(3) Riparian value: Certain types of terrestrial insects increased in abundance and 
taxa richness where patches of shoreline vegetation were planted.  Vegetation in 
urban parks requires routine maintenance, so progression to a more natural 
riparian zone will be somewhat limited in this setting. 

(4) Connectivity: Linkages between aquatic and terrestrial zones are broken on 
heavily armored shorelines.  When artificial barriers are removed and aquatic 
habitats merge with terrestrial habitats, this provides the opportunity for 
biological and physical processes to reconnect across the ecotone. 

(5) Physical resilience: In heavily urbanized settings, habitat enhancements have 
limited ability to restore larger-scale processes such as sediment supply, and this 
may lead to the need for maintenance.  Human use of urban beaches can create 
some surface sediment loss and structural impact such that occasional 
maintenance and nourishment may be necessary. 
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Positive invertebrate responses to seawall removal and intertidal beach restoration has 
also been shown at nearby Seahurst Park in central Puget Sound, where a larger 
segment of beach not confined by urban structures was restored to more resemble that 
of a natural beach (Toft et al. 2010a, Toft 2011).  It is encouraging that enhanced 
shorelines such as those at the OSP can provide benefits similar to more fully restored 
shorelines such as those at Seahurst Park, and enhancing the shoreline should be a 
management goal in locations where full restoration is not possible due to high levels of 
urban shoreline development.  In restoration planning, Toft et al. (2010a) suggests that 
scientific study of nearshore restoration can be useful (1) prior to restoration in helping 
to define project goals, (2) during project design by incorporating data to optimize the 
likelihood of desirable ecological responses, and (3) after completion of restoration to 
document performance, to identify problems, and to provide critical information for 
adaptive management.  The Seattle seawall is scheduled for replacement starting as 
soon as 2013, and implementing these suggestions by using the data collected at OSP 
should prove useful in planning shoreline enhancements along this highly urbanized 
segment of Elliott Bay.  The habitat bench, pocket beach, and planted shoreline 
vegetation have all shown improvements over armored conditions, and these features 
along with the textured and sloped seawall panels studied in Goff (2010) should be 
incorporated into project designs.  Each of these design elements show different 
ecological responses, and using a combination of shoreline enhancements would 
produce a more diverse community than that along the uniform seawall, riprap, and 
pier structures that currently exist along the Seattle seawall.  
 
Habitat enhancements at the Olympic Sculpture Park have shown improvements during 
the first five years after they were constructed, and long-term benefits will presumably 
continue to accrue as the site biotic communities and physical structures stabilize, 
depending on site-specific processes (Simenstad and Thom 1996, Dethier and Schoch 
2005).  We recommend monitoring again at the planned time point of 10 years post-
enhancement (2016).  This will allow insight into development and stabilization of 
longer-term biological and physical processes.  Maintaining the sampling design and 
methodologies used in this study will increase the likelihood of detecting changes 
associated with the enhanced habitats, within the range of natural variation.  In addition 
to the attributes measured in the planned monitoring, the following additional sampling 
should be considered in future efforts if the opportunities arise: 
 

1) Monitoring efforts of other sites along the urban waterfront would benefit by 
placing them in context to the OSP sites.  Reference natural sites do not exist 
along this stretch of shoreline, and therefore comparing additional new sites 
with the OSP sites would provide interpretive value.  Recent research will 
provide some of this comparison ability - fish composition and juvenile salmon 
diet data are currently being collected along the seawall, and the OSP pocket 
beach is being used as a comparison beach (UW field collections Fall 2011-Spring 
2013).  Also, as the city designs and implements the new seawall, incorporated 
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enhancements can be monitored using the OSP sites as references representing 
older, established enhancements.  Using similar sampling methodologies would 
make it easier for comparative datasets to be more quantitatively analyzed along 
with the OSP data.  As illustrated in the ‘comparative dataset’ section for each 
component in Toft et al. (2010b), it is difficult to analyze disparate datasets 
together when the methods do not overlap. 

2) Continued low-level monitoring or documentation of certain events during years 
of no planned monitoring.  Although the next sampling period in year 10 will 
supply information on the long-term evolution and stability of the physical and 
biotic components of the enhanced shoreline sites, understanding why those 
changes occur would benefit from having a more regular monitoring of key 
factors.  For example, occasional monitoring of seasonal beach profiles and 
terrestrial vegetation that might change on an annual basis as a function of 
storms, drought, and human interference, would help us to understand the 
factors that drive long-term change.  Part of this service could be generated by 
record keeping and photographs of the beach of physical activities and beach 
cleaning efforts during time periods that monitoring is not occurring (by SAM, 
UW, other key users of the beach), for later reference. 

3) Conducting experiments at OSP and along the urban waterfront that would test 
for more specified functions of the enhanced shorelines.  For example, cage 
experiments could measure growth and survival rates of invertebrates under 
different conditions at the habitat bench versus vertical portions of the seawall.  
Other techniques such as sampling of stable isotope signatures in biota could 
measure sources of terrestrial versus aquatic food sources along different 
stretches of shoreline. 

4) Studies examining specific fish-algae associations.  These types of studies are 
lacking, apart from some general information on kelp habitats.  Studies could 
examine invertebrates and fish that are associated with different algae types 
growing in deeper water on the habitat bench, pocket beach, and elsewhere 
along the urban waterfront.  SCUBA surveys have documented black rockfish in 
subtidal kelp along the habitat bench and pocket beach.  Further surveying 
would describe more extensively benefits from subtidal portions of 
enhancements that are not documented in studies of the shallow intertidal 
waters. 

5) Benefits of shoreline enhancements for nearshore birds.  This kind of 
information is lacking, and monitoring at the OSP and other sites in Elliott Bay for 
bird use would document any aquatic-terrestrial linkages created by shoreline 
enhancements that benefit bird communities.  At the scale of the OSP 
enhancements, birds that forage in the beach-wrack and/or terrestrial 
vegetation would be good target species.  We initiated some basic bird surveys 
at the OSP sites in 2011 during our monitoring, and documented use by the 
following (in decreasing order of abundance): American crow, several seagull 
species, European starling, pigeon guillemot, sparrow, rock pigeon, bushtit, 
osprey, swallow, and plover. 
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