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Re-assessment of Bivalve Recovery on Washed Heterogeneous Beaches 
in Prince William Sound 

Restoration Project 10100574 
Final Report 

Study History: This project relates back to 2002 and the project “Assessment of Bivalve Recovery on 
Washed Mixed-Soft Beaches in Prince William Sound” (initial project numbers 02574-BAA through 
040574).  Based on that study’s findings of substantial injury to hard-shell clam populations on Washed 
beaches in heterogeneous coarse-grained (mixed-soft) habitats in western Prince William Sound, the 
EVOS Trustee Council funded this work to re-assess recovery status of these bivalve populations.  The 
program included additional elements to: 1) assess observations that hard-shell clam populations were 
declining substantially throughout the region and, 2) attempt to develop a metric for measuring and 
quantifying clast organization (armoring) in the coarse-grained sediments.  The field study was conducted 
in June 2010.  Sample and data analysis were carried out in 2010 through 2013.  Report preparation was 
carried out in 2012 and 2013; the first draft of the report was submitted in June 2013.  

Abstract: National Oceanic and Atmospheric Administration treatment effects studies from 1989 through 
1996 suggested that bivalve assemblages on beaches in Prince William Sound (PWS) washed with high-
pressure washing were severely injured in terms of abundance, species composition, and function.  The 
previous Restoration Project 040574, conducted to assess the generality and persistence of this apparent 
injury to this assemblage, found that: 1) injury to the hard-shell clam populations resulting from beach 
cleaning in 1989 and 1990 persisted in 2002; densities of both small and large size-classes of long-lived 
hard-shell clam populations were 66 percent lower at Washed sites than at comparable Unwashed sites; 2) 
the heterogeneous coarse-grained beaches constituted a previously undescribed sediment type; 3) an 
important characteristic of this new sediment type was the ability of the large surficial clasts (pebbles, 
cobbles, and smaller boulders) to become organized, forming a “fabric” at the surface in response to wave 
action and tidal currents; 4) organization at a considerable proportion of the Washed heterogeneous 
beaches appeared substantially disturbed; 5) the bivalve assemblages at these beaches were functionally 
impaired 13 years after the spill.  Based on several lines of evidence, we deduced that a major cause for 
lagging recovery at the Washed sites was the disturbance of organization (armoring) that normally 
characterizes these heterogeneous sediments.  Based on the apparent recovery trajectory, we predict that 
recovery to pre-spill status will take several to many additional decades.   

The objectives of the present studies were to: 1) Assess progress in the recovery of the bivalve 
assemblages and sediments at the Washed sites; 2) examine the validity of reports that hard-shell clam 
assemblages were declining throughout the northern Gulf of Alaska; 3) develop a metric that could assess 
organization of the large surficial clasts in the heterogeneous sediments; and 4) use this organization 
metric to assess the validity of the hypothesis developed during the 2002 study that Unwashed sites are 
more highly organized than Washed sites. 

As in 2002, sediments at Washed sites were coarser, better sorted, had less silt/clay, and a lower 
percentage of marine-sourced detritus.  However, organic content (TOC and TKN) was similar among 
Unwashed and Washed sites.   Responses of these variables to hydrodynamic exposure gradients again 
differed between Unwashed and Washed sites, with Washed sites exhibiting significant responses and 
Unwashed sites not responding.   
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An assessment of vertical stratification of the sediments showed that sediments on the 
heterogeneous beaches are vertically stratified (organized).  An important finding was that silt/clay 
content was significantly lower in all strata among Washed sites than among Unwashed sites, suggesting 
that flushing by beach washing removed significant quantities of silt/clay down to a depth of at least 20 
cm in the sediment.  This finding, based on more comprehensive data, contradicts the conclusions from 
the 2002 study, which did not examine differences in silt/clay content in different strata. 

An important product of these studies was the development of a functional organization metric 
(OM).  Using that metric, we showed that Washed sites remain significantly less organized than 
Unwashed sites, 21 years after the cleanup.  When OM is contrasted against the integrated hydrodynamic 
exposure score, Unwashed and Washed sites exhibited very different patterns.  OM for the Unwashed sites 
declined with increasing exposure; this significant correlation curve likely probably represents the ambient 
organization curve for exposure regimes in PWS.  In contrast, OM levels for the Washed sites in protected 
areas were significantly below those for Unwashed sites at similar exposure levels, but increased with 
increasing exposure, finally converging with the “ambient” curve in the area of highest exposure.  This 
significantly correlated curve demonstrates that organization appears to occur more rapidly at more 
exposed sites and likely represents an organization recovery curve for the exposure regimes in PWS.   

Observations from 2010 confirmed observations by other investigators that the bivalve 
assemblages in PWS, especially the littleneck clam, Leukoma staminea, have experienced dramatic 
declines.  Most of the dominant clam species declined appreciably in both small and large clam 
assemblages at both Unwashed and Washed sites.  An exception was the butter clam, Saxidomus gigantea.  
Both smaller and larger size-classes of the littleneck clam (L. staminea) declined by 95 percent, with most 
of the remaining dominant species declining by 14 to 68 percent.  Densities of the dominant clams were 
similar between Unwashed and Washed sites.  As a consequence of this dramatic decline, it is no longer 
possible to track recovery of the bivalve assemblages.  However, it remains possible to track the recovery 
of organization at the disturbed Washed sites. 

Comparison of the numerical assemblage characteristics indicated that Unwashed sites were no 
longer richer than Washed sites.  Values for abundance of individuals, number of species, number of 
individuals/m2, Shannon-Wiener diversity, and biomass were mostly similar to those observed at Washed 
sites in large and the small clam assemblages.  However, biomass in small clam assemblage in Unwashed 
samples was significantly greater than at Washed sites.  These patterns are contrary to those observed in 
2002.  It is likely these changes are a consequence of the dramatic decline in abundance observed in many 
of the clam species. 

Multivariate analysis (classification and non-metric multidimensional scaling) indicated that 
species composition in large and small clam assemblages was similar among Unwashed and Washed sites 
based on both abundance and biomass.  However, site relationships based on abundance of the individual 
species were significantly different from those based on biomass of the species.  Overall, classification 
and MDS analyses indicated that species composition is similar among Unwashed and Washed sites, i.e., 
that the bivalve assemblages at Unwashed sites cannot be distinguished from those at Washed sites in 
2010.  The tendency to conclude that this represents recovery is confounded by the fact that abundance of 
the major species in both treatment categories has declined dramatically. 

To gain a greater perspective on the significance of the decline in abundance described above, 
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long-term data sets ranging from 1990 through 2011 from Kachemak Bay, PWS, and Glacier Bay were 
evaluated to assess abundance patterns for L. staminea and S. gigantea.  Initially, greatest abundance for 
L. staminea was in PWS (377 clams/m2).  Substantial variation was observed among years in each area but 
abundance of L. staminea declined significantly in all regions over the 20-year period.  Abundance in 
2010/2011 was quite similar in all regions, ranging from 4 to 62 clams/m2.  Abundance of S. gigantea also 
declined significantly in both regions where it was sampled (p = 0.02; 1-tailed t-test), but not to the degree 
observed in Leukoma.  Density averaged 50.0 ± 13.6 clams/m2 at the beginning of the period and 17.0 ± 
6.1 clams/m2 at the end in Kachemak Bay and PWS. 

 
Declines were observed in juvenile, sub-adult, and adult populations in all three areas.  However, 

larval and post-larval life stages are considered to be the more sensitive stages.   Factors most likely to 
affect the survival of individuals in those stages are water temperature, especially for Leukoma, which is 
living at the extreme northern end of its range, pH (ocean acidification), and phytoplankton food stocks.  
Consequently, substantial effort was expended to assess the possibility that regional changes in water 
temperature, pH, and phytoplankton stocks could influence these declines.  We found that seawater 
temperatures have declined significantly throughout the region since 2005 but were often below likely 
temperatures at which Leukoma spawns in spring from 1995 through 2000.  Long-term research has 
shown that phytoplankton stocks and biomass have declined significantly since 2000; abundance of 
diatoms and dinoflagellates as well as overall phytoplankton biomass has declined dramatically.  Thus, the 
combination of 1) seawater temperatures in spring declining to levels that may be below a threshold for 
spawning and survival for larvae, post-larvae, and juveniles of the more southern L. staminea, and 2) a 
substantial reduction in phytoplankton stocks available to feed these stages, could lead to considerable 
reductions in survival of these forms and recruitment to the infaunal populations.  These potential 
reductions in recruitment to the benthic populations of L. staminea combined with normal attrition of sub-
adult and adult populations to predation, aging, and other sources of adult mortality, may provide part of 
the explanation for the observed decline of this clam throughout the northern Gulf of Alaska.   

 
While pH has declined substantially since 1960, based on provisiona; data from Seldovia Bay, it 

still does not appear to be low enough to cause problems in the production of calcium carbonate shells 
during the period of the year (spring and summer) that are crucial for development and survival of larvae, 
post-larvae, and juveniles of L staminea.  Thus, ocean acidification does not appear to be playing a role in 
the decline of bivalves in this region at this point in time.  However, research being carried out in PWS 
may alter that conclusion.   
 
Key Words: armoring, beach washing, bivalves, clams, coarse-grained, EXXON VALDEZ oil spill, 
Glacier Bay, hard-shell clams, heterogeneous sediments, Hiatella, high-pressure hot-water wash, injury, 
Kachemak Bay, Leukoma staminea, ocean acidification, organization metric, pH, phytoplankton, Prince 
William Sound, recovery, recruitment, Saxidomus gigantea, sediment condition, sediment organization, 
shoreline treatment, temperature. 

 
Project Data:  Description of data – Extensive field notes and photographs were collected to document 
site conditions in western Prince William Sound, Alaska.  Sediment and infaunal samples were collected 
from intertidal field survey at 39 locations in June 2010.  Sediment samples were composited from three 
locations along a single transect at each site.  The infauna was sampled with core samples to examine its 
smaller components and with excavation samples to examine its larger components.  Elevation of the 
sampling site was measured relative to water level at each site and corrected to provide an elevation 
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relative to Mean Lower Low Water.  Water temperature and salinity data were collected.  Considerable 
data showing site conditions are archived as digital images taken at each site.  Overall site geomorphology 
was documented at two locations per site using classic descriptive geomorphological methods and a series 
of calibrated photographs for the purpose of developing a metric to quantify organization of the large 
surficial clasts at each site.  Format – Field notes are located in field notebooks.  All infaunal, elevation, 
and water quality data exist as computer spreadsheet files.  Digital photographs are in JPEG image 
formats.  Samples of bivalves and other infaunal organisms from cores and excavation samples are 
archived in 70 percent isopropyl alcohol.  Custodian – Field notes, computer databases, and photo 
archives for the site and geomorphological photographs are in the custody of Dennis Lees and Christopher 
Hein.  Bivalve samples from the core and excavation samples are in the custody of Dennis Lees, Littoral 
Ecological & Environmental Services, 1075 Urania Ave., Leucadia, CA  92024.  Phone (760) 635-7998.  
Fax: (760) 942-1345, dennislees@cox.net.  Dr. Christopher Hein, 600 Cleveland Ave., #6307, Newport 
News, VA  23606.  Phone:  (857) 753-3566, hein@whoi.edu. 
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Lees, D. C., C. J. Hein, D. M. FitzGerald, and E. A. Carruthers.  2013.  Re-assessment of Bivalve 
Recovery on Washed Heterogeneous Beaches in Prince William Sound.  EXXON VALDEZ Oil Spill 
Restoration Project Final Report (Restoration Project 10100574).  National Oceanic & Atmospheric 
Administration National Marine Fisheries Service, Office of Oil Spill Damage & Restoration, Auke Bay, 
Alaska.   
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Executive Summary 

General 

Based on findings of 1990 – 1996 National Oceanic & Atmospheric Administration 
(NOAA) treatment effects study, long-term effects of beach washing of oiled heterogeneous 
coarse-grained beaches in western Prince William Sound (PWS) with high-pressure hot or warm 
water included: 1) dramatic reductions in population densities of long-lived species in surviving 
infaunal assemblages, especially bivalves; and 2) removal of fines and organics, which 
substantially changed sediment quality.  We hypothesized that these factors could combine to 
create a negative feedback process that delayed recovery of the infaunal assemblages.  

 
In 2002, using methods similar to those employed in the NOAA studies, we collected 

bivalves from infaunal cores sieved on a small-mesh screen to provide data comparable to those 
in the NOAA studies to assess younger components of the bivalve assemblage (small clam 
assemblage).  We also collected larger excavation samples that we sieved on a larger mesh 
screen to focus on the larger, more mature components of the bivalve assemblage (large clam 
assemblage).  We sampled 23 Washed (oiled-and-washed) and 17 Unwashed (oiled-but-
unwashed) sites.  To assess environmental and biological consistency with the earlier NOAA 
studies, the Washed and Unwashed (treatment) categories included three oiled-and-washed and 
one oiled-but-unwashed NOAA sites.   

 
In 2010, we returned to 39 of these same sites to examine whether differences still existed 

between Unwashed and Washed sites; the only site not visited was a historic washed NOAA site.  
We again compared:  

 
1. Sediment conditions (particle size, sorting, total organic carbon, total Kjeldahl 

nitrogen, and carbon: nitrogen ratio);  
2. Environmental variables (e.g., a hydrodynamic exposure score and latitude); 
3. Numerical assemblage characteristics of the bivalve assemblages (numbers of 

individuals (N), species richness (S); species diversity (H’, the Shannon-Wiener 
diversity index); 

6. Species composition and biomass of the clam assemblages;  
7. Abundance and size/age structure for the dominant bivalves.   
 

Sediments 

Sediments at both Unwashed and Washed sites were classified as gravels and pebbles (as 
they were in 2002) but overall, sediments were significantly coarser in the Washed category.  
Particle size correlated directly with hydrodynamic exposure at Washed sites in 2002 and 2010.  
However, since the range of exposure extended only slightly higher for Washed sites, we 
speculate that the larger particle size is a result of historic geologic conditions, e.g., differences 
in the types, size, or sources of rock at the Washed and Unwashed sites.   

 
An assessment of vertical stratification of the sediments showed that sediments on the 

heterogeneous beaches are vertically stratified (organized).  An important finding was that 
silt/clay content was significantly lower in all strata among Washed sites than among Unwashed 
sites, suggesting that flushing by beach washing removed significant quantities of silt/clay down 
to a depth of at least 20 cm in the sediment.  This finding, based on more comprehensive data, 
contradicts conclusions from the 2002 study, which did not examine differences in silt/clay 
content in different strata. 
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Sediment Organization 

Using a variety of measurements from a classic geomorphological method and an 
innovative three-dimensional photogrammetric approach, we developed a functional 
organization metric (OM).   Values of OM are independent of the considerable differences in 
particle size among sites.  Thus, differences in particle size among sites are not reflected in 
related changes in OM.  Moreover, in tests designed to see of OM can detect changes in 
organization caused by subsequent manual disturbance of previously measured plots, it did so in 
every case. 

 
A comparison of OM between Unwashed and Washed sites indicated that Washed sites 

remained significantly less organized than Unwashed sites in 2010, 20-21 years after the 
cleanup.  A contrast of OM with the integrated hydrodynamic exposure score revealed two very 
important aspects of the organization process.  First, OM for Unwashed sites declined regularly 
with increasing exposure.  This curve probably represents the ambient levels for OM across the 
exposure gradient. Second, levels of OM at Washed sites at the protected end of the exposure 
gradient were substantially lower than levels observed for Unwashed sites at similar levels of 
exposure.  However, at increasingly higher levels of exposure, OM at Washed sites increased 
and ultimately converged with the Unwashed (ambient) exposure curve at a point near the 
highest exposure level.  This indicates that the rate of organization recovery is more rapid in 
more exposed areas.  It appears that organization had recovered in the more exposed areas by 
2010, which means that recovery of the long-lived clam assemblages may have already begun.  
However, it also indicates that recovery of organization and the long-lived clam assemblage will 
require many more years in the more protected areas. 

 
These findings have important implications for resource managers and response teams 

dealing with anthropogenic disturbances (e.g., oil spills or dredging in “gravel” habitats for 
aggregates) and forecasting subsequent recovery in the infaunal biota living within the 
heterogeneous sediments to a truly functional level.  Since the sediments in protected areas had 
not recovered in PWS twenty years after beach washing, it is reasonable to predict that bivalve 
assemblages there would not recover for several more decades.  This lag entails considerable 
ramifications for the variety of predators that depend on these resources for food.  

 
Consequently, resource managers, responders, and other decision-makers involved in 

cleanups or other activities that would disturb organized heterogeneous sediments should 
carefully weigh the damages that could result from a cleanup against the benefits that would 
accrue from doing so.  The damages should include the ecological value of the lost resources to 
the ecosystem summed over the multi-decadal period required for the sediment and biological 
resources to recover.  In the case of a spilled contaminant such as petroleum hydrocarbons, the 
benefits should include the ecological value the resources protected by removing that 
contaminant over the relatively short period that it would take natural processes such as 
oxidation and microbial metabolism to reduce contaminant concentrations to non-toxic levels.  In 
the case of aggregate extraction, the primary benefit should be the value of the mineral resource 
itself and the cost should include how long it would take for an area exploited for aggregates or 
other minerals to return to a level of productivity similar to its baseline condition. 

 
Patterns and Changes in Bivalve Assemblages 

The most important conclusions from the 2010 studies regarding the bivalve assemblages 
relate to differences in the nature of those assemblages with those observed in the 2002 studies.  
The small and large clam assemblages observed in 2010 were quite different from those 
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observed in 2002 in many respects.  An unfortunate conclusion from the 2010 study is that, 
because of major changes in dominance patterns, it is no longer possible to track the recovery 
trajectory for those clam assemblages.  In fact, it appears they may be evolving from the stable 
states that existed before the 1964 Great Alaska Earthquake and before EXXON VALDEZ oil 
spill to an alternative stable state.   

 
Comparison of the numerical assemblage characteristics indicated that, contrary to 

patterns observed in 2002, Unwashed sites no longer richer than Washed sites.  Values for N, S, 
density, H’, and biomass in large and small clam assemblages were mostly similar among 
Unwashed and Washed sites.  Multivariate analysis (classification and non-metric 
multidimensional scaling) indicated that species composition in large and small clam 
assemblages was similar among Unwashed and Washed sites based on both abundance and 
biomass.   

 
We expected to see little change in abundance, species richness, or species diversity in 

the small clam assemblage among Unwashed sites between 2002 and 2010 but expected to see 
reductions in N and S and higher H’ among the Washed sites.  What we observed, however, was 
a significant decline in abundance of several important species in both the small and large clam 
assemblages, and changes in dominance patterns.  The most important of these was the 95 
percent decline in abundance in the littleneck clam, Leukoma staminea between 2002 and 2010.  
Because of these declines, it is no longer feasible to monitor the recovery trajectory for the 
bivalve assemblages.  Nevertheless, abundance of the littleneck L. staminea and the butter clam, 
Saxidomus gigantea, remained lower at Washed sites than at Unwashed sites, as was observed in 
2002. 

 
To gain perspective on these declines and attempt to understand the environmental 

factors that might have caused these reductions, we assembled long-term databases for L. 
staminea and S. gigantea.  The clam species are probably among the more important benthic 
species in this region in terms of the nearshore food web based on benthic organisms, and are 
among the longest living (15-25 years).  We obtained data bases from PWS, Kachemak Bay, and 
Glacier Bay.  Investigators in all areas had reported declining populations of L. staminea.  We 
also obtained databases for surface seawater temperatures and phytoplankton stocks for several 
regions, and pH for Seldovia Bay, in Kachemak Bay, Cook Inlet. 

 
The clam data suggest that stocks of L. staminea appears to have been declining 

regionally since about 1990 (Kachemak Bay, PWS, and Glacier Bay), but that stocks of S. 
gigantea, while declining somewhat, have remained relatively stable.  Thus, it is clear that the 
EVOS is not implicated in this phenomenon.  It is of interest, in this respect, that L. staminea and 
S. gigantea at Washed sites in PWS appeared to have exhibited a degree of quantitative recovery 
between 1990 and 2010.   

 
Patterns observed for the environmental factors varied in importance in the degree they 

might be able to account for the observed decline in abundance of the clams, particularly L. 
staminea.  The most important seasons for successful reproduction of this species appear to be 
late spring through mid-summer.  Seawater temperatures in the region have varied substantially 
since 1995 but were consistently below average in spring between 1995 and 2000 and 2006 and 
2010.  It appears that the average spring temperature may be at or below the lower temperature at 
which L. staminea will initiate spawning.  Larval development is slower and time to settlement is 
extended substantially at this temperature.  Therefore, reduced temperatures could be a factor in 
reduced recruitment for L. staminea, a southerly species living at the extreme northern end of its 
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range.  However, reduced temperatures do not explain the decline in the older clams. 
 
The only long-term data for pH are from Seldovia Bay, in Kachemak Bay, where it 

declined sporadically to levels that could be problematic for species that build calcareous shells.  
However, pH levels during the spring and summer from 2004 through 2010 were generally 
substantially higher than levels that have been shown to induce problems for such species.  
Therefore, it is unlikely that reduced pH is causing problems for either larval or adult L. 
staminea.  

 
Long-term declines in dominant phytoplankton stocks have been reported in PWS, Cook 

Inlet, and the Gulf of Alaska between 2000 and 2011.  Reduced availability of a primary food 
source could certainly lead to reduced survival of larvae, post-larvae, juveniles, and to a lesser 
extent, sub-adults and adults.  The declines include diatoms, dinoflagellates, and phytoplankton 
biomass.  In some cases, these declines are seasonal.  Abundance of diatoms and dinoflagellates 
remained stable during spring but declined in summer.  In contrast, biomass declined in both 
spring and summer.  Since summer appears to be the most important period for larval 
development for L. staminea, it is likely these declines have had an impact on the growth rates 
and survival of the larvae, post-larvae, and juveniles for that species.  Moreover, they could have 
had a lesser effect on Saxidomus larvae.   

 
Considering all of these patterns, it seems possible that reduced larval survival and 

survival of recruits to the benthos resulting from sub-optimal water temperatures and reduced 
phytoplankton stocks could have combined with attrition in the larger sizes of the L. staminea 
populations due to predation, aging, and other sources of mortality, to produce the large declines 
that have been observed in its populations throughout the northern Gulf of Alaska.   

 
In summary, sediments and the small and large clam assemblages in the Unwashed and 

Washed treatment categories still differed in 2010.  However, the dramatic declines in abundance 
preclude an ability to follow the recovery trajectory for the clam assemblages.  Nevertheless, it is 
possible to follow that trajectory for organized heterogeneous sediments. Unwashed sites have 
been shown to have higher sediment organization than Washed sites.  Finally, we have shown 
that levels of organization for Washed sites in protected areas are substantially lower than those 
for Unwashed sites, after twenty years, but that, at more exposed areas, they have converged 
with the ambient curve formed by the Unwashed sites across the exposure gradient. 
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Introduction 

The T/V EXXON VALDEZ ran aground in the northeastern part of Prince William Sound, 
Alaska, (PWS) on March 24, 1989.  Over the next several weeks, a substantial amount of the 
nearly 11 million gallons of spilled Alaska North Slope crude oil was deposited on a large 
proportion of beaches in the southern and western portions of the sound and on Gulf of Alaska 
beaches to the southwest.  Shoreline cleanup activities were carried out with varying degrees of 
intensity throughout the summers of 1989 on about 560 km of the 780 km of oiled shoreline in 
the sound (Harrison 1991).  More than 100 km of shoreline was washed in 1990.  Ultimately, in 
excess of 700 km of the oiled beaches were “washed,” typically using high-pressure, hot- or 
warm-water washing (HP-HW) techniques.  

 
National Oceanic and Atmospheric Administration (NOAA) commenced studies in 1990 

to assess the impact of beach washing on rocky habitats and heterogeneous sediments.  Analyses 
of infaunal data from this study of treatment effects and recovery (Recovery and Treatment 
Effects Program) suggested that infaunal assemblages on Washed  (oiled-and-washed) beaches 
remained fundamentally impaired as late as 1996 (summarized from Houghton et al. 1997).  This 
impairment was most evident in the bivalve assemblage but was also apparent for most major 
infaunal taxa.  For bivalves, abundance, species richness, and species composition were all 
negatively affected.  Based on shell-length: weight relationships, we can also infer that biomass 
was considerably reduced.  Abundance and species richness of infaunal bivalves were 
significantly lower at Washed than at Unwashed (oiled-but-unwashed) sites.  Averages for these 
variables at the Washed sites showed little change over the first six years of the program.  Based 
on the large differences between the Washed, the unoiled and the Unwashed (oiled but not 
washed) sites, this pattern suggested no apparent trends representing recovery.  

 
Most of the clams that burrow in stable sediments and characterize these beaches are 

large and long-lived (e.g., Macoma spp. and Leukoma staminea; Peterson and Andre 1980; 
Houghton 1973; McGreer 1983).  Washing appeared to have altered these assemblages by 
largely replacing the dominant species such as Leukoma and Saxidomus gigantea with small, 
short-lived pioneer species such as the nestler, Hiatella arctica.  This process changed the 
biological functioning of these beaches.  Prior to the cleanup, they had the ability to support large 
predators (humans, sea otters, and large sea stars).  After the spill, their ability to support 
foraging by these predators became quite limited as a result of the large decline in clam resources 
(Lees and Driskell 2007).  

 
The EXXON VALDEZ Oil Spill Trustee Council (EVOSTC) funded Restoration Project 

040574 to assess the generality and persistence of the apparent injury to this assemblage (Lees 
and Driskell 2007).  That program found that the initial conclusions of the NOAA studies 
regarding reduced abundance of clams at Washed sites were accurate.  They indicated that the 
clam assemblages in a considerable proportion of washed coarse-grained heterogeneous beaches 
in the western sound remained extremely disturbed 13 years after the spill and that these beaches 
were functionally impaired in terms of their ability to support foraging by humans and damaged 
nearshore vertebrate predators.  In particular, both sub-adult and adult populations of the large, 
long-lived hard-shell clams remained 66 percent less abundant at Washed sites than at Unwashed 
sites.   

 
The program also found that standard sediment properties such as particle size and 

organic content did not appear implicated in lagging recovery.  But, based on several lines of 
evidence, we deduced that a major cause for the delay might be disruption of the organization of 
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large surficial clasts (i.e., armoring or organization of coarse-grained sediments common in 
south-central Alaska).  This disruption was an effect of beach washing.  However, we were 
unable to provide quantitative support for this hypothesis.   

 
Based on the apparent recovery trajectory, we predicted that recovery to pre-spill status 

would take several more decades.  We also found that sedimentary components and the biota in 
the armored heterogeneous sediments in Prince William Sound do not respond according to 
traditionally described paradigms for homogeneous sediments. 

 
Driven by a desire to gain further insight into the recovery trajectory of this clam 

assemblage, the nature of sediment organization, and its role in recovery of the clam 
assemblages, the EVOSTC funded the current program.  An important element of this program 
was to develop a method to quantify organization in the heterogeneous sediments.  An additional 
goal was to assess the validity of reports that hard-shell populations were declining throughout 
the Pacific Northwest. 

 
Objectives 

A major objective of this study was to re-assess conditions in the hard-shell clam 
assemblages at 39 of the 40 sites that we surveyed in 2002 (Lees and Driskell 2007).  Analyses 
of these data were intended to provide a third point on the recovery trajectory, thereby refining 
the estimate of the time required for these valuable resources to recover from beach washing.  

 
A secondary objective of this study was to provide comparative data to allow evaluation 

of the report by Shigenaka et al. (2008) that abundance of hard-shell clam populations, especially 
littleneck clams (Leukoma), was declining, and that recruitment appeared to be failing in PWS 
and elsewhere in the Pacific Northwest, based on their survey during the summer of 2007. 

 
A third objective was to: a) attempt to develop a metric to measure the degree of 

organization in the large surficial clasts that compose the uppermost 10 cm of the heterogeneous 
coarse-grained beaches; and b) quantify organization (armoring) on Unwashed and Washed 
beaches to assess whether a difference in organization exists. 

 
Hypotheses 

Bivalve Assemblages 

 
a. Ho = Numerical characteristics of the bivalve assemblages (numbers of taxa and 

individuals) are similar among Washed and Unwashed sites. 
Ha = Numerical characteristics of the bivalve assemblages exhibit lower values 

among Washed sites that among Unwashed sites.   
b. Ho =Species composition of the bivalve fauna is similar among Washed and 

Unwashed sites. 
Ha = Species composition of the bivalve fauna is more complex and productive 

among Unwashed sites than among Washed sites.   
c. Ho =Abundance of hard-shell clams is similar among Washed and Unwashed sites. 

Ha = Abundance of hard-shell clams is greater among Unwashed sites than among 
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Washed sites.   
d. Ho = Large hard-shell clam abundance is statistically similar among Washed and 

Unwashed sites at protected and exposed sites, i.e., across an exposure 
gradient.  

Ha = Large hard-shell clam abundance is dissimilar among Washed and Unwashed 
sites at protected and exposed sites, i.e., across an exposure gradient.  Large 
hard-shell clams become more abundant with increasing exposure among 
Unwashed sites while showing no response among Washed sites. 

e. Ho = Young-of-year and sub-adult hard-shell clam abundance is statistically similar 
among Washed and Unwashed sites across an exposure gradient.  

Ha = Young-of-year and sub-adult hard-shell clam abundance is dissimilar among 
Washed and Unwashed sites across an exposure gradient.  Abundance of 
small hard-shell clams decreases with increasing exposure among Washed 
sites but shows no response to increasing exposure among Unwashed sites. 

 
Physico-Chemical Characteristics 

f. Ho = Sediment characteristics are statistically similar among Washed and 
Unwashed sites.  Percent silt/clay, Total Organic Carbon, Total Kjeldahl 
Nitrogen, and C: N ratios are similar among Washed and Unwashed sites.   

Ha = Sediment characteristics are dissimilar among Washed and Unwashed sites. 
Percent silt/clay, Total Organic Carbon, and Total Kjeldahl Nitrogen are lower 
among Washed than among Unwashed sites, and C: N ratios are higher among 
Washed than among Unwashed sites.   

g. Ho = Sediment characteristics are statistically similar among Washed and 
Unwashed sites across an exposure gradient.  Percent silt/clay, Total Organic 
Carbon, and Total Kjeldahl Nitrogen ratios are similar across an exposure 
gradient among Washed and Unwashed sites.   

Ha = Sediment characteristics are dissimilar among Washed and Unwashed sites 
across an exposure gradient. Percent silt/clay, Total Organic Carbon, and 
Total Kjeldahl Nitrogen become lower with increasing exposure among 
Washed sites while showing no effect among Unwashed sites.   

h. Ho = Metrics describing organization of coarse-grained sediments at Washed and 
Unwashed sites are statistically similar.  

Ha = Metrics describing organization of coarse-grained sediments at Washed and 
Unwashed sites indicate that organization levels are higher among Unwashed 
sites than among Washed sites.   

 
The bases for determining whether the alternative hypotheses defined above were 1- or 2-

tailed tests and the direction of the differences in cases where 1-tailed tests were specified were 
the patterns that we observed for specific variables during the 2002 study (Lees and Driskell 
2007).   

 
Study Area 

Prince William Sound is a relatively protected fjord system located on the south-central 
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coast of Alaska.  The shoreline is heavily dissected and irregular, providing a high diversity of 
shoreline types and a wide range of hydrodynamic exposures.  Exposure was quantified using a 
site-specific metric based in averaged ranks for six geological and six biological factors that 
respond to differing levels of exposure to wave action and currents (Lees and Driskell 2007).  
This study was conducted in central, western, and southwestern PWS, areas that lay in the path 
of the oil slick as it flowed southwest through the sound in 1989 (Fig. 1).  To maximize the 
potential for finding lingering effects of the cleanup in 2002, after 13 years, we had focused on 
areas that were moderately to heavily oiled and subsequently exposed to shoreline treatment1 
involving high-pressure hot- or warm-water washing (Washed sites) as well as heavily or 
moderately oiled sites that were not washed (Unwashed sites; Lees and Driskell 2007).  
Unwashed sites were randomly selected and were interspersed throughout the sampling area.  
Because differences between Unoiled and Unwashed categories in the infaunal studies in the 
NOAA treatment effects studies were no longer statistically significant, we opted to concentrate 
our efforts in 2010 on unwashed and washed sediments and omitted unoiled sediments from 
sampling our sampling design.  

 
We further concentrated our efforts on beaches in protected embayments and small coves 

that are primarily composed of a mixture of cobbles, pebbles, sand, and silt (i.e., heterogeneous 
coarse-grained or mixed-soft habitats).  However, we also sampled in relatively more exposed 
beaches such as Sleepy Bay and Disk Island.  To provide the best comparisons between periods, 
we re-occupied these sites in 2010 at approximately the same tidal elevations. 

 
In PWS, the semi-diurnal tides have an extreme tidal excursion of ca. 5.5 m (18.0 feet).  

Although we focused on sampling selected heterogeneous beaches between Mean Lower Low 
Water (MLLW = 0 meter) and 0.8 m (+2.6 feet) above MLLW, we actually sampled elevations 
from -0.4 m (-1.3 feet) and 0.9 m (+3.0 feet) MLLW.  Densities of littleneck and butter clams 
and other species were common within or above this elevation range at most of the unoiled or 
unwashed sites sampled during our NOAA studies.  In contrast, infaunal assemblages were 
impoverished at sites above +1.3 m (+4.3 feet).   

 
Prior to the oil spill, western PWS was subjected to a substantially more catastrophic 

event when the 1964 Great Alaska Earthquake uplifted the region.  The portion of the sound in 
which our studies were conducted was uplifted from ~1.2 m (4 feet) in the vicinity of the western 
mainland and islands to ~3 m (10 feet) on Latouche Island (Hanna 1971).  Uplift ranged from 
~1.1 to 2.7 m (4 to 8 feet) in areas of heaviest oiling.  Therefore, because they were thrust above 
an elevation at which they can survive, the intertidal clam assemblages in those areas were 
largely exterminated at that time.  Shell remnants of these clam beds, with clam shells still 
articulated and positioned in the sediments as they were on the day of the quake, can be found at 
high intertidal to supratidal elevations in many areas in PWS.  Thus, it is likely that the intertidal 
bivalve assemblages existing at the time of the oil spill had been redeveloping for only 25 years.  
Based on these qualitative observations, it appears the clam assemblages existing at the time of 
the spill comprised substantially younger and smaller clams than those destroyed by the quake.  
Moreover, considering the smaller size and lower densities of the longer living species (Pacific 
littleneck clams [Leukoma staminea] and Washington butterclams [Saxidomus gigantea]), the 
post-quake assemblages appeared less developed.   

 

                                                
1 The combination of both Unwashed and Washed sites will be referred to as “treatment categories” in the text.  
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Figure 1. Bivalve and sediment organization sampling sites in western Prince William 
Sound, Alaska, June 2010. 



 

 10 

Methods 

Site Selection 

The major purposes of this study were to monitor recovery and compare bivalve 
abundance patterns to those observed in 2002.  As such, the 39 sites occupied during this study 
were specifically those sampled in the EVOS TC 2002 study (Lees and Driskell 2007).  GPS 
coordinates and site photographs from the 2002 study were used to reoccupy the same area to the 
degree allowable by tide levels at the time of sampling.  One site, Northwest Bay West Arm, was 
deleted from this suite of sites on the understanding that NOAA would sample it during a 
complementary study.  That site ultimately was not sampled. 

 
Physico-Chemical Sediment Analysis   

Bulk sediment samples were collected at all sites for textural analysis of the whole 
sediments, total organic carbon (TOC), and total Kjeldahl nitrogen (TKN).  The sediment 
organics samples were composited from surficial sediments scooped approximately 2 cm deep at 
points immediately adjacent to three randomly selected sampling locations for the excavation 
samples.  Thus, the single composite-sample method did not provide a measure of within-site 
variability.  Each sample was preserved by freezing. 

 
Bulk sediment samples for granulometry were collected in a manner that facilitated 

measurement of vertical stratification of the sediments.  Working from one side of an infaunal 
excavation cavity, a 10-cm diameter core sampler was inserted horizontally ≈15 cm into the 
undisturbed sediment beside the cavity.  Core samples were collected for three strata at each site, 
producing three samples per site.  Only half the diameter of the core sampler was inserted to 
collect the upper layer.  In that core, care was taken to include all of the coarse clasts on the 
surface that could fit into the core sampler.  For each of the lower samples, the entire diameter of 
the sampler was inserted into sediment immediately below the next upper core sample. Thus, 
these horizontally oriented core samples sampled to a depth of approximately 25 cm. 

 
Particle-size analyses were accomplished by means of dry sieving at 1-phi (φ) intervals 

down to 4 φ (0.0625 mm, the boundary between very fine sand and silt).  A Laser Diffraction 
Particle Size Analyzer (LDPSA) was used to delineate sediment fractions between 4 φ and 11 φ 
(0.00049 mm; fine clay).  These analyses provided statistics for the determination of mean, 
median, and sorting (graphic standard deviation).  Median particle size (Md) is equal to phi50.  
Mean particle size (Mz) in mm is equal to 2exp(-φ50).  The equation used to calculate the sorting 
coefficient for each sample is (φ84 – φ16)/2.  These statistics provide a reliable means of 
comparing the grain-size distributions among study sites.   

 
In the laboratory, the samples used for analysis of organic nutrients in the sediments were 

purged of inorganic carbon, dried at 70°C, ground, and sieved through a 120-mesh screen.  TOC 
was measured on a Dohrman DC-180 Carbon Analyzer using EPA method 415.1/5310B.  TKN 
was measured by chromate digestion as described in EPA Method 351.4.  Quality control (QC) 
for TOC included analysis of standards, method blanks, and comparison of replicate analyses.  
All QC analyses for TOC fell within acceptable QC limits.  QC for TKN included analyses of 
spiked blanks and replicate analyses of spiked samples.  All of the spiked TKN blank analyses 
fell within QC limits.  However, none of the RPD or REC statistics for the replicate analyses was 
within QC limits.   
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Photogrammetric and Geomorphological Analyses for Clast Organization 

General morphological characteristics, including overall slope, sediment composition, 
and fetch exposure were noted for each study site.  We noted that the study areas showed large 
diversity of character, even within the individual sites.  Often a single site had regions dominated 
by smaller clasts (pebbles to cobbles) and others dominated by larger clasts (cobbles to 
boulders).  Therefore, most individual sites were subdivided into two smaller study regions, 
chosen to reflect this textural diversity.  Within each of the two regions at each site, a ≈1-m2 
study plot was positioned along the same topographic contour used for the biological sampling.  
Photogrammetric and geomorphological analyses of each plot were used to further classify sites 
and capture variation across individual sites.  

 
Plot areas were first marked out using a series of 10-cm diameter coded targets.  These 

were later used in the PhotoModeler Scanner analysis (see “PhotoModeler and MATLAB 
Analyses”, below).  The surface of each plot was first cleared of all plant cover and large motile 
invertebrates.  Care was taken to ensure that clasts within these plots remained undisturbed 
during this clearing process.  Vegetation was cut from the individual clasts, exposing the surface 
of the clasts such that morphological analysis captured the shape and form of the bare clasts (Fig. 
2).  A yardstick and vertically oriented PVC pipe were placed within each plot to provide for 
horizontal and vertical reference scales.  

 
A series of high-resolution stereophotos of each plot was then captured using a Nikon 

D90 camera with a 20.0 mm lens specially calibrated for working with the PhotoModeler 
Scanner software.  Photos were positioned to capture only the plot area and were collected from 
a variety of angles and elevations to capture each clast from a variety of perspectives.  Photos 
from each orientation were collected in pairs, with each member of the pair offset laterally by 
<50 cm from the other.  This provided stereophoto pairs from a variety of orientations (Fig. 3).  
A series of 5–10 stereo pairs was collected of each plot.  Generally, plots dominated by coarser-
grained gravel required a greater number of photos than those with finer clasts due to the number 
of orientations needed to capture the topography of larger cobbles and boulders.  Finally, a 
number of overview photos allowed for subsequent general characterizations of the plot and 
study site.       

 
Following the collection of all photos, a collection of clasts was measured for each plot 

according to the methodology for Wolman Pebble Counts (Wolman 1954).  The long (a 
[length]), intermediate (b [width]), and short (c [depth or height]) axes of the largest 15–47 clasts 
at each site were measured.  Sites with larger, more variable clast sizes required additional clast 
counts in order to fully characterize the sediment diversity within the plot.  

 
Photogrammetric analysis and clast counts provide only a characterization of the surficial 

sediments at each plot.  Short, 30–50 cm deep ditches were excavated adjacent to study plots to 
characterize the sedimentological variability with depth.  Stratigraphy (particle size, clast 
orientation, sorting) was described for each ditch.    
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Figure 2. Overview photo of Plot #1 at Site FL3C.  Note tape measure marking topographic 
contour used in biological sampling.  PVC pipe was positioned vertically for later analysis. 

 

  
Figure 3. Downward-looking stereophoto pair from Plot #1 of Site FL3C.  Note that all 
plants and motile invertebrates have been carefully cleared from plot.  Coded targets are used to 
mark plot boundary and in later photo analysis.  Scale is provided by the meter stick, on which 
coded targets are positioned exactly 50 cm apart. 

 
Biological Sampling 

In the NOAA studies cited above, we used a clam-gun core sampler to sample bivalves 
and the associated infauna.  It became clear when we analyzed these samples that this approach 
provided good information on smaller clam species and juveniles of larger clam species but did 
not provide adequate data on abundance and size structure of the naturally less abundant, older, 
larger clams.  This shortcoming created an important gap in our understanding of the long-term 
dynamics of clam populations and recovery.  Consequently, we chose to use two contrasting 
methods to gain a fuller understanding of population and recovery dynamics.  Smaller bivalves 
were sampled using 10.7 cm in diameter (0.009 m2) core samplers.  The core samplers were 
inserted 15 cm deep into the sediment, replicating the methods used in the NOAA study.  
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Consequently, we have a comparable record of the small clam assemblage extending back to 
1989.   

 
Five cores (total of 0.045 m2 sampled) were collected at randomly selected locations 

along a 30-m transect laid horizontally at each site at the lowest feasible level for completing the 
sampling and within the specified elevation range (-0.6 to 1.0 m MLLW); the actual level varied 
with tide stage.  Each sample was field-sieved through a 1.0-mm mesh screen, washed into a 
double-labeled Ziploc bag, and fixed with buffered 10 percent formalin-seawater solution.  These 
samples were collected to provide data consistent with and comparable to the 2002 EVOS and 
the 1990-2000 NOAA programs and to gain an understanding of the status of smaller clam 
species and younger size classes of the larger, more longevous clams. 

 
For the larger, older, less abundant and typically more dispersed bivalves, sediments were 

excavated to a depth of 15 cm using a shovel and hands inside a square 0.0625-m2 quadrat.  
Three replicate excavations (a total of 0.1875 m2 sampled) were collected adjacent to first, third, 
and fifth randomly placed core samples described above.  These sediments were sieved on site 
through 6.35-mm (0.25-inch) mesh hardware cloth, the bivalves removed, placed in labeled bags, 
and frozen for shipment to the laboratory.  This approach provided useful information on 
abundance and size and age structure of the larger size classes.  These samples were collected to 
gain an understanding of the status of older size classes of the larger, more longevous clams  

 
The two sample types provide complementary data.  The core samples provide data on a 

wider spectrum of sizes but, because larger animals are generally rare, these data are better suited 
for evaluation of the smaller clams and juveniles of the larger species.  This component is lost in 
the sieving process for the excavation samples but, because that approach samples four times the 
surface area, it provides substantially better information on the larger, less abundant clams.  
Processing the excavation samples with the finer mesh sieve used for the core samples would 
require an inordinate amount of time both in the field and in the lab. 

 
Following receipt in the laboratory, the samples were washed on a 1-mm sieve to remove 

the formalin-seawater solution and then preserved with 70-percent isopropyl alcohol.  After 
identification and enumeration in the laboratory, shell length was measured with digital calipers 
to 0.1-mm precision.  In addition, age was estimated for four species (Protothaca, Saxidomus, 
and Hiatella, Macoma inquinata) by counting growth checks (annuli).  Arbitrary size criteria 
based on examination of the size-frequency histograms for each species were used to distinguish 
juveniles from adults for one set of analyses.  For Protothaca, specimens <10 mm in shell length 
were classified as juvenile.  For Saxidomus, Macoma inquinata, and Hiatella, shell length 
criteria for juveniles were <12, <15, and <6 mm, respectively.   

 
Statistical Analysis 

Summary Statistics 

The species-site matrix was summarized numerically in terms of the species richness (S), 
number of individuals (N), and the Shannon-Wiener information species diversity index (H’).  
This diversity index accentuates the effects of rare species on the species richness aspects of 
species diversity (Krebs 1998).  

 
TOC and TKN data were used to calculate C: N ratios for each of the sampling locations.  

This ratios is useful in assessing the type of organics that predominate at a location, i.e., whether 
the organics at a site are more by benthic diatoms or bacteria or fresh or weathered detrital 
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material or hydrocarbons.  C: N ratios of less than 10 are typical of bacteria and rapidly dividing 
diatoms (Tyson 1995; Valiela 1995).  C: N ratios for fresh benthic algae or seagrass typically 
range from 12 to 20.  Fresh terrestrial plant matter has C: N values between 20 and 30.  Finally, 
petroleum hydrocarbons have very high C: N ratios (James R. Payne, pers. comm.) because they 
are carbon-rich and nitrogen-poor.  As all of these materials age, their C: N ratios increase, i.e., 
they have less nitrogen per unit of carbon (Tyson 1995).   

 
PhotoModeler Scanner and MATLAB Analyses 

Stereophoto pairs recorded in the field in plots at each sampling site were analyzed using 
the PhotoModeler ScannerTM (Eos Systems Inc.) software package.  This system is a three-
dimensional scanner that produces a dense point cloud from photographs of textured surfaces 
(sediment clast plots, in this case).  Photos were input into the software package and stereo-pairs 
were chosen.  Coded targets, visible on all plot photos, were manually identified on each photo 
by the analyst and cross-referenced between photos.  Photos were then “idealized”, a process that 
converts the camera used in the project from “real” form to “ideal” form, to account for artifacts 
associated with the curvature of the camera lens.  An ideal camera has no lens distortion, square 
pixels, and a centered principal point.  The images in the project are re-sampled and the 
photographic marks are shifted to match the new idealized images (Eos, 2010).  The result is the 
edge-warping of each photo such that the photo captures a true projection of space.  Photo scale 
and orientations were calibrated using the meter stick and vertical pipe visible in most photos.  

 
The PhotoModeler software was then used to create a 1-mm horizontal resolution “dense 

surface”, a digital representation of the three-dimensional objects in the photo (Fig. 3).  This 
dense surface retains the scale and orientation noted in the photos and serves essentially as a 
matrix of elevation points at 1-mm resolution in an x, y coordinate system.  Dense surfaces were 
trimmed to the given plot areas using coded targets as plot area boundaries.  In some cases, 
interpolation across large data gaps (see Fig. 3) was employed to smooth the surface.  The 
resulting point mesh data were exported as x-y-z matrices (digital elevation models, DEMs).  
This process required nearly a day of unattended computer processing.   

 
Matrices were imported into MATLAB for comparative analyses.  All data underwent 

first-order detrending to remove artificial slope within the data set that resulted from the sloping 
beach surfaces.  Surface elevation (z-axis) statistics (mean, median, standard deviation, 
maximum and minimum elevations) were calculated for each plot.  Horizontal slices were then 
taken through the DEMs at the median elevation and at elevations representing the 10th and 25th 
percentiles above the minimum elevation.  The percent of data points above and below each of 
those slices was then calculated.  Together, these data provide a means for characterizing the 
size, sorting, and armoring characteristics of each plot area.     

 
Multivariate Analyses 

A variety of multivariate analyses were employed.  These included ordination (cluster 
analysis using the Bray-Curtis similarity index to produce two-dimensional comparisons 
[dendrograms]) and non-metric multidimensional scaling (MDS for three-dimensional 
comparisons).  These analyses were conducted based on the relationships among species and 
sites with regard to abundance and biomass (from PRIMER; Clarke and Gorley 2006).  

 
In addition, several analytical permutation methods were employed to evaluate 

relationships between site variables or factors and site similarity indices.  These included 
analysis of similarity (ANOSIM and RELATE, from PRIMER; Clarke and Gorley 2006). 
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Inferential Statistics 

Comparisons between the Unwashed and Washed arrays for sediment variables were 
evaluated using one-tailed Student’s t-test (Sokal and Rohlf 1969) or one-tailed randomization t-
tests run using an Excel add-in, Resampling Stats (Blank et al. 2001).  In addition, one-way 
ANOVAs and one-way ANOVAs with post-hoc tests were conducted using StatPlus algorithms 
embedded in Excel. 

 
Correlations between variate pairs within the Unwashed and Washed categories were 

analyzed using one of two methods to gain an understanding of the manner in which the 
variables related to one another both within and between treatment categories.  In some cases, 
regression equations describing the relationships and the significance of the relationship were 
calculated using the Pearson product-moment method (Sokal and Rohlf 1969).   

 
In many cases, the exact significance of the correlations was calculated using Resampling 

Stats to develop a specific distribution curve for correlation coefficients (r) for each data set 
(Blank et al. 2001).  The calculated value of r was then compared against the possible 
distribution of r from repeated reshuffling of the data for each variate (5000 iterations) to 
determine the exact probability that the observed value of r could occur.   

 
Slopes and “statistical elevations”2 of many of these compared regressions were 

evaluated using the approach outlined in (Zar 2010), as implemented in IGOR Pro version 
6.22A.  This approach makes two comparisons.  First, it assesses if the rates of change for the 
slopes of two regressions are the same (Ho) at the Washed and Unwashed sites.  Next, it 
compares the “statistical elevations”, i.e., the populations of values for the Unwashed and 
Washed sites, to assess whether they are the same (Ho).   A significant difference in either 
element can mean that organization differs between Washed and Unwashed sites. 

 
Inferential Limitations 

Three known factors may have affected this study’s ability to detect or infer effects.  
First, 13 years had passed since the spill event; it was possible that some or all of the Washed 
beaches may have recovered, in which case there would have been no effects to detect.  Second, 
intertidal clam assemblages in this region were observed during the NOAA study to have a high 
degree of variability (Houghton et al. 1997), thus suggesting natural disturbance at both 
Unwashed and Washed beaches could potentially confound the analyses.  And finally, historic 
beach cleaning records used to classify sites typically described shoreline segments but not 
necessarily our specific sites.  No public records are known to exist that explicitly indicate how 
any specific part of a shoreline segment was Washed.  Therefore, assignment of sites to either the 
Unwashed or Washed category involved a degree of uncertainty and each treatment category 
could be “contaminated” with incorrectly classified sites.  For these reasons and the desire to 
minimize false negatives, we adopted α = 0.1 as the critical level of significance for all statistical 
testing.  This a priori decision seems even more justified in hindsight in view of our hypotheses 
regarding armoring and the likelihood that sediment disturbance and variable recovery rates 
could increase the variability observed in the bivalve assemblages at Washed sites.   

                                                
2   As used in these discussion, “elevation” in the organization discussions refers to the z-axis of a 3-dimensional 
matrix whereas “statistical elevation” refers to the vertical position of the two population regressions (e.g., 
Unwashed and Washed populations) on a graph depicting an independent variable on the x-axis and a dependent 
variable on the y-axis. 
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Results 

A broad spectrum of data was collected or developed during the biological, 
sedimentological, and geomorphological studies and a complex array of analyses has been 
employed to investigate the subtleties within these data sets.  The following two paragraphs are 
provided as a road map to the description of results below.   

 
The initial section describes the physical and chemical characteristics of the sediments 

and relationships among these factors.  These factors and relationships are extremely important 
in understanding the effects of treatment and the response to and recovery from treatment in the 
clam assemblages.  Important parts of these analysis focus on the relationships between sediment 
variables and hydrodynamic exposure3.  Finally, this section addresses the organization of the 
large surficial clasts occurring in the heterogeneous sediments in PWS. 

 
The large proportion of the Results section is devoted to a wide range of biological 

characteristics of the bivalve assemblages and the interactions between these assemblages and 
various sedimentary and biological factors.  The initial elements are presentations of the 
numerical assemblage characteristics (N, S, and H’) of the large and small clam assemblages.  
Relationships between these characteristics and hydrodynamic exposure are integrated into these 
presentations.  These are followed by presentations of species distribution and composition 
patterns for the large and small clam assemblages.  These topics are important in understanding 
the quantitative and qualitative nature of the smaller and larger clam assemblages.  We then 
compare abundance of juvenile and adult clams and the contrast in patterns between Unwashed 
and Washed sites, which are important in understanding differential recovery rates.  We also 
compare size and age structure for the dominant clam species between Unwashed and Washed 
sites.  We then examine relationships between dominant bivalves and sediment properties and/or 
hydrodynamic exposure in order to gain an appreciation for the role these factors play in clam 
distribution.  Using latitude as a surrogate, we examine the relationship between bivalve 
abundance and distance from the Gulf of Alaska.  Finally, we present an extensive section of 
multivariate analyses in which we examine the multidimensional relationships among the 
bivalves observed during this study.   
 
Elevation of Sampling Sites 

Elevations for sample collection at 2010 EVOS sampling sites, ranging from +2.0 to -2.1 feet 
relative to MLLW, averaged +0.02 ± 0.2 feet (standard error [SE]) when KN553, located in an 
elevated basin, (+3.1 feet) was excluded (Table 1).  Average elevation was approximately 0.4 
feet lower in 2010 than in 2002.  Mean elevation (± SE) among Unwashed sites in 2010 was 
about 0.5 feet lower than among Washed sites, i.e., -0.3 ± 0.2 feet versus +0.2 ± 0.2 feet, 
respectively.  All sites are well within the optimal range for development of intertidal hard-shell 
clam populations. 

 
 Water Temperature and Salinity 

Water temperature and salinity were measured in knee-deep seawater immediately 
offshore of each sampling site.  Water temperature averaged 10.9 ± 0.2°C overall (Table 2).  
Temperatures ranged from 7.7°C to 13.0°C.  Averages were similar among Unwashed and 
Washed sites, differing by only 0.19°C.  Temperature became significantly lower with increasing 

                                                
3  Integrated hydrodynamic exposure score, integrated exposure score,  and hydrodynamic exposure score represent 
the same metric and are used interchangeably. 
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Table 1. Comparison of estimated elevation of sediment, excavation, and core samples at Unwashed and Washed sampling sites in western 
Prince William Sound during EVOS bivalve sample program in 2010 and 2002. 

Unwashed 
Sites 

Estimated 
Elevation (ft.) 

2002 
Elevation (ft.) 

Difference 
Between 2010 

& 2002 
Washed 

Sites 
Estimated 

Elevation (ft.) 
2002 

Elevation (ft.) 

Difference 
Between 2010 

& 2002 

Bay of Isles -0.2 0.9 -1.1 CH9 -0.5 -1.4 0.9 

CH1 -1.1 -1.4 0.3 DI66 0.1 - - 

CH8A -0.5 1.0 -1.5 DI67A -1.0 0.1 -1.1 

CH8B -1.3 -1.4 0.1 DI67B 2.0 +1.0 1.0 

EV70 0.7 0.8 -0.1 EV16 0.6 1.6 -1.0 

EV8 -0.1 0.6 -0.7 FL4A -1.0 -0.5 -0.5 

FL3A -1.0 -0.5 -0.5 FL4B 0.2 -0.9 1.1 

FL3B -1.8 -0.9 -0.9 IN31 1.4 +1.0 0.4 

FL3C 0.9 0.7 0.2 IN32 1.4 -2.1 3.5 

KN106A -0.3 0.6 -0.9 KN103A 1.1 1.6 -0.5 

KN106B -0.5 1.6 -2.1 KN103B 0.3 1.4 -1.1 

KN507 -0.7 1.4 -2.1 KN104 -0.6 1.8 -2.4 

KN553* 3.1 3.1 0.0 KN118 0.7 0.6 0.1 

KN554A -0.7 0.2 -0.9 KN130 -1.7 -0.5 -1.2 

KN554B 0.0 0.1 -0.1 KN131A 1.0 0.9 0.1 

KN575 1.9 1.0 0.9 KN131B -2.1 0.7 -2.8 

SQ1 0.8 1.2 -0.5 KN133 0.0 0.0 0.0 

  
   

KN4 1.4 1.4 0.0 
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Unwashed 
Sites 

Estimated 
Elevation (ft.) 

2002 
Elevation (ft.) 

Difference 
Between 2010 

& 2002 
Washed 

Sites 
Estimated 

Elevation (ft.) 
2002 

Elevation (ft.) 

Difference 
Between 2010 

& 2002 

  
   

KN502 0.7 0.5 0.2 

  
   

LA16 0.1 1.1 -1.0 

  
   

Shelter 1.1 0.3 0.8 

  
   

Sleepy -0.6 0.9 -1.5 

  
       Average -0.1 0.5 -0.6 

 
0.2 0.4 -0.2 

SE 0.3 0.3 0.2 
 

0.2 0.2 0.3 

Max 1.9 1.6 0.9 
 

2.0 1.8 3.5 

Min -1.8 -1.4 -2.1 
 

-2.1 -2.1 -2.8 
*  Because this sampling site is located in a protected basin on an elevated bench  substantially higher than all other sites, it has been excluded from statistical calculations. 



 

19 

Table 2. Water temperature and salinity of seawater at sampling sites in western Prince William  
Sound during EVOS bivalve sampling program in June 2010. 

Sampling 
Site 

Sampling 
Date 

Water 
Temperature (° C) 

Salinity 
(ppt) Treatment 

IN31 6/10/10 11.9 24.9 Washed 

DI67B 6/10/10 12.4 21.4 Washed 

DI67A 6/10/10 12.2 24.3 Washed 

DI66 6/10/10 - - Washed 

IN32 6/10/10 11.5 24.7 Washed 

KN104 6/11/10 10.5 26.7 Washed 

KN103B 6/11/10 11 26.7 Washed 

KN103A 6/11/10 11 26.7 Washed 

KN106B 6/11/10 12 25.8 Unwashed 

KN118 6/12/10 11 26.6 Washed 

KN106A 6/11/10 12.1 25.5 Unwashed 

KN502 6/12/10 11.1 27.3 Washed 

KN133 6/12/10 - - Washed 

KN131A 6/12/10 11.5 26.2 Washed 

KN131B 6/12/10 10.5 - Washed 

KN507 6/12/10 10.4 28.5 Unwashed 

KN130 6/12/10 - - Washed 

Bay of Isles 6/18/10 9.7 21.9 Unwashed 

KN4 6/18/10 11.8 23.9 Washed 

CH9 6/13/10 12 26.4 Washed 

CH8A 6/13/10 11.5 27.4 Unwashed 

CH8B 6/13/10 11.4 26.1 Unwashed 

KN553 6/14/10 12 26.4 Unwashed 

KN554A 6/14/10 12 26.4 Unwashed 

KN554B 6/14/10 13 26.4 Unwashed 

SQ1 6/14/10 12.1 26.6 Unwashed 

CH1 6/13/10 11.3 26.9 Unwashed 

KN575 6/14/10 12.1 27.5 Unwashed 
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Sampling 
Site 

Sampling 
Date 

Water 
Temperature (° C) 

Salinity 
(ppt) Treatment 

FL4B 6/15/10 9.5 25.1 Washed 

FL4A 6/15/10 9 26.1 Washed 

FL3C 6/15/10 7.7 27.5 Unwashed 

FL3B 6/15/10 10 27.6 Unwashed 

FL3A 6/15/10 9.5 27.6 Unwashed 

EV16 6/16/10 9.5 28.0 Washed 

Shelter 6/16/10 10 26.5 Washed 

EV8 6/16/10 9.7 25.1 Unwashed 

EV70 6/16/10 9.2 29.1 Unwashed 

LA16 6/17/10 10 26.8 Washed 

Sleepy 6/17/10 9.2 24.2 Washed 
 
proximity to the Gulf of Alaska (p<<0.01).  Salinity, ranging from 21.4 ppt to 29.1 ppt, averaged 
26.1 ± 0.3 ppt.  Salinity increased significantly with proximity to the Gulf of Alaska (p < 0.01).  
Average salinity among Unwashed sites was 0.85 ppt higher than among Washed sites.   
 
Physico-chemical Conditions in the Sediment 

The nature of sediments varied considerably among sampling sites (Fig. 4 and Table 3).  
Mean particle size (Mz) was generally relatively coarse, even in protected locations. Sediment types 
on 13 percent of the beaches were classified via the Wentworth scale as dominated by very coarse 
pebbles, 26 percent by coarse pebbles, 41percent by medium pebbles, 5 percent by fine pebbles, and 
3 percent by granules.  Sediments on many of the beaches also included sizable fractions of cobble.  
Although cobble content of the sediment samples analyzed averaged 19 percent, it may be poorly 
reflected in the grain-size analyses.  On these beaches, the coarser fractions appear to provide 
structure and stabilize the sediments, a consideration that will be addressed in the Sediment 
Organization section below.   

 
Nevertheless, despite dominance by coarse particles, the sediments generally contain 

appreciable quantities of sand, silt, and clay (an average of 24.7 percent overall; see Fig. 4).  Sand 
dominated, comprising an average of 20.2 percent of the heterogeneous sediments, followed by silt 
(3.1 percent), and clay (1.4 percent).   

 
Sediments at Washed sites were, on average, considerably coarser than at Unwashed sites (p 

= 0.00008; 1-way t-test; Table 4).  Mz, ranging from 3.0 to 23.1 mm at Unwashed sites and 3.3 to 
51.9 mm at Washed sites, averaged 9.8 mm and 18.3 mm, respectively, in those categories (Tables 3 
and 4).  Six Washed sites had larger Mz than the coarsest of the Unwashed sites but ten Unwashed 
sites had higher silt/clay content than any Washed site (Fig. 5).  
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Sediment coarseness was accentuated by the paucity of the silt/clay fraction (fines).  Ranging 
from 0.07 to 13.4 percent, fines averaged 5.1 percent at Unwashed sites and 1.3 percent at Washed 
sites (Tables 3 and 4; Fig. 5). The content of this fraction in the sediment was significantly lower 
among Washed than among Unwashed sites (p = 0.00001).   

 
Figure 4. Comparison of sediment size class composition among surficial sediments sampled 
on hard-shell clam beaches at Washed and Unwashed sites in western Prince William Sound during 
the 2010 EVOS study.  Sites are arranged from northernmost (left side) to southernmost.  Numbers 
overlying the bar for each sampling location represent Mz (mm) for that sample, e.g., Mz at 
IN31was 14.3 mm. 

 
Concentrations of TOC and TKN, and C: N ratios also varied considerably, ranging from 0.2 

percent to 5.0 percent for TOC, 0.016 to 0.22 percent for TKN, and 6.9 to 89.5 for C: N (Table 3).  
Averages for TOC and TKN were quite similar between Unwashed and Washed sites but C: N ratios 
were significantly higher among Washed sites (Table 4).  The range of C: N ratios suggests that the 
sources of sediment organics varied from primarily benthic diatoms and bacteria to weathered 
terrestrial detritus (Tyson 1995) but the averages suggest the predominant source of organics was 
weathered marine and terrestrial plant material.  

 
Correlations between variate pairs were examined to assess relationships between the 

sediment properties and determine if the variates differed between treatment categories.  The 
relationships between sediment variables were varied.  Eight of twenty potential correlations were 
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significant (Table 5) and one other variable pair exhibited a strong trend (0.2 > p > 0.1).  Four 
variate pairs either correlated significantly or exhibited strong trends in both Unwashed and Washed 
categories.  These included: 1) Mz and silt/clay (negative for Unwashed and Washed), 2) silt/clay 
and TKN (positive for Unwashed and Washed), TKN and TOC (positive for Unwashed and 
Washed), and 4) TOC and C: N ratios (positive for Unwashed and Washed).  As expected (e.g., 
Tyson 1995, CSIRO 2000), silt/clay exhibited highly significant inverse correlations with Mz at both 
Unwashed and Washed sites (Table 5; Fig. 5).  On the whole, it appears that sediment properties are 
generally “behaving” in a similar manner at the Washed and Unwashed sites.  Silt/clay had the most 
relationships with other variates, demonstrating significant correlations with all other variates except 
C: N within the Washed category.  It correlated significantly or exhibited strong trends with only Mz 
and TKN within the Unwashed sites.  Mz was the least strongly correlated variate with the other 
variates.  Its only significant correlations were silt/clay in both Unwashed and Washed categories.  

 
Table 3. Properties in upper sediment horizon at Unwashed and Washed sites in western Prince 
William Sound in June 2010.  

Sampling 
Location 

Mean 
Mz 

(mm) 
Silt/ 

Clay (%) 
Sorting 

Coefficient 
TOC 
(%) 

TKN 
(%) 

C: N 
Ratio 

OILED-BUT-UNWASHED (Unwashed) SITES     
CH1 10.31 1.87 2.79 0.37 0.032 11.56 
CH8A 7.57 5.9 2.46 2 0.079 25.32 
CH8B  5.04 7.23 3.03 2.7 0.12 22.50 
EV8 11.53 3.6 2 1 0.063 15.87 
EV70 13.63 1.49 2.42 0.79 0.067 11.79 
FL3A 3.14 12.11 3.75 0.79 0.076 10.39 
FL3B 10.53 5.96 2.81 1.1 0.075 14.67 
FL3C 12.17 4.71 2.63 1.1 0.066 16.67 
KN106A 8.48 1.09 2.38 0.98 0.054 18.15 
KN106B 23.10 3.2 1.93 3.3 0.15 22.00 
KN507 9.53 0.73 1.45 0.64 0.032 20.00 
KN553 3.01 13.44 3.77 1.4 0.07 20.00 
KN554A 9.03 6.52 2.96 2.2 0.14 15.71 
KN554B 10.95 4.9 3.01 0.93 0.022 42.27 
KN575 15.38 2.05 2.46 0.35 0.051 6.86 
SL1 5.17 7.31 3.18 2.5 0.099 25.25 
Bay of Isles* 8.04 4.79 2.34 0.25 0.027 9.26 

OILED-AND-WASHED (Washed) SITES    
CH9 7.08 3.35 2.15 1.7 0.057 29.82 
DI66 20.2 0.13 1.21 0.48 0.016 30.00 
DI67A 20.25 0.86 1.73 1.5 0.096 15.63 
DI67B 6.52 2.04 2.09 0.98 0.046 21.30 
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Sampling 
Location 

Mean 
Mz 

(mm) 
Silt/ 

Clay (%) 
Sorting 

Coefficient 
TOC 
(%) 

TKN 
(%) 

C: N 
Ratio 

EV16 20.3 0.95 1.86 1.2 0.061 19.67 
FL4A 19.32 1.39 2.32 2.2 0.093 23.66 
FL4B 11.21 1.07 2.45 0.6 0.048 12.50 
IN31 14.27 2.01 1.1 5 0.22 22.73 
IN32 30.98 0.28 1.53 0.36 0.032 11.25 
KN4 13.1 1.49 2.59 1 0.046 21.74 
KN103A 25.11 1.18 1.85 2.4 0.084 28.57 
KN103B 28.02 1.77 1.89 1.5 0.099 15.15 
KN104 8.04 0.54 2.03 0.96 0.03 32.00 
KN118 23.88 1.16 1.08 3.5 0.15 23.33 
KN130 17.93 1.34 2.14 0.25 0.019 13.16 
KN131A 4.95 2.76 2.23 1.1 0.067 16.42 
KN131B 3.31 1.19 1.94 0.52 0.028 18.57 
KN133 10.59 1.59 2.4 3.4 0.038 89.47 
KN502 10.84 3 2.35 1.3 0.075 17.33 
LA16 37.07 0.6 1.07 2.1 0.21 10.00 
Shelter Bay* 16.72 0.75 2.31 1.1 0.034 32.35 
Sleepy Bay* 51.85 0.07 0.6 0.61 0.019 32.11 

*   Previous NOAA sites. 
 

Table 4. Average sediment properties for surficial sediments at Unwashed (UW) and Washed (W) 
sites in western Prince William Sound in June 2010.   

Sediment 
Properties 

Alternative 
Hypothesis 

Site Categories (No. of Sites) 
(Mean ± SE) 

 

Unwashed* 
(17) 

Washed* 
(22) 

Decision/ 
p-value 

Mz (mm) W > UW 9.80 ± 1.18 18.25 ± 2.46  Accept/<0.001 
Sorting Coefficient UW > W 2.67 ± 0.15 1.86 ± 0.12 Accept/<0.001  
Silt/Clay (%) UW > W 5.11 ± 0.87 1.34 ± 0.19 Accept/<0.001  
TOC (%) UW > W 1.32 ± 0.22 1.53 ± 0.25 Reject/0.27 
TKN (%) UW > W 0.072 ± 0.009 0.071 ± 0.012 Reject/0.48 
C: N Ratio W > UW 18.1 ± 2.0 24.4 ± 3.5 Accept/0.08  

 
In contrast, neither TOC nor TKN showed a relationship with Mz (Table 5; Fig. 6).  

Conversely, TOC and TKN correlated positively with silt/clay, mostly in a significant manner 
among the Washed sites (Table 5).  Moreover, concentrations of both types of organics were 
substantially higher than would be expected considering the coarseness of the sediments (Tyson 
1995; see Tables 3 and 4).  We also noted higher-than-expected levels of organics in our 2002 
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samples (Lees and Driskell 2007). 

 
Figure 5. Comparison of relationships between silt/clay and Mz in surficial sediments collected 
from hard-shell clam beaches at Washed and Unwashed sites in western Prince William Sound 
during the 2010 EVOS study.  Trend lines represent best-fit regressions for specified treatments.   

 
Table 5. Correlation coefficients (r) for relationships between sediment properties in Unwashed 
and Washed sites in western Prince William Sound in August 2002.   

 Washed Sites 

U
nw

as
he

d 
Si

te
s 

Variate Mz 
Silt/ 
Clay TOC TKN C: N 

 Mz   -0.69† 0.10 0.26 -0.13 
Silt/Clay  -0.80†  0.44*** 0.49*** 0.03 

TOC 0.12 0.13   0.80† 0.36** 
TKN 0.16  0.40*  0.89†  -0.27 
C: N -0.04  0.18  0.42**  0.19  

*  Strong trend (p < 0.2); ** significant (p < 0.1); ***  significant (p < 0.05); †   highly significant (p < 0.01)  
 
Examination of sediment data during this study indicated that sorting was a useful 

consideration.  Averages (± SE) for sorting coefficients differed significantly between Unwashed 
and Washed sites (p< 0.001; Table 4), and the strength of correlation between Mz and the sorting 
coefficients (Fig. 7) was highly significant among both Unwashed (p <<0.001) and Washed sites (p 
<< 0.01).  This finding that sorting is negatively correlated with Mz in both treatment categories at 
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least partially explains why sorting is higher at Unwashed sites, which are finer on average than 
Washed sites.   
 

Relationships of these sediment variables with hydrodynamic energy regimes, quantified as 
Integrated Exposure Scores, provide useful insights into the response of these variables to the 
combined hydrodynamic effects of wave action and tidal currents.  Mz exhibited a positive 
correlation to hydrodynamic exposure among Washed sites (p < 0.05; Fig. 8) but Unwashed sites did 
not correlate with exposure.  This indicates that Mz became coarser at Washed sites with increasing 
hydrodynamic exposure but was not influenced at Unwashed sites.  In contrast, the concentration of 
silt/clay declined significantly among Washed sites (p << 0.01) but did not respond to increased 
exposure among Unwashed sites (Fig. 9).  In contrast to the 2002 patterns, TOC and TKN declined 
significantly with increasing hydrodynamic exposure among Unwashed sites (p < 0.02 and 0.1, 
respectively; Fig. 10).  On the other hand, neither organic constituent showed a response to exposure 
among Washed sites.  The responses of Mz and silt/clay to the exposure gradient suggest the 
presence of some structural feature that protects fines from hydrodynamic exposure among 
Unwashed sites.  However, it appears that feature is far less effective among Washed sites. 

 
Figure 6. Comparison of relationships between TOC or TKN and Mz in surficial sediments 
collected from hard-shell clam beaches at Washed and Unwashed sites in western Prince William 
Sound during the 2010 EVOS study.  Trend lines represent the best-fit regressions for the treatments.   

 
Sediment Stratification 

Mean particle size varied widely among all three sediment horizons sampled at Unwashed 
and Washed sites (Table 6, Fig. 11).  Average Mz for all sediments in all strata was 11.7 mm overall.  
Sediments from Washed sites were coarser, on average, than those from Unwashed sites (13.9 mm 
vs. 8.9 mm).  Differences in average Mz between horizons were significant for the Washed category 
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(p = 0.029; 1-way ANOVA) but not for the Unwashed category (p = 0.55; Table 6).   
 
Differences in Mz were reflected in the percentages of gravel, sand, and mud.  Overall, upper 

sediments had significantly more gravel than mid or lower samples (p= 0.01 and 0.028, respectively; 
1-tailed t-test; Fig. 6).  In contrast, upper sediments had significantly less sand than mid sediments 
(p = 0.005) and tended to be less in lower sediments (p = 0.11).  Upper sediments also tended to 
have less mud than mid sediments (p = 0.18) and had significantly less mud than lower sediments 
(p = 0.067).  Differences were not significant between mid and lower sediments for any of these 
sediment classes. 

 
Figure 7. Comparison of relationships between sorting coefficients and Mz in surficial 
sediments collected on hard-shell clam beaches at Washed and Unwashed sites in western Prince 
William Sound during the 2010 EVOS study.  Trend lines represent the best-fit regressions for the 
treatments.   

 
Among Unwashed sites, the average difference between maximum and minimum values for 

Mz, encompassing upper, middle, and lower sediment horizons, was 21.2 mm.  Among Washed 
sites, this range was twice as great, averaging 42.4 mm.  Comparison of standard errors shows that 
sediments were more variable among Washed sites than among Unwashed sites, especially in the 
upper and lower levels (Table 6, Fig. 11).   

 
In both treatment categories, sediments were coarser in the upper than in the middle horizon 

but significantly so only at the Washed sites (p = 0.01; 1-tailed t test; Table 6; Fig. 11).  Moreover, 
Mz was consistently larger in the upper than in the lower horizon but again, only significantly so in 
the Washed sediments (p = 0.10).  Mz at Unwashed sites became smaller, on average, in 
progressively deeper sediment horizons but the differences were not significant.  In fact, the number 
of sites at which Mz was smaller or larger in the lower than in the upper horizon was about equal.  In 
contrast, the number of Washed sites with Mz smaller in the lower than in the upper horizon was two 
times greater (15 of 22 sites).  Consequently, the upper 15 cm of sediments at the Unwashed sites 
must be considered, on average, more homogeneous than at the Washed sites and lacking significant 
stratification.  The increasing importance of finer sediments at lower levels is clearly apparent in the 
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ternary graph (Fig. 12), where samples with content of sand exceeding 50 percent (2 sites) or 
silt/clay content exceeding 15 percent (6 sites) occurred only in the middle and lower horizons.  
However, the number of samples involved is small. 

 
Figure 8. Comparison of relationships between Mz and integrated hydrodynamic exposure 
scores in surficial sediments collected from hard-shell clam beaches at Unwashed and Washed sites 
in western Prince William Sound during the 2010 EVOS study.  Trend lines represent the best-fit 
regressions for the treatments.   

 
In the assessment of vertical stratification, we observed that silt/clay content was 

significantly lower in all strata among Washed sites than among Unwashed sites.  The p-values for 
comparisons of upper, middle, and lower strata between Unwashed and Washed sites were 0.00001, 
0.005, and 0.01, respectively (1-tailed t-test).  This suggests that flushing by beach washing removed 
significant quantities of silt/clay.  Differences were greatest at the surface but extended to ≈20 cm in 
the lower stratum. 

 
The pattern of decreasing Mz in lower horizons was clear among Unwashed sites based on 

the magnitude of changes.  Average Mz in the Unwashed sediments decreased 0.78 mm from the 
upper to middle horizon (Table 7), and 1.19 mm from the middle to the lower horizon (Table 8).  
The overall total decrease from upper to lower horizon was 1.97 mm (Table 7; 20 percent).  The 
uniformity of the decreases in Mz among Unwashed sites is demonstrated by the acceptance of the 
null hypothesis that no difference in magnitude of change occurred between horizons (p = 0.88; 1-
way ANOVA; Table 7).    

 
In contrast, the magnitude of change in Mz among Washed sites varied significantly among 

the horizons (p = 0.007; 1-way ANOVA), decreasing 7.7 mm from the upper to middle horizon but 
then increasing 2.38 mm from the middle to lower horizon (Table 7).  The overall decrease in 
average Mz, -5.32 mm (29 percent) at the Washed sites, was substantially greater than was observed 
at the Unwashed sites (-1.97 mm; Tables 7 and 8).  The magnitude of change in Mz was significant 
between upper and middle (p = 0.001) and middle and lower horizons (p = 0.03; 2-way t-test; Table 
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7) at Washed sites. 

 
Figure 9. Comparison of relationships between sorting coefficient (standard deviation) and 
integrated hydrodynamic exposure scores in surficial sediments collected from hard-shell clam 
beaches at Unwashed and Washed sites in western Prince William Sound during the 2010 EVOS 
study.  Trend lines represent the best-fit regressions for the treatments.   

 
Figure 10. Comparison of relationships between TOC or TKN concentrations and integrated 
hydrodynamic exposure scores in surficial sediments collected from hard-shell clam beaches at 
Washed and Unwashed sites in western Prince William Sound during the 2010 EVOS study.  Trend 
lines represent the best-fit regressions for the treatments.   
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Table 6. Mean particle size (mm) and percent silt/clay at upper, middle, and lower sediment 
horizons in sediments collected from hard-shell clam beaches at Unwashed and Washed sites in 
western Prince William Sound during the 2010 EVOS study.  The approximate depth at the bottom 
of the lower horizon in the sediment samplings was 15 cm. 

 
Sediment Horizon Change Between Horizons (mm) 

Site Upper Middle Lower 
Upper to 
Middle 

Middle to 
Lower 

Upper to 
Lower 

Unwashed Sites 
    CH1 10.31 6.62 8.42 -3.69 1.81 -1.88 

CH8A 7.57 26.14 11.98 18.57 -14.16 4.42 
CH8B 5.04 6.64 6.46 1.60 -0.18 1.42 
EV8 13.63 9.74 8.98 -3.88 -0.76 -4.65 
EV70 11.53 15.59 7.60 4.06 -8.00 -3.94 
FL3A7 3.14 6.44 6.91 3.30 0.47 3.77 
FL3B 10.53 8.05 8.44 -2.48 0.39 -2.09 
FL3C 12.17 5.46 7.78 -6.71 2.32 -4.39 
KN106B 23.10 0.89 0.44 -22.21 -0.45 -22.66 
KN106A 8.48 6.78 14.73 -1.70 7.95 6.25 
KN507 9.53 7.80 10.08 -1.74 2.28 0.54 
KN553 3.01 0.58 0.12 -2.43 -0.46 -2.89 
KN554A 9.03 5.19 0.13 -3.83 -5.06 -8.89 
KN554B 10.95 10.75 11.50 -0.20 0.75 0.55 
KN575 15.38 16.06 4.93 0.68 -11.14 -10.45 
SQ1 5.17 9.13 6.65 3.96 -2.48 1.48 
Bay of Isles 8.04 11.54 18.01 3.51 6.47 9.97 
Mean (mm) 9.80 9.02 7.83 -0.78 -1.19 -1.97 
SE 1.18 1.47 1.17 1.91 1.38 1.80 
Max 23.10 26.14 18.01 18.57 7.95 9.97 
Min 3.01 0.58 0.12 -22.21 -14.16 -22.66 
Mean % 
Silt/Clay 5.11 6.61 12.81    
Washed Sites 

    CH9 7.08 5.21 3.56 -1.87 -1.65 -3.52 
DI66 20.20 8.23 14.00 -11.97 5.78 -6.19 
DI67A 20.25 26.87 20.04 6.62 -6.83 -0.21 
DI67B 6.52 7.35 2.28 0.83 -5.08 -4.25 
EV16 20.30 10.47 9.76 -9.83 -0.72 -10.55 
FL4A 19.32 12.00 6.44 -7.32 -5.56 -12.88 
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Sediment Horizon Change Between Horizons (mm) 

Site Upper Middle Lower 
Upper to 
Middle 

Middle to 
Lower 

Upper to 
Lower 

FL4B 11.21 8.40 6.77 -2.80 -1.63 -4.43 
IN31 14.27 8.22 13.73 -6.06 5.51 -0.54 
IN32 30.98 4.84 5.04 -26.14 0.20 -25.94 
KN103B 28.02 9.68 7.16 -18.34 -2.52 -20.86 
KN103A 25.11 7.43 8.74 -17.68 1.31 -16.37 
KN104 8.04 5.32 10.30 -2.72 4.98 2.26 
KN118 23.88 7.33 29.14 -16.54 21.81 5.27 
KN130 17.93 9.94 14.64 -7.99 4.69 -3.29 
KN131A 4.95 9.14 7.29 4.19 -1.85 2.34 
KN131B 3.31 2.36 5.90 -0.96 3.54 2.59 
KN133 10.59 16.46 13.45 5.87 -3.01 2.86 
KN4 13.10 6.40 42.83 -6.70 36.43 29.72 
KN502 10.84 9.38 10.58 -1.46 1.20 -0.26 
LA16 37.07 14.22 20.51 -22.85 6.29 -16.56 
Shelter Bay 16.72 8.38 10.52 -8.35 2.15 -6.20 
Sleepy 51.85 34.42 21.76 -17.43 -12.65 -30.08 
Mean (mm) 18.25 10.55 12.93 -7.70 2.38 -5.32 
Std Error 2.46 1.55 2.00 1.95 2.15 2.67 
Max 51.85 34.42 42.83 18.57 36.43 29.72 
Min 1.18 0.58 0.12 -26.14 -14.16 -30.08 
Mean 
%Silt/Clay 1.34 1.88 1.93    

 
Sediments at Washed sites were significantly coarser than at Unwashed sites in both upper (p 

= 0.008) and lower horizons (p = 0.05; 2-way t-test; Table 8).   
 
The magnitude of change in mean Mz varied considerably among the sites (Fig. 13).  

Decreases in Mz (< 0 mm change) were more common from the upper to mid horizons and increases 
in Mz (> 0 mm change) were more common from the mid to lower horizons.  Mz at the upper 
horizon was less coarse than the lower horizon at fourteen sites.  These were evenly divided between 
Unwashed and Washed sites (Table 6). 

 
These patterns are supported by comparison of the gravel, sand, and mud content in the 

upper, middle, and lower strata between Unwashed and Washed sites.  In the upper stratum, Washed 
sites had significantly more gravel than Unwashed sites (p = 0.035) and significantly less sand and 
mud (p = 0.04 and 00001, respectively; 1-tailed t-test).  In the middle stratum, gravel trended higher 
at Washed sites (p = 0.18) and mud was significantly lower (p = 0.007).  In the lower stratum, 
Washed sites had significantly more gravel (p = 0.02) and significantly less mud (0.01).  In all cases, 
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gravel content was higher and mud content was lower at Washed sites than at Unwashed sites.   

 
Figure 11. Mean particle size (mm) in upper, middle, and lower sediment horizons in sediments 
collected from hard-shell clam beaches at Unwashed and Washed sites in western Prince William 
Sound during the 2010 EVOS study.  The approximate bottom of the lower level in the sediment-
sampling horizon was 20 cm.  Error bars are standard errors. 

 
Organization of Large Surficial Clasts in Heterogeneous Sediments 

Introduction and Definition of Terms 

The goal of this element of the 2010 studies was the quantification of the degree of 
organization of large clasts concentrated at the surface of the heterogeneous beach sediments among 
Unwashed and Washed sites.  Here, we define “organization” in relation to coarse-clast orientation 
and packing.  Specifically for this study, the degree of coarse clast organization at the beaches of 
PWS may play a crucial role in the ability of these beaches to harbor assemblages comprising long-
lived bivalves and other infaunal organisms.  The two principal components of this study were to: 

 
1. Develop a metric to measure organization of the large surficial clasts on the surface of  

the heterogeneous sediments; and, if that effort was successful; 
2. Use this metric to determine if clast organization differs between Unwashed and 

Mean particle size (mm) of upper levels of sediment in sediments in western Prince William Sound.
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Washed sites.   

 
Figure 12. Ternary comparison of size class composition for three sediment classes among 
sediment horizons from several EVOS clam beaches in western Prince William Sound in western 
Prince William Sound during the 2010 EVOS study. 

 
Specific methods employed in this part of the study were: 1) three-dimensional 

photogrammetric analyses of one or two photoplots with ≈1 m2 area along the lower intertidal zone 
of each beach, 2) Wolman Pebble Counts (Wolman 1954) of clasts in the surficial fabric of these 
photoplots, and 3) textural analyses of whole sediment samples collected in the vicinity of the 
photoplots.  The photogrammetric approach produced a three-dimensional (3-D) surface elevation 
matrix (a “digital elevation model” [DEM]) of the beach surface.  This DEM mirrored, to the extent 
possible, the measurements collected in the surface of the fabric.  The number of x-y-z points 
obtained from the integrated ≈1 m2 photoplots to produce the matrices ranged from ≈250,000 to 
≈700,000; resolution was ≈1 mm2.  The number of points in a given plot varied due to differences in 
the final area covered by the photoplots and the complexity of the surficial fabric formed by the 
clasts.  The primary measurement obtained from every point in this matrix was the value for z, its 
vertical axis.   

 
Specific methods employed in this part of the study were: 1) three-dimensional 
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photogrammetric analyses of one or two photoplots with ≈1 m2 area along the lower intertidal zone 
of each beach, 2) Wolman Pebble Counts (Wolman 1954) of clasts in the surficial fabric of these 
photoplots, and 3) textural analyses of whole sediment samples collected in the vicinity of the 
photoplots.  The photogrammetric approach produced a three-dimensional (3-D) surface elevation 
matrix (a “digital elevation model” [DEM]) of the beach surface.  This DEM mirrored, to the extent 
possible, the measurements collected in the surface of the fabric.  The number of x-y-z points 
obtained from the integrated ≈1 m2 photoplots to produce the matrices ranged from ≈250,000 to 
≈700,000; resolution was ≈1 mm2.  The number of points in a given plot varied due to differences in 
the final area covered by the photoplots and the complexity of the surficial fabric formed by the 
clasts.  The primary measurement obtained from every point in this matrix was the value for z, its 
vertical axis.   

 
Table 7. Comparison of magnitude of changes in mean particle size (mm) between specified 
sediment horizons at Unwashed and Washed sites in western Prince William Sound, June 2010, 
based on 1-way ANOVA. 

Treatment 

Upper to 
Middle 

Unwashed 

Middle to 
Lower 

Unwashed 

Upper to 
Lower 

Unwashed 

Upper to 
Middle 
Washed 

Middle to 
Lower 

Washed 

Upper to 
Lower 

Washed 
Mean -0.78 -1.19 -1.97 -7.7 2.38 -5.32 
Std Error 1.91 1.38 1.80 1.95 2.15 2.67 
p 0.88* Accept 

 
0.007* Reject 

 • Based on changes between upper and middle, middle and lower, and upper and lower horizons for each treatment 
type. 

 
Table 8. Comparison of mean particle size (mm) in upper, middle, and lower horizons at 
Unwashed and Washed sites, based on 2-way t-tests. 

Treatment 
Upper 

Unwashed 
Upper 

Washed 
Middle 

Unwashed 
Middle 
Washed 

Lower 
Unwashed 

Lower 
Washed 

Mean 9.8 18.25 9.02 10.55 7.83 12.93 
Std Error 1.18 2.46 1.47 1.55 1.17 2.00 
p-value 0.0076 Reject 0.49 Accept 0.049 Reject 

 
Terms important to this discussion are defined below: 
 

• a – Longest axis (length) of an individual surficial clast, in cm (Fig. 14), as physically 
measured on site; 

• b – Intermediate axis (width) of an individual surficial clast, in cm (Fig. 14), as physically 
measured on site; 

• c – Shortest axis (thickness) of an individual surficial clast, in cm (Fig. 14), as physically 
measured on site; 

• abar – Mean length (a, in cm) of all measured clasts in a given photoplot; 
• bbar – Mean width (b, in cm) of all measured clasts in a given photoplot; 
• cbar – Mean thickness (c, in cm) of all measured clasts in a given photoplot; 
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Figure 13. Relationships between changes in mean particle size between upper and middle and 
middle to lower strata at Unwashed and Washed sites in western Prince William Sound in 2010.  The 
sites are arranged from north to south from left to right.  

 
• amax – Maximum length (a, in cm) of measured clasts in the surficial fabric in a given 

photoplot; 
• bmax – Maximum width (b, in cm) of measured clasts in the surficial fabric in a given 

photoplot; 
• cmax – Maximum thickness (c, in cm) of measured clasts in the surficial fabric in a given 

photoplot; 
• x – Location of a point along the x-axis of a 3-D matrix for each DEM (in mm); 
• y – Location of a point along the y-axis of a 3-D matrix for each DEM (in mm); 
• z – Height measurement (i.e., elevation above an arbitrary zero plane, in mm) of a grid cell 

(≈1 mm2) within a 3-D matrix for each DEM; 
• zbar – Mean elevation (z, in mm) of all grid cells in 3-D matrix for each DEM;  describes the 

central tendency of z for each photoplot; 
• sd(z) – Standard deviation of all z values for a given photoplot (mm); provides an indication 

of the variability in z within a population of grid cells for a given photoplot; 
• (zbar/10)/abar – Potential organization metric where zbar for a given photoplot is 

standardized for the mean clast length (abar) for that plot; values range up to >1; no units; 
high values reflect poorer organization; 

• (zbar/10)/amax – Potential organization metric where zbar for a given photoplot is 
standardized for the maximum clast length (amax) in that plot; values range up to 1; no units; 
high values reflect poorer organization;  
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• (sd(z)/abar)/abar – Potential organization metric where sd(z) for a given photoplot is 
standardized for the mean clast length (abar) in  that plot; high values reflect poorer 
organization; 

• abar/(sd(z)/abar) – The version of the organization metric deemed most appropriate for 
comparative analyses; high values reflect higher organization. 
 
Primary objectives of this section of the report are to describe: 1) the processes and criteria 

used for developing the most suitable organization metric; and 2) the means by the several potential 
metrics function.   This type of analysis has never before been conducted in this type of setting, 
hence considerable detail is provided on the development process.  This involved contrasting various 
metrics associated with z values for each plot (zbar and sd(z)) with the Wolman Pebble Count 
measurements.  The intent of this approach is to integrate measurements from the photoplot DEMs 
and the actual clast measurements for the plot and produce a metric that is standardized to neutralize 
the natural response of zbar to differences in clast size. 

 

 
Figure 14.  Diagrammatic representation of a, b, and c axes of a clast, as defined for Wolman 
Pebble Counts. Image source: http://www.dep.wv.gov/WWE/getinvolved/sos/Pages/SOPpebble.aspx 

 
Comparison of Metrics 

The primary criterion for selecting an organization metric is that it must be independent of to 
differences in clast textures (particle sizes, i.e., a, b, and c dimensions) at different sites.  This 
criterion is selected because any metric will, by definition, be based on actual measurements from 
the Wolman Pebble Count element or from the photoplot DEMs generated by the photogrammetric 
approach.  Both approaches work with a wide variety of mean clast sizes that could strongly 
influenced metric at specific sites.  However, a significant tendency of a metric to increase or 
decrease with differences in particle size precludes comparison among sites with different particle 
sizes.  Furthermore, it is also preferable for the value of the derived metric to exhibit a positive 
correlation with organization, i.e., sites with higher metric values are those with greater surficial 
clast organization.  

 
Grain-Size Distributions Within Photoplots 

Several types of measurements can be used to summarize particle size when comparing the 
several variables associated with sediments and organization.  Among those relevant from this study 
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are Mz, abar, bbar, cbar, amax, bmax, and cmax.  Mean Mz for the upper sediment horizons (  ± SE 
= 14.6 ± 1.6 mm) is based on whole-sediment samples from the upper 5 cm of sediment from all 
sites.  These Mz values reflect nearly the full range of particle sizes present in the sediment (clay to 
small cobble; larger cobbles and boulders were excluded from a sample where present).  In contrast, 
abar (9.3 ± 0.4 cm) and amax (21.3 ± 1.1 cm) are based on length measurements of only the larger 
15 to 47 clasts exposed at the surface in each of the photoplots.  The number measured likely 
represents <5 percent of the total exposed clasts larger than granules.  Corresponding measures for 
bbar (6.0 ± 0.3 cm) and bmax (12.3 ± 0.6 cm) are based on width measurements of these same clasts.  
Mean dimensions for abar were similar among Unwashed and Washed sites (p > 0.7); the same was 
true for bbar (p > 0.3).  Consequently, measurements for abar, amax, bbar, and bmax are typically 
five-fold to an order of magnitude larger than for Mz.  Since mean dimensions for cbar differed 
significantly between Unwashed and Washed site (2.9 ± 0.2 cm vs. 3.5 ± 0.2 cm, respectively; p < 
0.05), we were concerned this difference could exert unequal effects in the comparisons between 
categories.  Therefore, metrics related to the c-axis have been omitted from further consideration in 
organization analyses.  

 
In his analysis of large surficial clasts in streambeds, Wolman (1954) used measurements of 

the b-axis of individual clasts.  This was likely done to provide a comparable measure to Mz for the 
same set of clasts.  Indeed, traditional sieve methods used for grain-size analysis (and used for bulk 
grain-size analyses of sand and coarser sediments in this study) measure the b-axis of a given 
particle – this is the dimension that determines passage through the sieve.   

 
By contrast, clast organization is predominantly a function of the a-axis of the clasts.  

Organization will be greatest when the a-axes of the surficial clasts are oriented parallel to the 
surface of the sediment (or, more precisely, the beach slope).  Conversely, organization will be 
lowest when the a-axes are oriented orthogonally to the surface, or roughly vertical, relative to the 
surface of the sediment.  These relationships can be considered as the theoretical construct for these 
analyses.  The b-axis does not play a role in this regard.  Therefore, the metrics pertaining to the b-
axis will not be considered in the analyses below.  (It is interesting to note, however, that metrics 
involving bbar for sediments from this region display patterns quite similar to those observed for 
abar.  However, this may not be true in sediments from other areas.) 

 
Based on the theoretical construct outlined above, the expectation is that values of zbar and 

sd(z) will be greater at less organized sites and smaller at more highly organized sites.  At more 
organized sites, larger percentages of clasts are oriented closer to horizontal than to vertical.  These 
factors result in smaller values for zbar and sd(z) at more organized sites.  Those relationships 
appear to pertain for these data.  For Unwashed sites, zbar (± SE) are 41.7 ± 2.7 mm and for Washed 
sites they are 50.2 ± 4.2 mm.  Moreover, sd(z) for Unwashed sites are, on average, 12.9 ± 0.9 mm 
and for Washed sites they are 17.7 ± 1.9 mm. 

 
A comparison of surficial clast measurements, abar and amax, to Mz indicates that the clast 

measurements are not correlated with Mz (Fig. 15).  This indicates that the lengths of surficial clasts 
are unrelated to the composition of the underlying whole sediment, as represented by Mz. 
Additionally, zbar, which is based on the 3-D matrix rather than the clast measurements, exhibits no 
relationship to Mz (p > 0.5).   

€ 

x 
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Figure 15. Relationships between abar or amax and mean particle size (Mz) for Unwashed and 
Washed sites in heterogeneous coarse-grained sediments in western Prince William Sound in 2010.  
U&L 90% CL in the legend indicates upper and lower 90-percent confidence limits. 

 
In contrast, abar correlates strongly with amax at both Unwashed and Washed sites (p << 

0.001 in both cases).   These variates are very closely related, i.e., the slopes for their data arrays are 
basically parallel.  This result is logical since both statistics are based on the same set of 
measurements, i.e., abar and amax.  Nevertheless, the statistical elevations of these arrays (the 
vertical centers of the Unwashed and Washed data arrays, as indicated by the 90-percent confidence 
limits for the regression lines and described in the Methods section) tend to be higher among 
Unwashed sites (0.25 > p > 0.1; Fig. 16).  Thus, abar at a particular level of amax is larger for 
Unwashed sites than among Washed sites. 

 
Similarly, zbar values derived for Unwashed and Washed sites are strongly correlated with 

abar (p  < 0.005 and < 0.002, respectively; Fig. 17) and amax (p = 0.001 and << 0.001, respectively; 
Fig. 18).  The slopes are not different in either case.  However, statistical elevation for zbar in 
relation to abar is significantly higher among Washed sites than among Unwashed sites but only 
trends higher for amax.  This indicates that abar may be a more suitable candidate for these 
comparisons than amax.  

 
The comparisons between various metrics derived to quantitatively describe sediment 

populations at PWS beaches (Figs. 15 through 18) indicate that Mz appears unrelated to sediment 
organization, but that abar and amax are both more suitable for comparisons with organization 
statistics derived from the 3-D matrices (e. g., zbar).  Consequently, Mz is excluded from subsequent 
analyses. 

 
Surface-Elevation Distributions Within Photoplot 

Initially, metrics related to distribution of physical elevations within photoplots (z) that were 
tested for viability in describing differences between Unwashed and Washed sites in organization of 
large clasts included zbar, sd(z), or (zbar/10)/abar.  These variables were contrasted with abar and 
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amax and were found to provide helpful insight.   

 
Figure 16. Relationships between abar and amax for Unwashed and Washed sites in 
heterogeneous coarse-grained sediments in western Prince William Sound in 2010.  U&L 90% CL in 
the legend indicates upper and lower 90-percent confidence limits. 

 

 
Figure 17. Relationship between abar, the mean DEM elevation with respect to an arbitrarily 
defined “zero” plane, and abar, the mean length of measured surficial clasts in given photoplots, for 
Unwashed and Washed sites in heterogeneous coarse-grained sediments in western Prince William 
Sound in 2010.  U&L 90% CL in the legend indicates upper and lower 90-percent confidence limits. 

 
The metric zbar correlated positively with abar at both Unwashed and Washed sites (p < 

0.005 and 0.002, respectively; Fig. 17).  Likewise, zbar also correlated with amax at these sites p ≤ 
0.001 in both cases; Fig. 18).  The slopes observed for these relationships did not differ in either case 
(p > 0.5 and p > 0.3, respectively) but statistical elevations of zbar in the abar comparison was 
significantly higher among the Washed sites than among the Unwashed sites (Fig. 17; p < 0.05).  In 
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the amax comparison, the difference was only a trend.  Although zbar exhibited a positive response 
to particle size, since the response was statistically similar for both Unwashed and Washed sites, 
such an offset in statistical elevation suggests that organization was higher among Unwashed sites 
than Washed sites.   

 
Figure 18. Relationship between zbar, the DEM elevations with respect to an arbitrarily defined 
“zero” plane, and amax, the maximum length of measured surficial clasts in given photoplots, for 
Unwashed and Washed sites in heterogeneous coarse-grained sediments in western Prince William 
Sound in 2010.  U&L 90% CL in the legend indicates upper and lower 90-percent confidence limits. 

 
These comparisons do not provide a clear indication of the relative efficacy of abar and amax 

for assessing organization.  In the comparison using zbar-amax (Fig. 18), statistical elevations for the 
Unwashed and Washed sites exhibited a trend toward a difference (0.25 > p > 0.1), indicating that 
abar may provide a more robust metric for comparisons.  Conversely, however, the regressions using 
amax were more strongly significant (p < 0.001 in both cases), indicating that amax may be more 
effective. 

 
The occurrence of strong positive correlations between zbar and abar or zbar and amax 

violates the principal criterion established for acceptability of an organization metric.  Furthermore, 
it demonstrates that zbar, by itself, is not suitable for comparing organization between sites with 
different particle sizes.   While this metric appears to provide insights into organization, it must be 
standardized before it can be used to provide meaningful inter-site comparisons.   

 
A second metric derived from the photoplot elevation matrices is sd(z).  Comparison of this 

metric with abar and amax provided similar results as comparisons with zbar (Figs. 19 and 20).  As 
indicated above, sd(z) represents the degree of variation observed in the z values for a site.  The 
theoretical construct predicts that sd(z) should be greater at less organized sites because the large 
clasts have a potential for greater elevation as they rotate vertically.  In both cases, the regressions 
for Unwashed and Washed sites were highly significant (p < 0.001); thus, sd(z) exhibited strong 
positive relationships with abar and amax.  Slopes were not different in the abar comparison but they 
exhibited a trend toward a difference in the amax comparison.  The statistical elevation for Washed 
sites was significantly higher than for Unwashed sites in the abar comparison (p < 0.1; 1-way t-test) 
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but only trended higher in the amax comparison (0.2 > p > 0.1).  Although sd(z) varied with particle 
size in both categories, the positive response was parallel.  Again, this supported the argument that 
Unwashed sites were more organized than Washed sites.  Nevertheless, these comparisons did not 
provide a rationale for choosing abar over amax as a reference metric. 

 
Figure 19. Relationships between the standard deviation of DEM elevations for z (sd(z)) and 
abar, the mean length of measured surficial clasts in given photoplots,  for Unwashed and Washed 
sites in heterogeneous coarse-grained sediments s in western Prince William Sound in 2010.   U&L 
90% CL in the legend indicates upper and lower 90-percent confidence limits. 

 
As with zbar, the strong positive relationships between sd(z) and abar or amax indicated that 

sd(z) was not suitable for comparing organization among sites with different particle sizes, as 
represented by abar or amax (Figs. 19 and 20).  Nevertheless, this metric also provided insights into 
organization but first had to be standardized in order to provide meaningful comparisons.  In both 
cases, the slopes were not different (similar response by sd(z) to abar or amax) but the statistical 
elevations for Washed sites were significantly higher (less organized) than for Unwashed sites (p < 
0.01 and 0.1, respectively).  The strongest difference in elevation was seen with abar.   

 
Normalization of Photoplot Elevations: Producing a Particle-Size-Independent 
Organization Metric 

Several approaches for normalizing metrics related to zbar were applied in the development 
of an organization metric that is independent of particle size.  The first approach normalized the zbar 
value for a given photoplot by the abar value for that same plot (Fig. 21).  This was accomplished 
after converting zbar from mm to cm to produce a dimensionless metric.  

 
When the resulting metric was contrasted with abar, the slopes for the Unwashed and 

Washed sites were not statistically different (p > 0.5).  This similarity in slope indicates that the 
metric is responding to abar in the same manner at both Unwashed and Washed sites.  However, the 
statistical elevation for the Washed sites was significantly higher than that observed for the 
Unwashed sites (p < 0.025; 1-way t-test), suggesting that Washed sites were significantly less 
organized than Unwashed sites. 
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Figure 20. Relationships between the standard deviation of DEM elevations for z (sd(z)) and 
amax, the maximum length of measured surficial clasts in given photoplots, for Unwashed and 
Washed sites in heterogeneous coarse-grained sediments in western Prince William Sound in 2010.  
U&L 90% CL in the legend indicates upper and lower 90-percent confidence limits. 

 

 
Figure 21. Relationships between zbar normalized to abar ((zbar/10)/abar) and abar for 
Unwashed and Washed sites in heterogeneous sediments in western Prince William Sound in 2010.  
U&L 90% CL in the legend indicates upper and lower 90-percent confidence limits. 

 
An important finding from this exercise is that the regression for the Unwashed sites 

exhibited a negative trend and the Washed sites showed a significant negative correlation with abar 
(Fig. 21).   Thus, as with the direct application of zbar and sd(z), these patterns violate the principal 
criterion established for acceptability as an organization metric and indicate that this metric is 
unsuitable.  Similar patterns were observed when (zbar/10)/abar is contrasted with amax. 
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A second approach for developing an organization metric that is independent of particle size 
was to normalize sd(z), in cm, by abar.  For both Unwashed and Washed categories, the slope of the 
metrics in relation to abar was basically flat, i.e. exhibited not relationship (p > 0.5; Fig. 22).  This 
indicates they showed no appreciable response to particle size.  

 
However, the statistical elevation for the set of Washed sites was again greater than for the 

Unwashed sites, indicating that, on average, Washed sites were less organized.  As defined, higher 
degrees of organization would correlate to lower values as per this metric; hence, we have opted to 
simplify and clarify this relationship by inverting the equation (abar/(sd(z))) so that the magnitude of 
the final adopted metric correlates positively to the level of organization for the sites.  

 

 
Figure 22. Relationships between sd(z) normalized to abar (sd(z)/abar) and abar for Unwashed 
and Washed sites in heterogeneous sediments in western Prince William Sound in 2010.  U&L 90% 
CL in the legend indicates upper and lower 90-percent confidence limits. 

 
Test of Functionality for the Theoretical Construct and Organization Metric 

The efficacy of this final organization metric (OM) was evaluated by comparing OM 
calculated for four selected beach photoplots before and after experimental manual disturbance.  
Each plot was photographically documented (see Methods) and Wolman Pebble Count 
measurements collected in the standard method.  Subsequently, trowels, shovels, or entrenching 
tools were used to significantly disturb the surface of the photoplot.  Each plot was then re-
photographed.  3-D matrices were produced to allow statistical comparison of changes in OM for the 
initial and post-disturbance plots.  In this comparison, all values for OM and sd(z) for the several 
plots are higher following disturbance, indicating that the theoretical construct is valid and that OM 
appears to function well (Table 9; Fig. 23).  Mean OM decreased significantly (-31.0 percent; p = 
0.016; paired 1-way t-test) and mean sd(z) increased significantly (+52.4 percent; p = 0.035) after 
disturbance.  

 
It should also follow that artificial disturbance has the potential to cause greater change in 

OM and sd(z) at sites that initially are more organized than at less organized sites.  This tendency 
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was, in fact, observed (Table 9 and Fig. 23) but the replication is low.  Nevertheless, OM decreased 
an average of 45 percent at the unwashed BOI sites but only 17 percent at the washed KN4 sites 
following experimental manual disturbance.  Also, sd(z) increased 84 percent at the BOI sites but 
only 21 percent at the KN4 sites.  These results support the finding above that the OM functions as 
expected and provides useful insight into the degree of organization present in the surficial clasts in 
heterogeneous sediments. 

 
Table 9. Comparison of the changes in the organization metric (OM) and in the standard 
deviations of photoplot DEM elevations (sd(z)) following manual disturbance of the plots after 
initial documentation.  BOI sites were Unwashed whereas KN4 sites were Washed.   

Site Initial OM 
Disturbed 

OM 
Change in 
OM (%) 

Initial 
sd(z) 

Disturbed 
sd(z) 

Change in 
sd(z) (%) 

BOI-1 0.58 0.35 -39.4 9.9 16.3 64.9% 

BOI-2 0.50 0.25 -50.1 17.3 34.9 102.2% 

KN4-1 0.53 0.41 -22.9 30.5 39.5 29.7% 

KN4-2 0.58 0.52 -11.3 18.7 21.0 12.8% 

Average 0.55 0.38 -31.0 19.1 27.9 52.4% 

SE 0.02 0.06 8.7 4.3 5.5 19.8% 
 

Comparison of Organization Between Unwashed and Washed Sites 

Application of the OM to all 66 study sites used in the analyses reveals systematic 
differences between Washed and Unwashed sites.  Specifically, Unwashed sites displayed a higher 
level of organization (mean OM ± SE  = 0.75 ± 0.04; range = 0.48 - 1.24) than Washed sites (mean 
OM ± SE = 0.62 ± 0.04; range = 0.22 to 1.41; Fig. 24).  Organization among Unwashed sites was 
significantly higher than among Washed sites (p = 0.01; 1-tailed t-test). 

 
Recognizing the documented reduction in organization reported above for several sites 

following mechanical disturbance during this study, it is reasonable to tentatively attribute this 
systematic difference between Washed and Unwashed sites to the long-term impacts of beach 
washing activities in 1989 and 1990.  Beach disorganization is expected following such extensive 
disturbance.   

 
However, over time, the impacts of disturbance should be mitigated as beaches return to a 

natural state of organization.  This is expected to occur largely through wave action reworking 
coarse clasts along the beach face.  The ability of a breaking wave to rework beach sediment is 
determined by wave energy, which is proportional to the square of the height of that given wave 
(Komar 1998).  As such, events producing higher wave heights (i.e., storms) are responsible for most 
reworking of beach sediments.  Unfortunately, the moderately to highly protected nature of PWS 
shorelines and variability in the open-water exposure (fetch) of these beaches will likely result in 
vastly different wave energies striking individual beaches for a given storm event throughout the 
sound (Hayes et al. 2010).  This injects an additional uncontrolled variable into the comparison 
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between Washed and Unwashed sites.     

 
Figure 23. Comparison of the organization metric in photoplots in Prince William Sound before 
and after experimental manual disturbance at unwashed sites, BOI-1 and BOI-2, and washed sites, 
KN4-1 and KN4-2.   

 
 Contrasting OM with the integrated hydrodynamic exposure score appears to account for 

these variable long-term effects to some extent.  OM values for Unwashed and Washed sites 
exhibited opposite trends when plotted against the exposure metric (0.2 > p > 0.1; Fig. 25).  
Unwashed sites tended to become less organized with increasing exposure.  This trend is expected as 
exposed sites are subjected to higher magnitude and more frequent natural disturbance by high-
energy wave events.  This trend for Unwashed sites can be assumed to represent the ambient levels 
of organization for undisturbed heterogeneous sediments across these varying exposure regimes.   

 
Washed sites exhibited a contrasting pattern.  Beaches in more protected locations (i.e., those 

with lower degrees of exposure), were substantially less organized than similarly exposed but 
Unwashed sites.  However, Washed sites tended to become more organized with increasing 
exposure.  This likely reflects more rapid re-organization due to higher wave energies.  At an 
exposure score of 3.83, the level of organization for Washed sites appears to have converged with 
the ambient level observed for Unwashed sites (Fig. 25).  The crossover of the two regression lines 
is probably an artifact of the variability indicated by the two sets of confidence limits and therefore 
meaningless.  This analysis provides two implications: 1) grain-size normalized organization at 
undisturbed sites will typically be higher at sites with lower exposure (Fig. 25); and 2) the 
organization or reorganization process occurs more rapidly at more exposed sites.  

 
Finally, this analysis provides insights into the rate at which re-organization occurs in 

heterogeneous coarse-clast beaches that have undergone substantial disturbance.  This has important 
management implications.  It appears that sediments disturbed by washing in 1989/90 had recovered 
by 2010 at the more exposed sites in PWS.  However, it appears that sediments disturbed in 1989/90 
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in protected areas had not reached a steady-state level of organization/disorganization even 20-21 
years after these beaches were washed.  Furthermore, it appears that recovery at the more protected 
sites will require appreciably more time before they attain the ambient levels of organization that 
were observed at the similarly exposed Unwashed sites (Fig. 25).  

 
Figure 24. Relationships between the organization metric (=abar/sd(z)) and abar for Unwashed 
and Washed sites in heterogeneous coarse-grained sediments in western Prince William Sound in 
2010.  U&L 90% CL in the legend indicates upper and lower 90-percent confidence limits. 
 
Bivalve Assemblages 

We collected two types of samples that provide complementary data on clam ecology.  The 
core sampling approach provides data on a wider spectrum of sizes but larger animals are generally 
rare in these samples; this small clam assemblage is better suited for evaluation of the smaller clams 
and juveniles of the larger species.  The excavation sampling approach, covering four times more 
surface area, provides substantially better information on the larger, less abundant clams, i.e., the 
large clam assemblage, but is inadequate for smaller clams because they are not retained on the large 
mesh screen used to expedite processing for the larger volume of sediment collected by this 
approach.   

 
Numerical Characteristics 

Large Clam Assemblage 

The large clam assemblage from excavation samples represents the less abundant, larger, 
older size fractions for various clam species.  Samples collected from 17 Unwashed and 22 Washed 
sites were dominated by Hiatella arctica (Arctic Hiatella, a nestling clam; 235 individuals; 41 
percent of total individuals collected; Table 10) in terms of abundance.  Other important bivalves 
included butter clams (Saxidomus gigantea; 115 individuals; 21 percent), Macoma balthica (Baltic 
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macoma; 66 individuals; 11 percent), and Leukoma staminea (littleneck clams; 50 individuals; 9 
percent).  Only two of the ten species encountered, Saxidomus4 and Leukoma, occurred at half or 
more of the sites.  Four species occurred at four or fewer sites. 

 
Figure 25. Relationships between the organization metric, abar/sd(z), for heterogeneous 
sediments for Unwashed and Washed sites in western Prince William Sound and the integrated 
hydrodynamic exposure metric in 2010.   U&L 90% CL in the legend indicates upper and lower 90-
percent confidence limits. 

 
For the large clam assemblage, number of individuals (N) and species richness (S) per site 

varied substantially among the sites (Table 10).  N, ranging from 0 to 76 per site, averaged 14.7 ± 
2.6 (SE) clams per site.  S, with a maximum of eight species per site, averaged only 1.8 ± 0.3 (SE).  
Consequently, Shannon-Wiener species diversity indices (H’) were generally low, averaging 0.66 ± 
0.09.   

 
Rankings differed somewhat between abundance and whole wet weight (WWW), but the three 
dominant bivalves were the same.  Butter clams, comprising 67 percent of the WWW in the samples, 
strongly dominated clam weights (Table 11).  Littleneck clams comprised 19 percent of the total 
weight and Hiatella comprised only 8 percent.  These three species contributed 93 percent of the 
total weight in the large clam assemblage.  In terms of biomass, butter clams contributed about 181.8 
± 38.0 (SE) g WWW/m2. overall but up to 775 g WWW at some sites. 

 
Values for N, S, and H’ did not differ significantly among Unwashed and Washed sites.  The 

expected relationship for the large clam assemblage was that values at the Unwashed sites would be 
higher than at the Washed sites, as was observed in 2002.  In fact, this did not occur for any of the 
numerical variables (Table 12).  Values for N, S, density, H’, and biomass among Unwashed sites 
were all less than among Washed sites.  Consequently, the hypothesis of no difference was accepted 
in all cases (p = 0.75, 0.76, 0.74, 0.89, and 0.93, respectively; 1-way randomization t-test; Table 12).  

                                                
4 The commonly discussed species in this report (e.g., Hiatella arctica, Leukoma staminea, Rochefortia tumida, and 
Saxidomus gigantea) that are not subject to ambiguity among congeners will be referred to by genus names in the 
remainder of this report after first mention in the text except in tables. 
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Table 10. Pooled numbers of bivalve species, numbers of individuals (N) and species (S), density, and Shannon-Wiener species diversity (H’) for 
triplicate excavation samples from Unwashed and Washed sites in western Prince William Sound, June 2010.  Each number within the species/site 
matrix represents total number of individuals in three excavation samples.   
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Unwashed                           
  CH1 0 4 0 0 0 0 0 0 0 0 0 4 1 21.3 0.0 

CH8A 0 0 0 4 3 0 0 0 0 0 0 7 2 37.3 0.7 
CH8B 0 0 0 2 10 0 0 0 0 0 0 12 2 64.0 0.5 
EV70 2 11 0 2 1 0 0 0 0 0 0 16 4 85.3 1.0 
EV8 37 0 0 1 0 0 0 0 0 0 0 38 2 202.7 0.1 
FL3A 0 17 0 0 0 0 0 0 0 0 0 17 1 90.7 0.0 
FL3B 0 3 0 0 0 0 0 0 0 0 0 3 1 16.0 0.0 
FL3C 0 10 0 2 0 0 0 0 0 0 0 12 2 64.0 0.5 
KN106A 7 0 0 1 0 0 0 0 1 0 0 9 3 48.0 0.7 
KN106B 22 1 0 0 0 1 7 0 0 0 0 31 4 165.3 0.8 
Bay of Isles* 0 0 0 1 0 0 0 0 0 0 0 1 1 5.3 0.0 
KN507 0 0 0 3 0 0 0 0 0 0 0 3 1 16.0 0.0 
KN553 0 0 2 0 1 0 0 0 0 0 0 3 2 16.0 0.6 
KN554A 0 2 0 0 0 2 0 3 3 0 0 10 4 53.3 1.4 
KN554B 5 5 1 2 7 4 0 4 0 2 0 30 8 160.0 1.9 
KN575 8 3 0 0 0 0 0 2 0 0 1 14 4 74.7 1.1 
SQ1 0 5 0 0 0 0 0 0 0 0 0 5 1 26.7 0.0 
  

               Unwashed Total 81 61 3 18 22 7 7 9 4 2 1 215 11 
  Mean/Unwashed 

Site 4.76 3.59 0.18 1.06 1.29 0.41 0.41 0.53 0.24 0.12 0.06 12.65 2.53 67.45 0.54 
Std Error 2.43 1.18 0.13 0.30 0.70 0.26 0.41 0.30 0.18 0.12 0.06 2.65 0.45 14.15 0.14 
% of Unwashed 
Total 38% 28% 1% 8% 10% 3% 3% 4% 2% 1% 0% 
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Density (no/sq. 
m) 25.41 19.14 0.94 5.65 6.90 2.20 2.20 2.82 1.25 0.63 0.31 

  
67.45 

 Washed 
              

 
CH9 11 1 1 1 0 0 0 1 3 0 0 18 6 96.0 1.2 
DI66 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0 0.0 
DI67A 22 5 0 1 1 0 0 1 0 0 0 30 5 160.0 0.9 
DI67B 0 3 0 1 0 8 0 0 0 0 0 12 3 64.0 0.8 
EV16 5 5 0 1 0 0 0 0 0 0 0 11 3 58.7 0.9 
FL4A 0 2 0 0 1 1 0 2 0 0 0 6 4 32.0 1.3 
FL4B 4 4 0 6 1 2 0 1 0 0 0 18 6 96.0 1.6 
IN31 5 0 0 0 0 0 12 0 0 0 0 17 2 90.7 0.6 
IN32 0 2 0 2 0 0 0 0 0 0 0 4 2 21.3 0.7 
KN103A 0 0 0 2 0 1 0 0 0 0 0 3 2 16.0 0.6 
KN103B 2 9 0 8 0 6 0 0 0 0 0 25 4 133.3 1.3 
KN104 1 4 1 2 0 0 0 1 0 0 0 9 5 48.0 1.4 
KN118 0 2 5 0 0 2 0 0 0 0 0 9 3 48.0 1.0 
KN130 0 2 1 0 4 0 0 0 0 0 0 7 3 37.3 1.0 
KN131A 1 0 54 0 0 1 0 0 0 0 0 56 3 298.7 0.2 
KN131B 0 3 0 1 0 1 0 1 0 0 0 6 4 32.0 1.2 
KN133 2 0 1 0 0 0 0 0 0 0 0 3 2 16.0 0.6 
KN4 26 12 0 5 3 1 0 0 0 0 0 47 5 250.7 1.2 
KN502 0 0 0 1 0 0 0 0 0 0 0 1 1 5.3 0.0 
LA16 75 0 0 0 1 0 0 0 0 0 0 76 2 405.3 0.1 
Shelter Bay** 0 0 0 1 0 0 0 0 0 0 0 1 1 5.3 0.0 
Sleepy Bay** 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0 0.0 
  

               Washed Total 154 54 63 32 11 23 12 7 3 0 0 359 9 1915 
 Mean/Washed 

Site 7.00 2.45 2.86 1.45 0.50 1.05 0.55 0.32 0.14 0.00 0.00 16.3 3.00 87.0 0.76 
Std Error 3.6 0.7 2.4 0.5 0.2 0.4 0.5 0.1 0.1 0.0 0.0 4.2 0.4 22.6 0.11 
% of Washed 
Total 43% 15% 18% 9% 3% 6% 3% 2% 1% 0% 0% 

  
  

Density (no/sq. 
m) 37.3 13.1 15.3 7.8 2.7 5.6 2.9 1.7 0.7 0.0 0.0 

  
 

 *  Unwashed NOAA site, ** Washed NOAA sites 
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Table 11. Pooled whole wet weights (g/site) and site biomass estimates (g/sq. m.) for bivalve species for triplicate excavation samples from 
Unwashed and Washed sites in western Prince William Sound, June 2010.  Each number in the species/site matrix represents total whole wet weight 
of individuals, including shell, in three excavation samples.   
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Unwashed 
             CH1 15.22 0 0 0 0 0 0 0 0 0 0 15.22 81.2 

CH8A 0 37.35 0 0.8 3.25 0 0 0 0 0 0 41.4 220.8 
CH8B 0 5.04 0 0 7.32 0 0 0 0 0 0 12.36 65.9 
EV70 145.83 8.68 3.23 0 1.07 0 0 0 0 0 0 158.81 847.0 
EV8 0 0.76 27.88 0 0 0 0 0 0 0 0 28.64 152.7 

FL3A 68.81 0 0 0 0 0 0 0 0 0 0 68.81 367.0 
FL3B 32.28 0 0 0 0 0 0 0 0 0 0 32.28 172.2 
FL3C 89.03 1.66 0 0 0 0 0 0 0 0 0 90.69 483.7 

KN106A 0 16.45 6.89 0 0 0 12.69 0 0 0 0 36.03 192.2 
KN106B 1.44 0 12.69 0.74 0 0 0 0 0 1.6 0 16.47 87.8 
KN507 0 44.71 0 0 0 0 0 0 0 0 0 44.71 238.5 
KN553 0 0 0 0 0.46 0.25 0 0 0 0 0 0.71 3.8 

KN554A 8.53 0 0 1.57 0 0 4.27 0 1.76 0 0 16.13 86.0 
KN554B 43.48 10.99 1.56 3.7 7.28 0.22 0 0 1.04 0 0.16 68.43 365.0 
KN575 72.57 0 3.88 0 0 0 0 8.14 0.16 0 0 84.75 452.0 

SQ1 48.71 0 0 0 0 0 0 0 0 0 0 48.71 259.8 
Bay of Isles 0 1.89 0 0 0 0 0 0 0 0 0 1.89 10.1 

              
Unwashed 

Total 525.9 127.53 56.13 6.81 19.38 0.47 16.96 8.14 2.96 1.6 0.16 766.04 
 Mean/Site 30.94 7.50 3.30 0.40 1.14 0.03 1.00 0.48 0.17 0.09 0.01 45.06 254.72 

SE 10.24 3.29 1.75 0.23 0.60 0.02 0.77 0.48 0.12 0.09 0.01 9.72 53.01 
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Washed 
             CH9 3.65 1.13 2.75 0 0 0.13 0.63 0 0.16 0 0 8.45 45.1 

DI67A 135.48 0.07 10.59 0 0.54 0 0 0 0.13 0 0 146.81 783.0 
DI67B 94.4 1.34 0 2.65 0 0 0 0 0 0 0 98.39 524.7 
EV16 118.98 0.26 1.72 0 0 0 0 0 0 0 0 120.96 645.1 
FL4A 11.43 0 0 7.25 5.38 0 0 0 0.34 0 0 24.4 130.1 
FL4B 81.08 30.44 9.41 3.36 2.58 0 0 0 0.56 0 0 127.43 679.6 
IN31 0 0 2.05 0 0 0 0 0 0 2.11 0 4.16 22.2 
IN32 14.96 6.01 0 0 0 0 0 0 0 0 0 20.97 111.8 

KN103A 0 29.92 0 0.6 0 0 0 0 0 0 0 30.52 162.8 
KN103B 96 87.57 1.3 13.68 0 0 0 0 0 0 0 198.55 1058.9 
KN104 39.33 18.67 2.81 0 0 0.18 0 0 1.42 0 0 62.41 332.9 
KN118 1.35 0 0 0.89 0 1.52 0 0 0 0 0 3.76 20.1 
KN130 53.83 0 0 0 3 0.54 0 0 0 0 0 57.37 306.0 

KN131A 0 0 2.67 2.51 0 16.63 0 0 0 0 0 21.81 116.3 
KN131B 31.63 3.85 0 2.17 0 0 0 0 1 0 0 38.65 206.1 
KN133 0 0 0.8 0 0 0.05 0 0 0 0 0 0.85 4.5 

KN4 53.07 17.05 36.39 2.15 0.32 0 0 0 0 0 0 108.98 581.2 
KN502 0 21.2 0 0 0 0 0 0 0 0 0 21.2 113.1 
LA16 0 0 15.96 0 0.14 0 0 0 0 0 0 16.1 85.9 

Shelter Bay 0 16.13 0 0 0 0 0 0 0 0 0 16.13 86.0 

              Washed Total 735.19 233.64 86.45 35.26 11.96 19.05 0.63 0 3.61 2.11 0 1127.9 
 Mean/Site 36.76 11.68 4.32 1.76 .60 0.95 0.03 0.00 0.18 0.11 0.00 56.4 300.77 

SE 10.11 4.64 1.95 0.75 0.32 0.83 0.03 0.00 0.09 0.11 0.00 12.77 68.12 
Grand Total 1261.09 361.17 142.58 42.07 31.34 19.52 17.59 8.14 6.57 3.71 0.16 1893.94 
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As above, the expected relationship that total biomass among Unwashed sites would be greater than 
among Washed sites was true only in the case of two relatively less important clams, Macoma 
inquinata and Diplodonta impolita (Table 11),  However, the difference was not significant overall 
(Table 12).   

 
Several numerical characteristics for the large clam assemblage exhibited relationships with 

particle size.  Density exhibited a significant negative relationship among Unwashed sites (p = 0.07; 
Fig. 26).  Species richness (S) at Washed sites exhibited a significant positive relationship with 
particle size (p = 0.05; Fig. 27) and H’ showed a strong positive trend (p = 0.20).  In contrast, both S 
and H’ exhibited negative trends among Unwashed sites (p = 0.11 and 0.27, respectively).  Whole 
wet weight was unrelated to particle size in either treatment category (Fig. 26).  None of these 
characteristics showed a relationship with percent fines in the sediments although both S and H’ 
exhibited strong trends (p = 0.18). 
 
None of the numerical characteristics or biomass describing the small clam assemblage exhibited 
relationships with hydrodynamic exposure scores.  This is in strong contrast to patterns observed in 
2002, when: 1) overall bivalve abundance showed a significant positive response to exposure among 
Unwashed sites; but 2) a strong negative trend among Washed sites; and 3) species richness (S) and 
diversity (H’) were not influenced by exposure among Unwashed sites but exhibited significant 
declines with increased exposure at Washed sites. 

 
Small Clam Assemblage 

Bivalves in the core samples, the small clam assemblage, represent the younger, smaller 
fraction of the larger clams as well as smaller species that are not retained on the sieve used to screen 
the excavation samples.  Consequently, more taxa were encountered in the small clam assemblage.  
Samples were collected from 17 Unwashed sites and 22 Washed sites.  A tiny nestling clam, 
Rochefortia tumida (robust mysella) dominated numerically (67 percent of the total; Table 13).  
Other common species included two other nestlers, Hiatella; 15 percent) and Turtonia minuta 
(minute turton; 5.5 percent), and Saxidomus; 2.6 percent).  Leukoma had declined to 1.4 percent 
(from 14 percent) of the total since 2002.  Only three of the 15 species encountered (Rochefortia, 
Hiatella, and Turtonia) occurred in at least half the sites while eight species occurred at three or 
fewer sites.   

 
In terms of biomass, Saxidomus was by far the dominant in terms of biomass (71 percent; 

Table 14); Hiatella contributed 9.2 percent of the biomass.  Rochefortia and Turtonia are both very  
Table 12. Mean numbers of bivalve individuals (N) and species (S), density, and Shannon-Wiener 
species diversity index (H’) in large and small clam assemblages from Unwashed (Ref) and Washed 
(Trt) sites in western Prince William Sound, June 2010.  

Sample Type/ 
Assemblage 
Variables 

Alternative 
Hypothesis 

Unwashed 

   

€ 

X

_

 ± SE 

Washed  

  

€ 

X

_

 ± SE 
Exact 

p* 
EXCAVATION     

N (Site Average) Ref > Trt 12.7 ± 2.7 16.3 ± 4.2 
0.75; 

Accept Ho 
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Sample Type/ 
Assemblage 
Variables 

Alternative 
Hypothesis 

Unwashed 

   

€ 

X

_

 ± SE 

Washed  

  

€ 

X

_

 ± SE 
Exact 

p* 

S (Site Average) Ref > Trt 2.53 ± 0.45 3.0 ± 0.4 
0.76; 

Accept Ho 

Density (no./sq. m.) Ref > Trt 67.5 ± 14.2 87.0 ± 22.6 
0.74; 

Accept Ho 

H' (Site Average) Ref > Trt 0.54 ± 0.14 0.76 ± 0.11 
0.89; 

Accept Ho 
Est. Biomass (Site 
Average, g/sq. m.) Ref > Trt 254.7 ± 53.0 300.8 ± 68.1 

0.75; 
Accept Ho 

CORE     

N (Site Average) Trt > Ref 36.2 ± 9.8 44.5 ± 9.8 
0.28; 

Accept Ho 

S (Site Average) Ref > Trt 4.47 ± 0.45 4.50 ± 0.46 
0.48; 

Accept Ho 

Density (no./sq. m.) Trt > Ref 804 ± 217 988 ± 218 
0.28; 

Accept Ho 

H' (Site Average) Ref > Trt 0.90 ± 0.13 0.77 ± 0.09 
0.19; 

Accept Ho 
Biomass (Site 

Average, g/sq. m.) Ref > Trt 224.2 ± 70.5 89.3 ± 27.5 
0.03; 

Reject Ho 
*  Calculated with a randomization t-test using 5000 iterations 
** Significant differences 

 
small clams, with shell lengths generally less than 3 mm; consequently they contribute less than 1 
percent to biomass.  

 
As in the large clam assemblage, number of individuals (N) and species richness (S) varied 

substantially among the stations (Table 13).  N, ranging from 1 to 162, averaged 40.9 ± 6.9 (SE) 
clams per site.  S, with a maximum of eight species per site, averaged 4.4 ± 0.3 (SE).  Consequently, 
while higher than in the large clam assemblage, Shannon-Wiener species diversity (H’) was also 
generally low, averaging 0.83 ± 0.08.   

 
Patterns for numerical characteristics in the small clam assemblage were generally similar to 

those observed in the large clam assemblage (Table 12).  The null hypotheses that there would be no 
differences between Unwashed and Washed sites applied for all variates except biomass, which was 
significantly higher among Unwashed than among Washed sites (p = 0.03; 1-way randomization t-
test), agreeing with the alternative hypothesis for small clam assemblages.  Values for N, S, and 
density averaged higher among Washed sites but not significantly so.  Average H’ trended higher 
among Unwashed sites but not significantly.  
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Figure 26.   Comparison of relationships between bivalve density (number of individuals per sq. 
m.) or biomass (grams whole wet weight/sq. m.) and mean particle size in the large clam assemblage 
at Washed and Unwashed sites in western Prince William Sound during the 2010 EVOS study. 

 

 
Figure 27. Comparison of relationships between bivalve species richness (S) or Shannon-Wiener 
species diversity (H’) and mean particle size in the large clam assemblage from Washed and 
Unwashed sites on hard-shell clam beaches in western Prince William Sound during the 2010 EVOS 
study.   

Patterns between the biological variates and particle size related to beach washing treatments 
were weak or lacking in 2010.  Species richness tended to increase with increasing particle size 
among Unwashed sites (p = 0.23).  Density tended to decrease with increasing particle size among 
Washed sites (p = 0.26) and exhibited a strong tendency to decrease with decreasing percent silt/clay 



 

54 

Table 13. Pooled numbers of bivalve species, numbers of individuals (N) and species (S), density, and Shannon-Wiener species diversity (H’) for 
the small clam assemblage from Unwashed and Washed sites in western Prince William Sound, June 2010.  Each number within the species/site 
matrix represents total number of individuals in five core samples.   
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UNWASHED SITES                  
CH1  0 1 0 2 0 0 0 0 0 0 0 0 1 0 0 4 3 88.8 1.04 
CH8A  3 2 0 0 8 0 2 2 0 0 0 0 0 0 3 20 6 444 1.63 
CH8B  10 0 1 0 1 0 0 2 1 0 0 0 0 0 0 15 4 333 .099 
EV8  0 29 0 0 0 0 0 0 0 0 0 0 0 1 0 30 2 666 0.15 
EV70  5 1 0 4 0 1 0 0 0 1 0 0 0 0 0 12 5 266 1.35 
FL3A  85 2 0 0 0 0 0 0 1 0 0 0 0 0 1 89 4 1976 0.23 
FL3B  75 1 0 7 0 6 0 1 0 0 0 0 1 0 0 91 6 2020 0.68 
FL3C  5 2 5 3 3 1 1 0 0 0 0 3 0 0 0 20 7 444 1.68 
KN106A  0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 4 1 88.8 0.00 
KN106B  19 7 2 0 2 2 1 0 0 0 2 0 0 0 0 35 7 777 1.41 
KN507  0 1 1 1 0 0 2 0 0 0 0 0 0 0 0 5 4 111 1.33 
KN553 1 1 1 0 0 0 0 0 0 1 0 0 0 0 0 4 4 88.8 1.39 
KN554A  50 0 0 1 4 2 1 0 0 0 0 0 0 0 0 58 5 1288 0.43 
KN554B  103 7 0 3 0 0 2 2 6 1 0 0 0 0 0 124 7 2753 0.72 
KN575  87 4 0 0 0 1 0 0 8 0 0 0 0 0 0 100 4 2220 0.50 
SQ1  0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 2 2 44.2 0.69 
Bay of Isles* 0 0 1 0 0 0 0 1 1 0 0 0 0 0 0 3 3 66.6 1.10 
Unwashed Totals 443 62 11 21 15 13 9 8 17 4 2 3 2 1 4 616 15   
Average/Unwashe
d Site 26.06 3.65 0.65 1.24 0.88 0.76 0.53 0.47 1.00 0.24 0.12 0.16 0.12 0.06 0.24 36.24 4.35 804.4 0.90 
Std Error 9.10 1.67 0.31 0.48 0.67 0.37 0.19 0.19 0.56 0.11 0.12 0.18 0.08 0.06 0.18 9.78 0.45 217.1 0.13 
% of Unwashed 
Total 72% 10% 1.8% 3.6% 2.9% 2.1% 1.5% 1.3% 2.8% 0.6% 0.3% 0.5% 0.3% 0.2% 0.6%       
Density (no./sq. 
m.) 578.5 81.0 14.4 28.7 23.5 17.0 11.8 10.4 22.2 5.2 2.6 3.9 2.6 1.3 5.2        



 

55 

Treatment 
Category/ 

Site    R
oc

he
fo

rti
a 

  t
um

id
a 

  H
ia

te
lla

 
  a

rc
tic

a 

  T
ur

to
ni

a 
  m

in
ut

a 

  S
ax

id
om

us
 

  g
ig

an
te

a 

  M
ac

om
a 

  i
nq

ui
na

ta
 

  M
od

io
lu

s 
  M

od
io

lu
s 

  L
eu

ko
m

a 
  s

ta
m

in
ea

 

  M
ac

om
a 

sp
. 

  M
ac

om
a 

  g
ol

ik
ov

i 

  M
ac

om
a 

  b
al

th
ic

a 

  N
ea

er
om

yz
 

  c
om

pr
es

sa
 

  M
ac

om
a 

  e
xp

an
sa

 

  D
ip

lo
do

nt
a 

  i
m

po
lit

a 

  N
ea

er
om

yz
 

  ?
ru

gi
fe

ra
 

  V
en

er
id

 &
 

  O
th

er
 B

iv
al

ve
s 

  N
um

be
r 

of
 

  I
nd

iv
id

ua
ls 

(N
) 

  N
um

be
r 

of
 

  T
ax

a 
(S

) 

  D
en

sit
y)

y 
  (

no
./s

q.
 m

.) 

  S
ha

nn
on

-W
ie

ne
r 

  D
iv

er
sit

y 
(H

’) 

WASHED SITES                   
CH9 56 0 19 0 1 0 1 0 1 0 0 0 1 3 0 83 7 1843 0.97 
DI66 9 28 2 0 0 1 0 0 0 0 0 0 0 0 0 40 4 888 0.83 
DI67A 49 25 10 2 1 0 2 3 0 0 0 1 0 0 0 93 8 2065 1.26 
DI67B 90 0 1 3 3 0 1 0 0 0 0 1 0 0 0 98 6 2176 0.36 
EV16 2 8 6 0 0 0 3 0 0 0 0 0 0 0 0 19 4 422 1.26 
FL4A 115 1 0 3 3 0 1 5 1 0 0 0 0 0 2 132 8 2930 0.61 
FL4B 5 10 5 3 0 0 1 0 0 1 0 0 0 0 0 25 6 555 1.52 
IN31 1 0 4 0 0 0 0 0 0 0 6 0 0 0 0 11 3 244 0.92 
IN32 1 0 8 0 0 0 1 0 0 0 0 0 0 0 0 10 3 222 0.64 
KN103A 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 2 2 44.4 1.10 
KN103B 5 0 7 1 3 0 0 1 1 0 0 1 0 0 0 17 7 377.4 1.25 
KN104 44 0 2 0 0 0 0 0 1 0 0 0 0 0 0 47 3 1043 0.28 
KN118 8 0 3 0 0 0 0 2 0 0 0 0 0 0 0 13 3 289 0.93 
KN130 20 7 0 1 0 0 0 0 0 0 0 0 0 0 2 28 3 622 0.71 
KN131A 1 1 3 0 0 0 0 0 1 12 0 0 0 0 0 16 5 400 1.05 
KN131B 152 3 1 1 0 0 1 4 0 0 0 0 0 0 0 162 6 3596 0.32 
KN133 30 1 0 1 0 0 0 0 0 2 0 0 0 0 0 34 4 755 0.48 
KN4 25 1 0 5 3 3 2 0 0 0 0 0 0 0 1 40 7 888 1.28 
KN502 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 1 22.2 0.00 
LA16 7 85 4 0 0 3 0 0 0 0 0 0 1 0 0 100 5 2220 0.60 
Shelter Bay** 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 2 1 44.4 0.00 
Sleepy Bay** 0 1 0 0 0 3 0 0 0 0 0 0 0 0 0 4 2 88.8 0.56 
Washed Totals 621 171 77 20 11 11 14 15 5 15 6 3 2 6 3 979 17   
Average/Washed 
Site 28.23 7.77 3.50 0.91 0.50 0.50 0.64 0.68 0.23 0.68 0.27 0.14 0.09 0.28 0.10 44.5 4.5 987.9 0.77 
Std Error 8.89 4.04 0.96 0.30 0.22 0.23 0.18 0.31 0.09 0.55 0.27 0.07 0.06 0.28 0.4 9.8 0.46 218.1 0.09 
% of Washed 63% 17% 8% 2% 1.1% 1.1% 1.4% 1.5% 0.5% 1.5% 0.6% 0.3% 0.2% 0.6% 0.3%        
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Total 
Density (no./sq. 
m.) 626.6 172.6 77.7 20.2 11.1 11.1 14.1 15.1 5.0 15.1 6.1 3.0 2.0 6.0 3.0        
• Unwashed NOAA site; ** Washed NOAA site 
 
Table 14. Pooled whole wet weights (g/site) of bivalve species and estimated biomass (g/sq. m./site) for the small clam assemblage from Unwashed 
and Washed sites in western Prince William Sound, June 2010.  Each number in the species/site matrix represents total whole wet weight of 
individuals, including shell, in five core samples.   
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UNWASHED SITES                            
CH1 33.0 0 0 0 0 0 0.57 0 0 0 0 0 33.60 745.92 
CH8A 0 0 5.68 0 0 0 0 0 0 0.003 0 0 5.68 126.10 
CH8B 0 0 3.73 0 0 0 0 0 0 0.011 0 0 3.74 83.05 
EV8 0 9.22 0 0 0 0 0 0 0 0 0 0 9.22 204.68 
EV70 11.11 1.59 0 0 0 0 0 0.29 0 0.005 0 0 13.00 288.50 
FL3A 0 0 0 0 0.05 0.05 0 0 0 0.092 0 0 0.14 3.17 
FL3B 24.35 0 0 0 0 0 0 0 0 0.081 0 0 24.43 542.39 
FL3C 11.42 0.02 0 1.84 2.93 0 0 0 0 0.005 0 0 16.22 359.98 
KN106A 0 0.97 0 0 0 0 0 0 0 0 0 0 0.97 21.53 
KN106B 0 0.33 1.06 0 0 0 0 0 0 0.021 0.05 0 1.46 32.43 
KN507 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00 
KN553 0 0 0 0 0 0 0 0.18 0 0.001 0 0 0.18 4.02 
KN554A 0 0 0.24 0.02 0 0 0 0 1.2 0.054 0 0 1.51 33.62 
KN554B 42.23 0.75 0 0.07 0 0.94 0 0 0 0.111 0 0 44.10 979.08 
KN575 0 1.67 0 0 0 0.47 0 0 0 0.094 0 0 2.24 49.62 
SQ1 14.93 0 0 0 0 0 0 0.25 0 0 0 0 15.18 337.00 
Bay of Isles 0 0 0 0 0 0.02 0 0 0 0 0 0 0.02 0.44 
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Unwashed Total 137.07 14.55 10.71 1.93 2.93 1.48 0.57 0.72 1.20 0.48 0.05 0.00 171.69   
Mean/Unwashed Site 8.06 0.86 0.63 0.11 0.17 0.09 0.03 0.04 0.07 0.03 0.00 0.00 10.10 224.21 
Std Error 3.23 0.54 0.39 0.11 0.17 0.06 0.03 0.02 0.07 0.01 0.00 0.00 3.17 70.47 
WASHED SITES                           
CH9 0 0 0.31 0.67 1.44 1.44 2.79 0 0 0.061 0 0 5.21 115.66 
DI66 0 0.08 0 0 0 0 0 0 0 0.010 0 0 0.08 1.78 
DI67A 0.06 1.43 0.41 0.55 0 0 0 0 0 0.053 0 0 2.45 54.39 
DI67B 0.39 0 0.79 0 0 0 0 0 0 0.097 0 0 1.26 27.97 
EV16 0 1.87 0 1.53 0 0 0 0 0 0.002 0 0 3.40 75.48 
FL4A 9.71 0 5.72 0 0.65 0.65 0 0 0 0.124 0 0 16.08 356.98 
FL4B 22.55 0.1 0 0 0 0 0 0 0 0.005 0 0 22.65 502.83 
IN31 0 0 0 0 0 0 0 0 0 0.001 0.33 0 0.33 7.33 
IN32 0 0 0 0.84 0 0 0 0 0 0.001 0 0 0.84 18.65 
KN103A 0 0 0 4.11 0 0 0 0 0 0.001 0 0 4.11 91.24 
KN103B 1.45 0 3.7 0 0.65 0.65 0 0 0 0.005 0 0 5.80 128.76 
KN104 0 0 0 0 0.29 0.29 0 0 0 0.048 0 0 0.29 6.44 
KN118 0 0 0 0 0 0 0 0 0 0.009 0 0 0.00 0.00 
KN130 0 0.12 0 0 0 0 0 0 0 0.022 0 0 0.12 2.66 
KN131A 0 0.26 0 0 0.2 0.2 0 1.34 0 0.001 0 0 3.57 79.25 
KN131B 4.21 0 0 0.34 0 0 0 0 0 0.164 0 0.04 4.67 103.67 
KN133 1.08 0 0 0 0 0 0 0.01 0 0.032 0 0 1.09 24.20 
KN4 6.28 0 0.69 0 0 0 0 0 0 0.027 0 0 6.97 154.73 
KN502 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00 
LA16 0 5.02 0 0 0 0 0 0 0 0.008 0 0 5.02 111.44 
Sleepy Bay 0 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00 
                              
Washed Total 45.73 8.88 10.79 8.04 2.27 3.56 2.79 1.35 0.00 0.70 0.33 0.04 84.48   
Mean/Washed Site 2.18 0.42 0.51 0.38 0.11 0.17 0.13 0.06 0.00 0.03 0.02 0.00 4.02 89.31 
Std Error 1.16 0.25 0.29 0.21 0.08 0.10 0.13 0.06 0.00 0.01 0.02 0.00 1.24 27.53 
                              
Grand Total 182.80 23.43 21.26 9.97 5.20 5.04 3.36 2.07 1.20 1.19 0.38 0.04 255.94   

*  Weights for Rochefortia are estimated based on an average individual weight of 0.0011 g for 185 individuals in 3 separate samples  
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among Washed sites (p = 0.12).  However, no other variate, including whole wet weight, correlated 
significantly with either Mz or percent fines. 

 
Likewise, responses of numerical characteristics for the small clam assemblage to 

hydrodynamic exposure are lacking among both Unwashed and Washed sites (Figs. 28 and 29).  The 
reduction in intensity or breakdown in patterns previously observed in 2002 suggests that some 
degree of recovery may have occurred since 2002.  It is notable, however, that the relationships 
between Unwashed and Washed categories established in the alternate hypotheses for the small clam 
assemblage based on 2002 patterns remain intact for all variates except species richness.  
Consequently, it is plausible to suggest that, due to dramatic reductions in the bivalve populations 
since 2002, average values for clams have declined and variability has increased to a point where the 
differences, although consistent with the alternate hypotheses, are no longer significant.  

 

 
Figure 28. Comparison of relationships between bivalve density or biomass and hydrodynamic 
exposure scores in the small clam assemblage from Washed and Unwashed sites on hard-shell clam 
beaches in western Prince William Sound during the 2010 EVOS study.    

 
Species Distribution 

Large Clam Assemblage 

The six most abundant bivalves in the large clam assemblage, all with more than 20 
individuals overall, were Hiatella, Saxidomus, Macoma balthica, Leukoma, M. inquinata, and M. 
expansa (Tables 9 and 15).  Based on data from the 2002 study, we expected that large individuals of 
long-lived species such as Leukoma, Saxidomus, and M. inquinata would be less abundant among 
Washed sites.  In contrast, we postulated that the pioneer, disturbance-oriented species such as 
Hiatella (inferred from Gulliksen et al. (1980) and Morris et al. (1980)) and M. balthica would be 
more abundant among Washed sites.  We were unsure what to expect for M. expansa.   

 
Of the six species represented by more than 20 individuals overall, only Saxidomus and M. 
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inquinata exhibited trends toward higher abundance among Unwashed sites.  The remaining four 
species were more abundant at the Washed sites, but not significantly.  These included Hiatella and 
M. balthica, both pioneer species.  Their abundances were substantially more abundant among 
Washed sites but, because of high intersite variability, only M. balthica exhibited a strong trend 
agreeing with its specific alternative hypothesis (p = 0.104; 1-way randomization t-test).  The most 
surprising member of this group was Leukoma, which dominated the large clam assemblage at 
Unwashed sites in 2002; its abundance in the large clam assemblage has declined 94 percent since 
then.   

 
Figure 29 Comparison of relationships between bivalve species richness (S) and hydrodynamic 
exposure scores in the small clam assemblage from Washed and Unwashed sites on hard-shell clam 
beaches in western Prince William Sound during the 2010 EVOS study.   

 
Two species in the large clam assemblage exhibited significant relationships with particle 

size.  Abundance of Hiatella increased significantly with increasing particle size (decreasing Φ) 
among Unwashed sites (p = 0.03; Fig. 30) and a similar trend occurred among Washed sites.  
However, relationships with percent fines were not significant.   

 
In contrast, Macoma balthica increased significantly with decreasing particle size among 

both Unwashed and Washed sites (p = 0.10; Fig. 31) and significant increases in this species were 
observed with increasing percent fines among Unwashed and Washed sites (p = 0.02 and 0.10,  
respectively).  Neither Saxidomus nor Leukoma exhibited relationships with particle size or percent 
fines.   

 
As with numerical characteristics, responses of dominant clams to hydrodynamic exposure 

offer useful insights into the influence of exposure on the large clam assemblage.  Two species 
observed in this assemblage exhibited significant relationships with hydrodynamic exposure.  
Saxidomus (butter clam) increased significantly with increasing exposure among Unwashed sites 
(Fig. 32).  Abundance of Macoma species generally tended to decline with increasing exposure (Fig. 
33).  In the case of Macoma inquinata, the decline was significant among Unwashed sites.  Two 
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other species exhibited notable trends.  Leukoma (littleneck clam) tended to decline with increasing 
exposure among Unwashed sites (Fig. 32), a strong contrast to the patterns observed in 2002.   

 
Table 15. Comparison of abundance (  ± SE; mean individuals per site) for bivalve species in 
large and small clam assemblages from Unwashed and Washed sites in western Prince William 
Sound, June 2010.  Bolded p-values indicate significant differences and underlining indicates a 
trend.  Those marked with * were calculated with a randomization t-test using 5000 iterations; other 
values were calculated with a standard 1-way t-test. 

Sample Type/ 
Bivalve Species 

Alternative 
Hypothesis 

Unwashed 

 ± SE 

Washed 

 ± SE 
 

p-value 
EXCAVATION 

Hiatella 
arctica 

Washed > 
Unwashed 4.76 ± 2.43 7.00 ± 3.57 

0.31 
Accept Ho 

Saxidomus 
gigantea 

Unwashed > 
Washed 3.59 ± 1.18 2.45 ± 0.67 

0.20*; 
Accept Ho 

Macoma  
balthica 

Washed > 
Unwashed 0.18 ± 0.13 2.86 ± 2.45 

0.104*; 
Accept Ho 

Leukoma 
staminea 

Unwashed > 
Washed 1.06 ± 0.30 1.45 ± 0.46 

0.75; 
Accept Ho 

Macoma  
inquinata 

Unwashed > 
Washed 1.29 ± 0.70 0.50 ± 0.23 

0.12*; 
Accept Ho 

Macoma  
expansa 

Unwashed = 
Washed 0.41± 0.26 1.05 ± 0.44 

0.26; 
Accept Ho 

CORE 
Rochefortia 

tumida 
Unwashed = 

Washed 26.1 ± 9.1 28.2 ± 8.9 
0.85; 

Accept Ho 
Hiatella 
arctica 

Washed > 
Unwashed 3.65 ± 1.67 7.77 ± 4.04 

0.26*; 
Accept Ho 

Turtonia 
minuta 

Washed > 
Unwashed 0.65 ± 0.31 3.50 ± 0.96 

0.002*; 
Reject Ho 

Saxidomus 
gigantea 

Unwashed > 
Washed 1.24 ± 0.48 0.95 ± 0.30 

0.35*; 
Accept Ho 

Macoma  
inquinata 

Unwashed > 
Washed 0.88 ± 0.67 0.64 ± 0.28 

0.19; 
Accept Ho 

Modiolus 
 modiolus 

Unwashed > 
Washed 0.76 ± 0.37 0.50 ± 0.23 

0.26; 
Accept Ho 

Leukoma 
staminea 

Unwashed > 
Washed 0.53 ± 0.19 0.64 ± 0.18 

0.65; 
Accept Ho 

Macoma  
balthica 

Washed > 
Unwashed 0.24 ± 0.11 0.68 ± 0.18 

0.24; 
Accept Ho 

Macoma balthica also exhibited significant increases with increases in silt/clay content among both 
Unwashed and Washed site (p = 0.02 and 0.10, respectively).  The nestling Hiatella did not exhibit 
notable patterns with either exposure or silt/clay content. 
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Figure 30. Comparison of relationships between abundance of Hiatella arctica and mean particle 
size in the large clam assemblage from Washed and Unwashed sites on hard-shell clam beaches in 
western Prince William Sound during the 2010 EVOS study. 

 

 
Figure 31. Comparison of relationships between abundance of Macoma spp. and mean particle 
size in the large clam assemblage from Washed and Unwashed sites on hard-shell clam beaches in 
western Prince William Sound during the 2010 EVOS study. 

 
By comparing numbers of individuals in replicate samples from each location, it is clear that 

all of the dominant species in the large clam assemblage, with the exception of Leukoma among 
Unwashed sites, exhibited significantly patchy (contagious or clumped) distributions among both 
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Unwashed and Washed sites.  Indices of Dispersion (I) ranged from 1.09 to 23.9.  The degree of 
patchiness (I) generally varied with abundance of the various species but the relationship was not 
significant (p = 0.28).  Hiatella was most patchy and Leukoma was least patchy. Its distribution 
among Unwashed sites was random. 

 
Figure 32. Comparison of relationships between abundance of Leukoma, Saxidomus, and 
combined hard-shell clams and hydrodynamic exposure scores in the large clam assemblage at 
Washed and Unwashed sites. 

 

 
Figure 33 Comparison of relationships between abundance of Macoma spp. and mean particle 
size in the large clam assemblage from Washed and Unwashed sites on hard-shell clam beaches in 
western Prince William Sound during the 2010 EVOS study. 
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Patchiness was exemplified by differences in the percentage of samples that had no clams.  
First, the number of empty samples did not differ between Unwashed and Washed categories (p = 
0.21; two-way t-test).  Among the species, the percentage ranged from 38.9 percent to 77.8 percent, 
with the lower values observed in Leukoma and Saxidomus and the highest in M. balthica. 

 
Small Clam Assemblage 

Generally, species composition for the small clam assemblage in the 2010 core samples 
differed dramatically from that observed in 2002.  Bivalve density declined 37 percent overall.  The 
six most abundant bivalves in the small clam assemblage were Rochefortia, Hiatella, Turtonia, 
Saxidomus, Macoma inquinata, and Modiolus modiolus (Tables 11 and 15).  We expected that 
Leukoma, Saxidomus, and M. inquinata would be less abundant among Washed sites, but that 
Hiatella and M. balthica would be more abundant among Washed sites.  In addition, based on its 
lifestyle and near-absence in 2002, we also expected tiny Turtonia would be more abundant among 
Washed sites.  We expected Rochefortia to be equally represented among both treatment categories. 

 
Turtonia was the only species in the small clam assemblage demonstrating significant 

agreement with its specific alternative hypothesis, i.e., it was more abundant among Washed sites (p 
= 0.002; 1-way randomization t-test).  Saxidomus was more abundant, but not significantly, among 
Unwashed sites (Table 15; p = 0. 35; 1-way randomization t-test), and M. inquinata trended to be 
more abundant among Unwashed sites (p = 0.19; 1-way t-test).  Similar to what was reported for the 
large clam assemblages, and in contrast to expectation, density of Leukoma in the 2010 small clam 
assemblage was 96 percent lower than in 2002 (Table 15); consequently the null hypothesis must be 
accepted (p = 0.65; 2-way randomization t-test).  Although abundance of Hiatella among Washed 
sites was more than twice as high as that among Unwashed sites, agreeing with its specific 
alternative hypothesis, the difference was not significant because of high intersite variability 
(p = 0.26; 1-way randomization t-test).  Rochefortia was equally abundant among Washed and 
Unwashed sites (p = 0.85; 1-way t-test).  Macoma balthica exhibited greater density among Washed 
sites but not significantly so (p = 0.28; 1-way t-test).   

 
None of the smaller, shorter-lived, “weed” species in the small clam assemblage, e.g., 

Rochefortia, Hiatella, Turtonia, and M. balthica, exhibited significant responses to increasing 
hydrodynamic exposure among either Unwashed or Washed sites (Fig. 34).  Abundance of one 
species, M. balthica, exhibited a strong positive trend with increasing exposure.  The “weed” species 
were considerably more abundant among Washed than among Unwashed sites.  The long-lived hard-
shell clams declined among Unwashed sites with increasing exposure that were either significant 
(Leukoma; p = 0.04) or a strong trend (Saxidomus, p = 0.13; Fig. 35).  
 

All but one of the dominant species in the small clam assemblage exhibited significantly 
patchy distributions based on an analysis of replicate samples from both Unwashed and Washed 
sites.  Those species, with Indices of Dispersion (I) ranging from 0.9 to 24.1, included Saxidomus, 
M. inquinata, Hiatella, Rochefortia, and Turtonia.  The degree of patchiness (I) varied directly with 
abundance of the various species.  Thus, Rochefortia and Hiatella were most patchy.  Leukoma, with 
an I-value of 0.9, exhibited random distribution in both Unwashed and Washed samples, and was the 
lone exception to the patchy distribution.   
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Figure 34. Comparisons of relationships between abundance of four smaller “weed” clam 
species in the small clam assemblage and hydrodynamic exposure scores at Washed and Unwashed 
sites.  Regression lines shown in this figure are the only ones that differed appreciably from 0° slope 
but no regression was significant. 

 
The patchiness of the small clam distribution was exemplified by differences in the 

percentage of samples that were empty.  First, the number of empty samples did not differ between 
Unwashed and Washed categories (p = 0.53).  The percentage ranged from 23.1 percent to 71.8 
percent, with the lower values observed in Rochefortia and Hiatella and the highest in M. inquinata.  
Both Saxidomus and Leukoma were absent in 55 percent of the samples. 

 
Comparative Abundance of Juvenile and Adult Bivalves 

HP-HW beach washing potentially altered sediment conditions and reduced abundance of 
adults.   These effects could result in differences in recruitment rates of larvae to washed sediments.  
To examine whether abundance of juveniles and adults were related (i.e., whether adults are 
important in attracting juveniles), size data for Leukoma, Saxidomus, Hiatella, and M. balthica were 
segregated into juvenile and adult categories based on the size structures at sites within the 
Unwashed and Washed categories.  Because the small clam assemblage provided the most unbiased 
contrast of juvenile and adult abundance, data from core samples were the focus for this analysis.   
 

We compared average numbers of adults and juveniles per site for Leukoma, Saxidomus, M. 
inquinata, and Hiatella.  The former two are large, long-lived species.  Macoma balthica is smaller 
and has shorter longevity than Leukoma or Saxidomus, but lives longer than Hiatella, a pioneering 
species.  Because unwashed sediments were relatively undisturbed, we hypothesized that adult 
abundance of all species but Hiatella would be higher among Unwashed sites.  Based on this 
assumption, we postulated Unwashed sites would support greater numbers of juvenile Leukoma if 
abundance of adults encouraged recruitment.   



 

65 

 
Figure 35. Comparisons of relationships between abundance of long-lived hard-shell clams in 
the small clam assemblage and hydrodynamic exposure scores at Washed and Unwashed sites. 

 
 Regarding these patterns for Hiatella, a smaller, shorter-lived pioneering species, we 

postulated they would support greater numbers of the pioneering species than Unwashed sites.  This 
hypothesis was based on the consideration that sediments at Washed sites would be relatively more 
disturbed than those at Unwashed sites.  We hypothesized that, in populations that were maintaining 
stable densities, juveniles would, on average, outnumber adults. 

 
With regard to abundance of adults and juveniles, observed patterns generally did not 

conform to our hypotheses (Table 16).  Only in one case, Leukoma among Unwashed sites, did 
average abundance of juvenile and adult show a strong trend toward with the alternate hypothesis, 
i.e., juveniles were more abundant than adults (p = 0.16; 1-way randomization t-test).  In contrast, 
numbers of adults of Saxidomus, M. balthica, Hiatella, and hard-shell clams were often two or more 
times higher than for juveniles among both Unwashed and Washed sites.   
 
When comparing abundance of adults or juveniles between Unwashed and Washed sites, the 
alternative hypotheses based on observations in the 2002 study indicated we should see more 
juveniles and adults among Unwashed sites in Leukoma, Saxidomus, hard-shell clams overall, and 
M. balthica.  But for the more opportunistic species (M. balthica and Hiatella), the alternative 
hypotheses indicated we should see more juveniles as well as more adult Hiatella at Washed sites.  
Although abundance of Leukoma, Saxidomus, these two species combined (hard-shelled clams), M. 
balthica, and adult Hiatella were not always greater among Unwashed sites, the differences in 
abundance were never significant and the null hypothesis was accepted (Table 16), i.e., abundance of 
juveniles and adults was essentially equal among Unwashed and Washed sites.  In contrast, 
abundance of juvenile Hiatella exhibited a strong trend for the alternative hypotheses (p = 0.12; 1-
way randomization t-test).   Thus, abundance of juvenile Hiatella at Washed sites trended higher 
than among Unwashed sites.  This is not a surprising pattern for a pioneer species.   
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Table 16. Comparison of numbers of adults and juveniles for Leukoma, Saxidomus, hard-shelled clams, Macoma balthica, and Hiatella arctica 
in the small clam assemblage collected at Unwashed and Washed sites in western Prince William Sound in June 2010.  Values are mean number of 
adults or juveniles per site (±1 standard error) within the Unwashed or Washed categories.  Statistic is 1-tailed randomization t-test. 

 

Leukoma 
staminea 

Saxidomus 
gigantea Hard-shelled Clams Macoma balthica Hiatella arctica 

 
Adult Juvenile Adult Juvenile Adult Juvenile Adult Juvenile Adult Juvenile 

Unwashed Sites 
    

    
 Mean 0.13 ±0.09 0.44± 0.18 1.00 ± 0.34 0.13 ± 0.09 1.13 ± 0.38 0.56 ± 0.20 0.63 ± 0.36 0.31 ± 0.22 2.44 ± 1.36 1.13 ± 0.35 

Ha More Juveniles More Juveniles More Juveniles More Juveniles More Juveniles 

Observed Pattern More Juveniles More Adults More Adults More Adults More Adults 

p-value 0.16 0.98 0.90 0.67 0.64 

Decision Trend f/ Ha Accept Null Accept Null Accept Null Accept Null 

Washed Sites 
    

    
 Mean ± SE 0.27 ± 0.10 0.36 ± 0.12 0.59 ± 0.26 0.32 ± 0.15 0.86 ± 0.26 0.68 ± 0.23 0.55 ± 0.21 0.09 ± 0.06 3.14 ± 1.92 3.36 ± 1.42 

Ha More Juveniles More Juveniles More Juveniles More Juveniles More Juveniles 

Observed Pattern More Juveniles More Adults More Adults More Adults More Juveniles 

p-value 0.32 0.76 0.70 0.02 0.44 

Decision Accept Null Accept Null Accept Null Accept Null Accept Null 

Between Unwashed and Washed Sites 
    

    
Unwashed - Washed -0.15 0.07 0.41 -0.19 0.26 -0.07 0.08 0.22 -0.70 -2.24 

Ha 
More at 

Unwashed 
More at 

Unwashed 
More at 

Unwashed 
More at 

Unwashed 
More at 

Unwashed 
More at 

Unwashed 
More at 

Unwashed 
More at 
Washed 

More at 
Washed 

More at 
Washed 

Observed Pattern 
More at 
Washed 

More at 
Unwashed 

More at 
Unwashed 

More at 
Washed 

More at 
Unwashed 

More at 
Washed 

More at 
Unwashed 

More at 
Unwashed 

More at 
Washed 

More at 
Washed 

p-value 0.93 0.47 0.87 0.67 0.28 0.59 0.35 0.79 0.43 0.12 
Decision Accept Null Accept Null Accept Null Accept Null Accept Null Accept Null Accept Null Accept Null Accept Null Trend for Ha 
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The relationships between juvenile and adult abundance also varied among these species.  
Neither juvenile nor adult Leukoma and Saxidomus exhibited a sign of a correlation in abundance at 
either Unwashed and Washed sites, suggesting that recruiting larvae of these species were not 
positively attracted to sediments inhabited by adults.  In contrast, abundance of juvenile and adult M. 
balthica and Hiatella exhibited strong positive correlations among both Unwashed and Washed 
sites.  For M. balthica, p < 0.01 and 0.05, respectively, for Unwashed and Washed sites.  For 
Hiatella, the probabilities were both p < 0.01. 

 
Size Structure of Dominant Bivalves 

Differences in size structure can provide helpful insights into the potential effects of 
shoreline treatment.  Among the larger clams, adequate data to assess size structure, pooled by 
treatment category, were available for Leukoma, Saxidomus, Macoma inquinata, and Hiatella.  For 
comparison of size structure, data for large and small clam assemblages are presented separately 
because the differences in numbers of individuals sampled by the different techniques and the 
inclusion of younger animals in the small clam assemblage would skew the size-frequency 
histograms.  Largest mean sizes for each species nearly always occurred in the large clam 
assemblage, regardless of treatment category.  This clearly demonstrates that the contrasting 
sampling approaches emphasize different size groups.  Core sampling provides better information on 
smaller, younger clams whereas excavation sampling accentuates the larger, older clams.  This is 
particularly well illustrated in Fig. 36. 

 
Comparisons of size structures between treatment categories were statistically significant for 

Saxidomus and Hiatella but not for Leukoma and M. inquinata (Table 17).  For the cases with 
significant differences, except for Saxidomus in the large clam assemblage, average shell length was 
larger among Unwashed sites.  This pattern suggests an ongoing relationship between shoreline 
treatment and size structure. 
 

Abundance of Leukoma in small and large clam assemblages, greatly reduced since 2002, 
was higher among Washed than among Unwashed sites (Tables 9, 12, 14, and 17).  A comparison of 
relative abundance in the various size classes indicates that size structure of populations at 
Unwashed and Washed sites was generally similar in large and small clam assemblages (Figs. 36a 
and b; p = 0.71 and 0.35, respectively; Kolmogorov-Smirnov two-sample test).  However, size 
structure was quite different in the two types of samples.  Shell length in the large clam assemblage 
averaged 27.6 ± 2.2 (SE) and 26.4 ± 2.2 mm at Unwashed and Washed sites, respectively, and 9.6 ± 
4.6 and 9.1 ± 2.1 mm in the small clam assemblage.  Neither the means nor relative abundance of the 
size classes in the frequency histograms (relative abundance data for size structure compared using 
the Kolmogorov-Smirnov 2-sample test) differed significantly.  Based on the shell-length/age 
relationship developed in this area in 2002 (Lees and Driskell 2007), the average age of the 
populations in the small clam assemblage (the most representative) among both Unwashed and 
Washed sites was about 3.5 years and the oldest individuals were about 13 years old.  The oldest 
measured in the large clam assemblage was about 18 years old. 

 
As a consequence of the difference in mesh sizes used in screening excavation and core 

samples (6.35 mm vs. 1.0 mm, respectively), average size and size structure in the small clam 
assemblage were driven by juvenile and younger specimens of Leukoma (Fig. 36b).  The two smaller 



 

68 

size classes (3- and 6-mm) dominated the population in the small clam assemblage whereas they 
contributed only minimally to the population observed in the large clam assemblage (Fig. 36a).  

 
a. Large clam assemblage 

 
b.  Small clam assemblage 

 
Figure 36. Comparison of shell length frequency for Leukoma staminea in (a) large clam and (b) 
small clam assemblages from Washed and Unwashed sites. 

 
As was the case for Leukoma, numbers of Saxidomus were lower among Washed than among 

Unwashed sites in the large clam assemblage (Table 17; Fig 37a).  Average shell length was 
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significantly larger among Washed sites (33.8 ± 2.1 mm) than among Unwashed sites (29.5 ± 1.5 
mm; p = 0.047; 1-way t-test).  Size structure did not differ significantly (Fig. 36a; p = 0.28; 
Kolmogorov-Smirnov two-sample test).   

 
Table 17. Shell length statistics for Leukoma staminea, Saxidomus gigantea, Macoma inquinata, 
and Hiatella arctica in core and excavation (excav) samples at Unwashed and Washed sites.   

Site 
Category 

Leukoma 
staminea 

Saxidomus 
gigantea 

Macoma 
inquinata 

Hiatella 
arctica 

Unwashed Core Excav Core Excav Core Excav Core Excav 

Mean 9.6 27.6 29.6 29.5 15.2 17.2 10.3 17.6 
SE 4.6 2.2 3.9 1.5 2.1 1.5 0.9 0.5 

n 9 17 18 61 15 21 52 71 

Washed  
 

 
 

 
 

 
 Mean 9.1 26.4 16.7 33.8 15.3 17.1 6.6 16.1 

SE 2.1 2.2 2.9 2.1 2.6 3.1 0.4 0.5 

n 13 31 18 53 12 10 142 137 

p 0.46 0.36 0.006 0.047 0.47 0.49 <0.001 0.02 
 

Specimens of Saxidomus were sparse in the small clam assemblage.  The difference in shell 
length, averaging 29.6 ± 3.9 mm and 16.7 ± 2.9 mm at Unwashed and Washed sites, respectively, 
was highly significant (p = 0.006; Table 16).  Size structure differed significantly; far more juveniles 
were observed among Washed sites than among Unwashed sites (Fig. 37b; p = 0.02; Kolmogorov-
Smirnov two-sample test).  Based on shell-length/age relationship developed for this area in 2002 
(Lees and Driskell 2007), average age of the populations was about 9.5 years among Unwashed sites 
and 5.5 years among Washed site.  The oldest individual observed was probably over 19 years old.  
The oldest observed in the large clam assemblage was about 22 years. 

 
Numbers of M. inquinata were sparse in both small and large clam assemblages and 

differences between Washed and Unwashed sites were not significant (Table 17).  Shell length in the 
small clam assemblage, averaging 15.2 ± 2.1 mm at Unwashed sites and 15.3 ± 2.6 mm at Washed 
sites, were not significantly different.  Based on the relationship between shell length and age, the 
average age of these populations was about 6 years at both Unwashed and Washed sites and 
maximum age was about 13 years old.  

 
Hiatella was significantly more abundant among Washed than Unwashed sites in both small 

and large clam assemblages (Table 17; p < 0.001 and 0.02, respectively; 1-tailed t-test).  However, 
shell lengths were significantly smaller among Washed sites (Figs. 38a and b; p < 0.001 and 0.02, 
respectively).  In the small clam assemblage, they averaged 10.3 ± 0.9 mm and 6.6 ± 0.4 mm at 
Unwashed and Washed sites, respectively, and 17.6 ± 0.5 and 16.1 ± 0.5 mm in the large clam 
assemblage.   Differences in size structure were highly significant in both types of samples 
(p <<0.0001 in both).  Washed sites had far more small individuals than Unwashed sites (Figs. 38a 
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and b).  Based on the relationship between shell length and age, average age of these populations 
was about 3.5 years and the maximum age observed was about 4.5 years. 

 
a. Large clam assemblage 

 
b. Small clam assemblage 

 
Figure 37. Comparison of shell length frequency for Saxidomus gigantea in large clam and small 
clam assemblages from Washed and Unwashed sites. 

 
Relationships Between Bivalves and Sediment Properties  

To gain an appreciation of the importance of sediments for the distribution of the bivalve 
species and assess whether sediments played a role in the differences we have observed in 
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abundance of bivalve species between Unwashed and Washed sites, we examined the relationships 
between sediment properties and abundance of dominant bivalves in Unwashed and Washed 
samples.  Because we sampled sediment in a manner that provided a better view of depth 
stratification, we have compared bivalve abundance to the physical sediment components on the 
basis of both surficial and depth-averaged measurements.   

 
a. Large clam assemblage 

 
b. Small clam assemblage 

 
Figure 38. Comparison of shell length frequency for Hiatella arctica in the large clam assemblage 
from Washed and Unwashed sites. 

 
Only about 13 percent of the relationships between environmental properties and abundance 

of the dominant bivalve species were statistically significant (Table 18).  Including strong trends (0.2 
> p > 0.1) increases relevance to about 20 percent of the relationships.  Sorting appeared to have the 



 

72 

greatest influence but only about 25 percent of the comparisons for both small and large clam 
assemblages from Unwashed and Washed sites were significant.  Percent sand was next in 
importance (21 percent significant) but the bivalves did not appear to be responding strongly to any 
particular factor.  Bivalve abundance appeared poorly related to the amount of gravel, silt/clay, TOC, 
or TKN as well as the C:N ratio and hydrodynamic exposure.   

 
Table 18. Correlations between dominant bivalve species or numerical assemblage 
characteristics and sediment properties in small and large clam assemblages from western Prince 
William Sound, August 2002.  Significance categories: Underlining indicates 0.1 > 0.05; bold type 
indicates 0.05 > 0.02; italic type indicates 0.02 > 0.01; bold plus italic type indicates highly 
significant (p < 0.01). 
a. Core data.  

   
 Dominant Taxa 

Correlation Coefficient (r)   

Abundance 
Saxidomus 
gigantea 

Macoma 
inquinata 

Leukoma 
staminea 

Rochefortia 
tumida 

Hiatella 
arctica 

Turtonia 
minuta 

Unwashed          
Upper Gravel -0.290 0.377 0.298 -0.370 -0.014 0.185 
Mean Gravel 0.156 -0.064 0.238 0.099 -0.014 -0.015 
Upper Sand 0.038 -0.266 -0.422 0.020 -0.423 -0.314 
Mean Sand 0.231 -0.642 -0.627 -0.168 -0.131 0.224 
Upper Silt/Clay -0.157 0.101 -0.186 0.194 -0.188 -0.001 
Mean Silt/Clay -0.251 0.206 0.036 0.013 -0.099 0.135 
Upper Mz (mm) 0.117 -0.023 0.196 0.091 0.395 0.251 
Mean Mz (mm) 0.098 0.237 0.286 0.001 0.223 -0.149 
Upper Sorting 0.039 -0.059 -0.342 0.341 -0.338 -0.145 
Mean Sorting -0.210 0.130 -0.103 0.153 -0.158 0.144 
TOC (%) -0.211 0.512 0.163 -0.169 -0.057 0.142 
TKN (%) -0.162 0.454 -0.053 -0.047 -0.070 0.115 
C:N ratio 0.045 0.227 0.625 0.114 0.075 -0.002 
Exposure Score 0.362 -0.359 -0.503 -0.009 0.066 -0.113 

Washed           
Upper Gravel -0.157 -0.132 -0.056 0.036 -0.033 0.165 
Mean Gravel -0.494 -0.412 -0.304 -0.318 -0.016 0.225 
Upper Sand 0.294 0.213 0.168 0.611 -0.334 0.000 
Mean Sand 0.243 0.249 0.230 0.592 -0.320 0.045 
Upper Silt/Clay 0.066 0.343 -0.048 0.121 -0.328 0.274 
Mean Silt/Clay 0.197 0.446 0.131 0.121 -0.280 0.408 
Upper Mz (mm) -0.222 -0.170 -0.084 -0.387 0.356 -0.053 
Mean Mz (mm) -0.013 -0.107 -0.035 -0.393 0.346 -0.151 
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 Dominant Taxa 

Correlation Coefficient (r)   

Abundance 
Saxidomus 
gigantea 

Macoma 
inquinata 

Leukoma 
staminea 

Rochefortia 
tumida 

Hiatella 
arctica 

Turtonia 
minuta 

Upper Sorting 0.507 0.403 0.260 0.270 -0.370 -0.047 
Mean Sorting 0.380 0.418 0.192 0.343 -0.297 -0.035 
TOC (%) -0.162 -0.017 -0.196 -0.117 -0.012 0.013 
TKN (%) -0.153 -0.051 -0.141 -0.185 0.440 0.132 
C:N ratio -0.082 -0.043 -0.216 0.030 -0.230 -0.196 
Exposure Score 0.083 -0.043 0.055 -0.176 0.266 -0.128 
b. Excavation data. 

Unwashed 
Saxidomus 
gigantea 

Leukoma 
staminea 

Macoma 
inquinata 

Macoma 
expansa 

Macoma 
balthica 

Hiatella 
arctica 

Upper Gravel -0.481 0.295 -0.021 -0.286 -0.222 -0.023 
Mean Gravel -0.044 0.459 0.229 -0.107 -0.390 -0.161 
Upper Sand 0.460 -0.170 0.065 -0.047 0.281 -0.503 
Mean Sand 0.488 -0.376 -0.153 -0.360 0.140 -0.087 
Upper Silt/Clay 0.237 -0.280 0.163 0.001 0.543 -0.278 
Mean Silt/Clay -0.187 -0.400 -0.049 0.252 0.594 0.025 
Upper Mz (mm) -0.146 -0.082 -0.230 0.198 -0.302 0.614 
Mean Mz (mm) -0.120 0.537 0.006 -0.004 -0.492 0.193 
Upper Sorting 0.417 -0.410 0.225 0.120 0.497 -0.449 
Mean Sorting 0.056 -0.531 0.063 0.313 0.436 -0.049 
TOC (%) -0.236 -0.029 0.308 0.143 -0.029 0.130 
TKN (%) -0.054 -0.252 0.085 0.023 -0.170 0.139 
C:N ratio -0.203 0.390 0.604 0.677 0.397 0.015 
Exposure Score 0.421 -0.316 -0.477 -0.282 0.028 0.038 

Washed 
Saxidomus 
gigantea 

Leukoma 
staminea 

Macoma 
inquinata 

Macoma 
expansa 

Macoma 
balthica 

Hiatella 
arctica 

Upper Gravel -0.351 -0.473 -0.246 -0.174 0.099 -0.180 
Mean Gravel -0.297 -0.231 -0.364 -0.305 0.226 -0.145 
Upper Sand 0.089 0.074 -0.078 0.189 0.314 -0.269 
Mean Sand 0.040 0.130 -0.157 0.407 0.041 -0.362 
Upper Silt/Clay -0.093 -0.020 -0.090 0.199 0.366 -0.162 
Mean Silt/Clay -0.001 0.180 -0.077 0.209 0.189 -0.082 
Upper Mz (mm) 0.062 0.129 0.104 -0.039 -0.266 0.438 
Mean Mz (mm) 0.254 0.033 0.379 -0.202 -0.218 0.601 
Upper Sorting 0.286 0.317 0.271 0.096 0.124 -0.302 
Mean Sorting 0.057 0.221 0.172 0.171 0.005 -0.281 
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Unwashed 
Saxidomus 
gigantea 

Leukoma 
staminea 

Macoma 
inquinata 

Macoma 
expansa 

Macoma 
balthica 

Hiatella 
arctica 

TOC (%) -0.279 -0.273 -0.271 -0.081 -0.058 0.092 
TKN (%) -0.159 -0.145 -0.122 -0.009 -0.010 0.528 
C:N ratio -0.242 -0.230 -0.238 -0.160 -0.089 -0.212 
Exposure Score 0.222 0.247 0.127 0.108 -0.322 0.201 

 
In the core data, emphasizing the smaller and recruiting clams, two species correlated 

significantly with more than two environmental properties (Table 18a).  Leukoma at Unwashed sites 
exhibited negative correlations with sand and exposure and a positive relationship to the C:N ratio 
but were not significantly correlated with any property at Washed sites.  Macoma inquinata at 
Unwashed sites also exhibited a negative correlation with sand but a positive relationship with TOC 
and TKN.  At Washed sites, it exhibited a negative correlation with gravel but a positive correlations 
with percent silt/clay and sorting.  Three species did not correlate with a single property among the 
Unwashed sites. 

 
In the large clam assemblage, four species correlated significantly with at least three 

sediment properties in the Unwashed sites and all correlated with at least one property (Table 18b).  
Saxidomus exhibited positive correlations with sand, sorting, and hydrodynamic exposure and a 
negative correlation with gravel.  Leukoma exhibited positive correlations with gravel and Mz but a 
negative correlation with sorting.  Macoma balthica correlated positively with silt/clay and sorting 
and negatively with Mz.  Hiatella correlated positively with Mz but negatively with sand and 
sorting.  None of the species at the Washed sites correlated significantly with at least three sediment 
properties and three correlated with only a single property (Table 18b).  

 
Generally, the response pattern (positive or inverse) of the dominant bivalves to specific 

sediment properties was inconsistent (Table 18), often differing between Unwashed and Washed 
categories for a specific variable, and between clam assemblages.  

 
Relationships Between Latitude and Bivalves 

To assess potential confounding effects of distance from the Gulf of Alaska on the perceived 
effects of beach washing, we examined the relationship between latitude and bivalve assemblages in 
the small and large clam assemblages.  Sites lacking individuals of a species were excluded from the 
calculations based on an assumption that strong factors other than potential latitudinal effects (e.g., 
hydrodynamic exposure) could be operating to make a habitat or area untenable for those bivalve 
species and therefore should not be considered in assessing overall patterns.   

 
Over 75 percent of the correlations for the variables examined were inverse, i.e., values 

decreased with increasing distance away from the Gulf of Alaska (latitude; Table 19).  However, 
only 20 percent of these were significant.  All of the significant relationships were for Saxidomus or 
Hiatella.  Abundance of Saxidomus declined significantly with increasing distance from the gulf 
among Unwashed sites and all sites combined in both small and large clam assemblages.  A similar 
pattern was observed among Washed sites and all sites combined in Hiatella but only among the 
large clam assemblage.  Abundance of juvenile Modiolus exhibited a strong trend to decline with 
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increasing distance from the gulf among Washed sites.  Correlation coefficients were positive for 
seven values, but for all, p was > 0.65, i.e., the patterns were random.  Significant relationships were 
not observed for either N or S.  

 
Table 19. Relationship between selected biological characteristics or dominant bivalves in small 
and large clam assemblages and latitude within Prince William Sound, June 2010.   
a. Small clam assemblage 

Biological 
Characteristic r  Exact p 

Biological 
Characteristic r  Exact p 

N     S     
Core   Core    

Unwashed -0.29 0.25 Unwashed -0.12 0.66 
Washed -0.05 0.81 Washed +0.03 0.89 
Overall -0.11 0.50 Overall -0.01 0.95 

Excavation   Excavation    
Unwashed -0.26 0.32 Unwashed +0.16 0.53 

Washed -0.25 0.29 Washed -0.02 0.92 
Overall -0.19 0.26 Overall +0.12 0.49 

Leukoma staminea     Saxidomus gigantea     
Core   Core    

Unwashed +0.24 0.65 Unwashed -0.76 0.03 
Washed -0.34 0.34 Washed -0.40 0.29 
Overall -0.21 0.45 Overall -0.58 0.01 

Excavation   Excavation    
Unwashed +0.18 0.65 Unwashed -0.72 0.02 

Washed -0.01 0.99 Washed +0.04 0.90 
Overall +0.07 0.77 Overall -0.39 0.06 

Hiatella arctica     Modiolus modiolus     
Core   Core    

Unwashed -0.27 0.38 Unwashed -0.14 0.79 
Washed -0.27 0.40 Washed -0.79 0.11 
Overall -0.22 0.30 Overall -0.35 0.29 

Excavation   Excavation    
Unwashed -0.20 0.71 Unwashed - - 

Washed -0.54 0.09 Washed - - 
Overall -0.43 0.08 Overall - - 

*  Underlined, bold, and italicized numbers indicate strong trends (0.2 > p > 0.1), significant (0.1 > p > 0.01, and highly 
significant (p < 0.01) results.  

 
Several comparisons for the bivalve assemblages exhibited significant relationships.  
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Saxidomus demonstrated significant negative correlations with increasing latitude overall and among 
Unwashed sites in small and large clam assemblages (Table 19).  Abundance of Hiatella was 
negatively correlated with latitude among Washed sites from the large clam assemblage and overall 
but was not correlated among Unwashed sites.  Modiolus abundance was negatively correlated with 
latitude among Washed sites only in the small clam assemblage.  Notably, weak positive 
relationships were observed for Leukoma among Unwashed sites in both small and the large clam 
assemblage. These relationships suggest that bivalve abundance tends to decline with increasing 
distance from the Gulf of Alaska.  Density of Saxidomus shows the strongest response, declining 
among Unwashed sites in sediments otherwise suitable for the species and overall with increasing 
distance away from the gulf.  Hiatella abundance responded similarly overall and in the large clam 
assemblage at Washed sites. 

 
These analyses provide no evidence that distance from the Gulf of Alaska is a confounding 

factor in assessing effects of beach washing.  Biological characteristics exhibit no discernible 
response.  Abundance of Saxidomus, Hiatella, and Modiolus declined significantly among either 
Unwashed or Washed sites but in each case, that decline was reflected in the combined data set, 
suggesting these treatment types are not responding in a confounding manner.  

 
Multivariate Analyses 

Multivariate analyses were conducted on numbers of individuals and biomass from each site.  
Data for each variable for small and large clam assemblages were combined into a single data set 
and fourth-root transformed.  For abundance (N), a surrogate was calculated for each species by 
adding abundance for a species in the small and large clam assemblages for each site and entering 
that sum into a combined matrix.  For biomass, average wet tissue weights for large and small clam 
assemblages were converted to a per-m2 basis and combined in the data matrix.  Rare, unspecified, 
or unidentified taxa were discarded from the site-species matrices used for cluster and non-metric 
multidimensional scaling (MDS).  Sites connected by red-shaded links and branches in the 
dendrograms are statistically similar at the 10-percent level and black connections or branches 
indicate significant differences between the linked groupings. 

 
Abundance 

Site Relationships 

The 39 sites surveyed in 2010 are classified into several major site groups and subgroups on 
the basis of species abundance (Fig. 39).  All of the sites except SQ1 were indistinguishable from 
other sites within their specific group on the basis of SIMPROF (similarity profile in PRIMER) 
analysis (p = 0.10).  According to this criterion, the sites segregated into six groups, as indicated by 
the solid vertical red lines extending to the horizontal black line linking the groups.  These included 
1) SQ1, 2) KN103A-CH8B, 3) KN507-KN133, 4) IN31-KN131A, 5) Bay of Isles and Shelter Bay, 
and 6) EV8-Sleepy Bay.  The largest group (KN507-KN133) included 23 sites divided into four 
subgroups.  Treatment categories did not appear to dominate any group or subgroup.  Distribution 
patterns of the species underlying these site groupings are discussed below in the section on Nodal 
Analysis. 

 
The treatments shown in the key (1= Unwashed and 2 = Washed) indicate the largest group 
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included 10 Unwashed and 13 Washed sites, respectively.  A comparison of the number of 
Unwashed and Washed sites in each dendrogram subgroup clearly shows a lack of segregation 
among groups on the basis of treatment type (Table 20; p = 0.4; one-way ANOVA).  This indicates 
that Unwashed and Washed sites are well interspersed within the groups.   

 
The lack of clear segregation of the sites into distinct groups is well demonstrated in 2- and 

3-dimensional graphics based on MDS (Figs. 40a and b).  The only cleanly separated groups are the 
several sites that had very few species and individuals, i.e., SQ1, Sleepy Bay, Bay of Isles, and 
Shelter Bay, all of which are scattered about the periphery of a central, dense cluster of Unwashed 
and Washed sites.  Stress measures the departure of individual pairwise comparisons of similarity 
indices from a least-squares regression line based on similarity of all potential pairs computed using 
multiple permutations with random site pairs as start points.  A lower stress value indicates a more 
realistic depiction of the relationships among sites or species.  Typically, because of the additional 
dimension, stress levels will be lower for 3-D than for 2-D analyses.  The levels of stress in these 
analyses, 0.20 and 0.13 for the 2-D and 3-D analyses, respectively, indicate that the 2-D analysis 
provides a useful depiction of relationships among sites but that the 3-D analysis is a more realistic 
depiction.   

 
Figure 39. Dendrogram depicting relationships among sites based on combined abundance of 
bivalve species from large and small clam assemblages at the sites in 2010.  The dotted horizontal 
line indicates a slice across the dendrogram at the average value for percent similarity in the 
resemblance matrix, i.e., 44.8 percent. 
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Figure 40. Two-and three-dimensional ordination matrices of sites based on combined bivalve abundance from large and small 
clam assemblages based on Bray-Curtis similarity indices for 2010.  a.  two-dimensional relationships among the sites and site groups.  
b.  three-dimensional relationships among the sites and site groups.  Colored circular lines enclose sites or site groups with similarity 
levels equal to or greater than the level indicated by the color codes, based on the dendrogram in Fig. 38. 
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Table 20. Composition of multi-species-based site-dendrogram groups in 2010.  Dendrogram 
groups are numbered from top to bottom of the nodal matrix.   

Dendrogram 
Group 

Number 
Unwashed 

Sites 
Washed 

Sites 
1 1 0 
2 2 1 
3 1 2 
4 0 2 
5 2 4 
6 2 3 
7 5 2 
8 1 5 
9 1 1 
10 2 2 

 
Species Relationships 

Ten species from the combined list for large and small clam assemblages5 were considered 
sufficiently abundant to contribute significantly to the multivariate analyses (i.e., contribute more 
information than noise).  All but two very small species (Rochefortia and Turtonia), retained only in 
the small clam assemblage, were found in both sample types.   

 
The species segregated into three groups and four subgroups (Fig. 41) on the basis of 

abundance.  The primary dichotomy is between the M. golikovi-M. balthica group and the remaining 
species.  The subgroups comprised one, two, three, or four species each.  In only one group, 
comprising M. balthica and M. golikovi, were the species statistically indistinguishable in terms of 
distribution and abundance (SIMPROF analysis; p = 0.1).  

 
To assess the successional nature of the species groupings, the species were classified into 

three categories on the basis of their assumed status in community succession, a disturbance-related 
feature.  Five species were classified as opportunistic or pioneer species (Class 1, including Hiatella, 
Macoma balthica, Rochefortia, Turtonia, and Modiolus); species of this type are often referred to as 
“weeds”.  (In other settings, the mussel Modiolus can be considered a “tree” but adults, which can be 
large, long-lived, and bed-forming, were not observed in these samples.)  Two species, Saxidomus 
and Leukoma, were classified as climax species (Class 3) because of their general longevity and 
reproductive strategies; such species are often referred to as “trees”.  Using the same criteria, three 
species (Macoma inquinata, M. expansa, and M. golikovi) were classified as intermediate forms 
(Class 2).  Based on these classifications, the species groups do not appear to be based on 
successional classes to any great degree (Fig. 41).  All multispecies groups are mixtures of the three 
classes.  Notably, the group including Saxidomus, the longest lived of all the species, also includes 

                                                
5   Key to species name in the dendrogram and ordination graphics:  Modio = Modiolus modiolus; Hiatella = Hiatella 
arctica; Turton = Turtonia minuta; Rochef = Rochefortia tumida; Saxid = Saxidomus gigantea; Leukom = Leukoma 
staminea; M_inqu = Macoma inquinata; M_expan = Macoma expansa; M_goli = Macoma golikova; M_balthica = 
Macoma balthica. 



 

80 

two “weeds”. 

 
Figure 41. Dendrogram of bivalve species showing five species groupings as delineated by 
vertical red line.  Based on combined abundance from large and small clam assemblages among sites 
in 2010.  The dotted horizontal line indicates a slice across the dendrogram at the average value for 
percent similarity in the resemblance matrix, i.e., 38.2 percent. 

 
MDS analyses confirm the segregation of M. balthica and M. golikovi from the core group of 

species (Fig. 42).  They also show the distinct separation of Modiolus from the other members of the 
core group.  They indicate that the distribution of Saxidomus, Leukoma, Hiatella, M. inquinata, M. 
expansa, and Turtonia are somewhat similar.  But they suggest that Saxidomus and Leukoma are 
considerably more central to the larger group than indicated in the dendrogram (Fig. 40) shows.  
Moreover, they suggest greater segregation on the basis of successional classes than the dendrogram 
indicates.  The low levels of stress (0.09 the 2-D analysis [Fig. 42a] and 0.05 for the 3-D analyses 
[Fig. 42b]) provide a high level of confidence that the relationships depicted among the species are 
excellent representations of their relationships.   

Nodal Analysis Based on Abundance 

This analysis examines the allocation of species and species groups among site groups on the 
basis of species abundance.  The numbers in the body of the table represent the sum of individuals 
found for each species in both large and small clam assemblages.  These numbers represent rough 
surrogates for abundance except in the cases of Rochefortia and Turtonia, which were not retained in 
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Figure 42. Two-and three-dimensional ordination matrices of species based on combined bivalve abundance in large and small 
clam assemblages in 2010.  a.  two-dimensional relationships among species and species groups.  b.  three-dimensional relationships 
among species and species groups.  Colored circular lines enclose species or species groups with similarity levels equal to or greater 
than the level indicated by the color codes, based on the dendrogram in Fig. 41. 



 

82 

the large clam assemblage due to the larger screen mesh size used for these samples.  In the nodal 
matrix (Table 21), the heavy black lines between site and species groups delimit major site and 
species groups shown in those dendrograms.  Shading has been used to accentuate the major groups.   

 
It is clear from this table that species group 1b is the dominant bivalve group, with an 

average of 14.5 ± 2.7 (SE) individuals per site across all sites.  It was dominant in five site groups.   
Within the eighteen sites in site group C, Saxidomus was present at all sites, Rochefortia at all but 
one, and Hiatella at all but 2.   

 
The presence/absence and abundance of species group 1b drives the organization of the site 

groups.  All site groups but A, E, F, and G had light to moderate numbers.  The abundance of this 
group was highest in site group C4 (36.8 ± 72.8 individuals per site), largely due to high densities of 
Rochefortia.  Group C3, with higher numbers of Hiatella and Saxidomus and lower numbers of 
Rochefortia, is characterized by relatively uniform abundance of all three species (15.8 ± 13.5 
individuals per site).   

 
Species group 2 was of secondary importance, dominating in one site group (B; 4.0 ± 5.4 

individuals per site) and with moderate abundance in two others.  It also had moderate representation 
in site group C3 (3.2 ± 2.2 individuals per site) and C4 (2.7 ± 2.3 individuals per site).  Turtonia was 
well represented in C3 (4.8 ± 2.6 individuals per site).  This matrix suggests that the remaining 
species or species groups were of negligible or only marginal importance, at least on the basis of 
abundance.   

 
Table 21. Nodal analysis showing distribution of species in the small clam assemblage among sites 
based on abundance in 2010.  Heavy black lines delimit major groupings. 
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A SQ1 0 0 0 5 0 0 0 1 0 0 

B KN103A 0 0 1 0 1 3 1 0 0 0 

 CH8A 0 2 3 0 0 6 11 0 0 0 

 CH8B 1 0 10 0 0 2 12 0 0 0 

C1 KN507 1 1 0 1 0 5 0 0 0 0 

 EV16 6 13 2 5 0 4 0 0 0 0 

 IN32 8 0 1 2 0 3 0 0 0 0 

C2 CH9 19 11 56 1 0 2 2 1 1 0 

 KN104 2 1 44 5 0 2 0 1 1 0 

C3 KN103B 7 2 5 10 7 8 0 0 1 0 
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 KN106B 2 29 19 1 1 1 2 0 0 2 

 KN4 0 27 25 17 1 7 6 0 0 3 

 FL3C 5 2 5 13 3 3 3 0 0 1 

 DI67A 10 47 49 7 1 3 1 0 0 0 

 FL4B 5a 14 1b 7 2 7 1 1 0 0 

C4 KN554A 0 0 50 3 2 1 1 0 0 2 

 KN554B 0 12 103 8 4 4 7 2 6 0 

 FL4A 0 1 115 5 1 1 4 0 1 0 

 DI67B 1 0 90 6 9 2 2 0 0 0 

 KN131B 1 3 152 4 1 2 0 0 0 0 

C5 CH1 0 1 8 6 0 0 0 0 0 8 

 FL3B 0 1 75 10 0 0 0 0 0 6 

 FL3A 0 2 85 17 0 0 0 0 1 0 

 KN575 0 12 87 3 0 0 0 0 8 1 

 EV70 0 3 5 15 0 2 1 1 0 1 

 KN130 0 7 20 3 0 0 4 1 0 0 

 KN133 0 3 30 1 0 0 0 3 0 0 

D IN31 4 5 1 0 0 0 0 0 0 0 

 DI66 2 28 9 0 0 0 0 0 0 1 

 LA16 4 160 7 0 0 0 1 0 0 3 

E KN553 1 1 1 0 0 0 1 3 0 0 

 KN118 3 0 8 2 2 0 0 5 0 0 

 KN131A 3 2 1 0 1 0 0 66 1 0 

F Isles 1 0 0 0 0 1 0 0 1 0 

 Shelter 2 0 0 0 0 1 0 0 0 0 

G EV8 0 66 0 0 0 1 0 0 0 0 

 KN106A 0 11 0 0 0 1 0 0 0 0 

 KN502 0 0 0 0 0 1 0 0 0 1 

 Sleepy 0 1 0 0 0 0 0 0 0 3 
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Relationships Between Site Variables or Factors and Site Similarity Indices 

Analysis of Similarity (ANOSIM routine in PRIMER) was used to evaluate the relationships 
between site-specific numerical assemblage characteristics, treatment category, physical or chemical 
properties and pair-wise Bray-Curtis similarity indices for the sampling sites (Table 22).  Similarity 
indices were calculated using combined abundance or biomass values for the species observed in 
large and small clam assemblages.  The purpose of this analysis was to gain insight into what factors 
were driving the distribution patterns illustrated by the multivariate analyses conducted for these 
sites or depicted in the nodal analysis.   

 
Resemblance matrices, especially one based on abundance, were most strongly related to the 

three numerical assemblage characteristics, N, S, and H’ (Table 22).  For the abundance comparisons 
for both large and small clam assemblages, the probabilities rejecting acceptance of the null 
hypothesis were high (p < 0.05 in most cases).  For the biomass resemblance matrix, the 
probabilities supporting acceptance were somewhat higher in most cases.  Only N for the small clam 
assemblage exhibited a significant relationship.  The relationships between wet weight and the 
resemblance matrices lacked significance in all cases. 

 
All of the environmental factors except treatment category and percent fines exhibited some 

degree of relationship with one or both of the resemblance matrices for abundance and biomass 
(Table 22).  TKN was strongly related to both the abundance and biomass.  Mean particle size 
exhibited a significant relationship with abundance and a weak trend with biomass.  Exposure scores 
were significantly related to abundance, and TOC exhibited a strong trend to biomass.   

 
An evaluation of the relationships of dominant bivalves to the abundance and biomass 

resemblance matrices indicated that all but M. inquinata were at least moderately related on the basis 
of abundance or biomass.  Saxidomus abundance exhibited a strong positive trend relative to the 
abundance matrix and was significant positive relationship to the biomass matrix.   Its biomass was 
poorly related to the abundance matrix but significantly related to the biomass matrix.  Abundance 
and biomass of Leukoma and Rochefortia were strongly related to both matrices.  Hiatella 
abundance was strongly related to both matrices but biomass was poorly related.  Both aspects of M. 
inquinata were poorly related to the resemblance matrices.  These comparisons provide a different 
line of support to the indications of the cluster and MDS analyses described above. 

 
Biomass 

For biomass, average wet tissue weights for large and small clam assemblages were 
converted to a per-m2 basis and combined.  Weights from the large clam assemblage provide a 
reasonable representation of biomass for the larger clams.  In contrast, weights from the small clam 
assemblage provide a more accurate representation of biomass of the smaller clams, some of which 
are not represented in the large clam assemblage.  However, since some overlap does occur because 
the small clam assemblage does include some large individuals of the larger species, the combined 
weights are not completely accurate.  Nevertheless, although not ecologically accurate, these 
surrogate values were considered acceptable for use in the multivariate analyses because the error 
introduced by overlap was small, i.e., the contribution from the small clam assemblage to weights of 
the larger species in the large clam assemblage was generally small and weights for the smaller 
individuals of the larger species and smaller species would have otherwise been lacking. 



 

85 

Table 22. Comparison of Analysis of Similarity (ANOSIM) values evaluating relationships 
between values for site-specific numerical assemblage characteristics and treatment, physical, or 
chemical properties and Bray-Curtis similarity indices for site pairs based on abundance and biomass 
data from June 2010 sampling locations in Prince William Sound.  

 
Abundance Biomass 

Site 
Characteristics 
or Properties Global R 

 Probability 
of Null 

Hypothesis Global R 

 Probability 
of Null 

Hypothesis 
Numerical Assemblage Characteristics 

Large Clam Assemblage 

N 0.150 0.033* 0.098 0.108 

S 0.153 0.022 0.067 0.158 

H’ 0.142 0.038 0.055 0.211 

Wet Weight 0.015 0.380 0.028 0.340 

Small Clam Assemblage 

N 0.098 0.051 0.166 0.006 
S 0.181 0.003 0.009 0.440 

H' 0.159 0.016 0.061 0.190 

Wet Weight -0.053 0.740 -0.094 0.910 

Environmental Properties 

Treatment 0.007 0.390 -0.014 0.600 

Mz Phi 0.094 0.096 0.052 0.213 

% Fines 0.046 0.270 0.025 0.355 

% TOC 0.000 0.490 0.086 0.102 

% TKN 0.083 0.094 0.098 0.086 
Exposure 0.078 0.093 0.025 0.276 

Dominant Bivalve Abundance and Biomass 
Saxidomus 
Abundance 0.062 0.148 0.124 0.02 
Saxidomus 
Biomass 0.020 0.562 0.218 0.003 
Leukoma 

Abundance 0.126 0.041 0.162 0.011 
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Abundance Biomass 

Site 
Characteristics 
or Properties Global R 

 Probability 
of Null 

Hypothesis Global R 

 Probability 
of Null 

Hypothesis 
Leukoma 
Biomass 0.132 0.046 0.198 0.007 
Hiatella 

Abundance 0.189 0.004 0.113 0.031 
Hiatella 
Biomass -0.11 0.91 0.048 0.255 

M. inquinata 
Abundance -0.099 0.857 -0.019 0.561 

M. inquinata 
Biomass -0.092 0.812 -0.054 0.716 

Rochefortia 
Abundance 0.322 0.001 0.142 0.034 
Rochefortia 

Biomass 0.273 0.001 0.188 0.002 
*   Bold font indicates a statistically significant relationship between values for variable or factor and Bray-Curtis 
similarity indices; italic font indicates a strong trend between values for variable or factor and Bray-Curtis similarity 
indices. 

 
Site Relationships 

Of the 39 sites surveyed in 2010, 38 had measureable biomass.  Clams were not observed in 
samples from Sleepy Bay so it was omitted from these analyses.  These sites classified into four 
groups and seven subgroups (Fig. 43).  Generally, the number of groups and subgroups and sites per 
group are similar those observed in the abundance dendrogram (Fig. 40), ranging from three to 23 
sites. As above, treatment categories 1 and 2 shown in the key indicate Unwashed and Washed sites, 
respectively. 

 
Sites KN118 and KN131A were not statistically distinguishable on the basis of biomass 

patterns (SIMPROF analysis; p = 0.1).  Biomass values for the remaining sites within each group 
were statistically different, even though many were linked at similarities higher than 75 percent (Fig. 
43).  Nevertheless, average biomass varied significantly among the site groups (p << 0.0001; one-
way ANOVA).  Biomass in site group KN104-KN103B averaged 78.0 ± 22.2 (SE) g whole wet 
weight.  Mean biomass in the remaining groups was substantially less than that in the above group 
(KN106A-KN131B: 34.3 ± 9.1 g; CH8A-Shelter; 14.3 ± 5.3 g; DI66-IN31: 11.8 ± 6.8 g; KN553-
KN131A: 6.2 ± 3.5).  Distribution patterns of the species underlying these site groupings are 
discussed below in the section on Nodal Analysis. 

 
A comparison of the number of Unwashed and Washed sites in each dendrogram subgroup 

shows that Unwashed and Washed sites are well interspersed and clearly not segregated among the 
groups (Table 23; p = 0.48; one-way ANOVA).   

 
The MDS analyses amplify the pattern suggested above in the description of multivariate 
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analyses based on abundance and provided by the above cluster analysis based on biomass.  The 
groups with lower biomass are generally located around the periphery of the main cluster formed by 
the groups with higher biomass but are not distinctly separated at the 50-percent similarity.  All 
show that Unwashed and Washed sites are clearly not segregated on the basis of bivalve biomass 
(Figs. 44a and b) and are generally not segregated into distinct groups.  Levels of stress in these 
analyses, 0.17 and 0.11 for the 2-D and 3-D analyses, respectively, indicate that these analyses 
provide good to excellent depictions of the relationships and are slightly better than those for 
abundance (Figs. 42a and b). 

 

 
Figure 43. Dendrogram depicting relationships among sites based on combined biomass of 
species in the large clam assemblage at the sites in 2010.  Vertical red lines delineate five site 
groupings.  The dotted horizontal line indicates a slice across the dendrogram at the average value 
for percent similarity in the resemblance matrix, i.e., 36.7 percent. 

 
The hypothesis that the site resemblance matrices used in the multivariate analyses for 

abundance (Figs. 40 and 41) and biomass (Figs. 43 and 44) were similar was evaluated using the 
RELATE routine in PRIMER.  The likelihood that the relationships in these matrices for sites were 
similar was very remote (p = 0.001), indicating that abundance and biomass provide very different 
insights into assemblage structure and which factors are important to species composition in these 
habitats.  Nevertheless, both sets of analyses indicate that treatment type is not an important factor. 
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Table 23. Composition of multi-site-based species-dendrogram groups.  Dendrogram groups are 
numbered from top to bottom of the nodal matrix.   

Dendrogram 
Group 

Number 
Unwashed 

Sites 
Washed 

Sites 
1 4 3 
2 2 3 
3 1 1 
4 4 2 
5 3 4 
6 2 6 
7 1 2 

 
Species Relationships 

Twelve species had sufficient biomass to contribute significantly to the multivariate analyses 
for the combined list for large and small clam assemblages6.  Saxidomus contributed 68 percent of 
the overall biomass.  Addition of Leukoma and Hiatella raised that total to 90 percent.  The tiny 
species, Turtonia, while relatively common in the samples, was too small to consider weighing and 
has not been included in these analyses.   

 
The average value of the Bray-Curtis similarity indices based on biomass was used as the 

criterion for distinguishing between site groups.  Based on this criterion, the species segregated into 
four major groups (indicated by red lines) and six subgroups (Fig. 45).  The largest group could be 
separated into three subgroups (indicated by blue lines).  Clinocardium and Neaeromya each 
constituted a distinct group and Diplodonta and Modiolus formed a fourth group.  The largest group 
contained eight species, including M. expansa through Hiatella.   

 
Most members of the two larger species groups were statistically indistinguishable (SIMPROF 
analysis; p = 0.1), as indicated by the red branches and linkages in the dendrogram.  The four groups 
appear to be distinctly segregated, far more than was observed on the basis of abundance (Fig. 40).  
Average biomass varied significantly among the species groups (p = 0.06; one-way ANOVA).  
Biomass in the Saxidomus-Leukoma-Hiatella group averaged 124.7 ± 22.4 (SE) g whole wet weight.  
Mean biomass in the other groups was orders of magnitude less than in the above group.  They 
ranged from: 6.9 ± 1.6 g whole wet weight for the M. expansa/inquinata/golikovi/ balthica-
Rochefortia group; 2.6 ± 1.3 g for the Diplodonta/Modiolus group; 1.1 ± 1.1 g for Clinocardium; and 
0.7 ± 0.5 for Neaeromya.  Again, although abundant, Turtonia was not included. 

 
In terms of successional patterns, five species were classified as “weeds”, five as components 

of intermediate succession stages, and two (Saxidomus and Leukoma) as climax species.  The latter 
clustered together but in combination with the “weed”, Hiatella.  As observed for the cluster analysis 

                                                
6   Key to species name in ordinations:  Clinoc = Clinocardium nuttallii; Neaero = Neaeromya compressa; Diplo = 
Diplodonta impolita; Modio = Modiolus modiolus; M_balt = Macoma balthica; ; M_expan = Macoma expansa; M_inqu 
= Macoma inquinata; M_goli = Macoma golikova; Rochef = Rochefortia tumida; Saxid = Saxidomus gigantea; Leukom 
= Leukoma staminea; Hiatell = Hiatella arctica. 
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Figure 44. Two- and three-dimensional ordination matrices of sites based on combined bivalve biomass from large and small clam 
assemblages.  a.  two-dimensional relationships among the sites and site groups.  b.  Relationships among the sites and site groups in 
three dimensions.  Colored circular lines enclose sites or site groups with similarity levels equal to or greater than the level indicated 
by the color codes, based on the dendrogram in Fig. 27. 
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Figure 45. Dendrogram depicting relationships among sites based on combined biomass of 
species in large and small clam assemblages at the sites.  Vertical red lines delineate five site 
groupings.  The dotted horizontal line indicates a slice across the dendrogram at the average value 
for percent similarity in the resemblance matrix, i.e., 19.0 percent. 

 
on the basis of abundance, successional classes do not appear to be important in the species groups. 

 
As above, MDS analyses produced results supporting the contention above that species 

groups are fairly well segregated (Figs. 46a and b).  The single-and two-species groups are widely 
separated from the core group.  Within that group, M. balthica is well separated from the remaining 
seven species, which appear grouped in relatively tight clusters.   The very low levels of stress (0.04 
the 2-D analysis [Fig. 46a] and 0.02 – near perfect - for the 3-D analyses [Fig. 46b]) provide a high 
level of confidence that the relationships depicted among the species are excellent representations of 
their relationships on the basis of biomass.   

 
The hypothesis that the species resemblance matrices used in the multivariate analyses for 

abundance (Figs. 41 and 42) and biomass (Figs. 45 and 46) were similar was evaluated using the 
RELATE routine in PRIMER.  It appears resemblance matrices for abundance and biomass based on 
species data are not statistically different (p = 0.21). 
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Nodal Analysis Based on Biomass 

This analysis examines the segregation of species and species groups into site groups on the 
basis of bivalve wet tissue weights.  The data in the body of the table represent the sum of combined 
biomass estimates (g whole wet weight/m2) for each species in both large and small clam 
assemblages.  As with the abundance data, these values represent a rough surrogate for biomass.  In 
the nodal matrix (Table 24), the heavy black lines between site and species groups delimit major site 
and species groups.  Shading has been used to accentuate the major groups.   

 
Species group 1, comprising Saxidomus, Leukoma, and Hiatella, is the dominant bivalve 

assemblage.  Biomass averages 124.7 ± 22.4 (SE) g whole wet weight/m2 across all sites.  It 
dominated in three of five site groups (a total of 28 of 38 sites.  Saxidomus was present at 23 of these 
sites, Hiatella at 19, and Leukoma at 16.  Species group 2, with far lower biomass (6.9 g/m2), was the 
only other species group that contributed appreciably.   

 
Highest mean biomass for each for these species was observed in different site groups.  

Highest Saxidomus biomass was in site group D (778.8 ± 102.6 g).  Highest Leukoma biomass was 
in site group A (132.1 ± 37.3 g), where the other two species were lacking (Table 24).  Highest 
Hiatella biomass was observed in site group B (127.5 ± 66.3 g). 

 
Because biomass of Saxidomus, Leukoma, and Hiatella so strongly dominate, 

presence/absence and biomass distribution patterns of that species group drive the organization of 
the site groups.  Group D had the highest biomass (78.0 ± 22.2 g), followed by group C (34.3 ± 9.1 
g.  The importance of the remaining species groups was generally minimal.  The only site group 
where species group 1 did not contribute >75 percent of the biomass was site group E (12 percent), 
characterized by the near absence of those species and dominated by M. balthica. 

 
In summary, classification and MDS analyses do not provide support for distinguishing between 
Unwashed and Washed sites.  The sites, at this point in time, tend to form relatively dense clusters of 
well-populated sites with groups of sparsely populated sites scattered around the periphery of the 
cluster rather than segregating into other distinct clusters.  Distinction of sites is greater when 
biomass rather than abundance is used as the basis for analyses.  The observed lack of strong 
segregation between site groups may be a consequence of a combination of varying rates of recovery 
from the cleanup and possible misclassification of treatment at sites in 2002 due to the ambiguity of 
information available on actual rather than proposed treatment.  Moreover, the lack of strong 
segregation is probably exacerbated by the dramatic changes observed in the composition and 
abundance levels in the bivalve assemblages in the region.  Nevertheless, the three dominant species, 
Saxidomus, Leukoma, and Hiatella, segregate somewhat consistently, along with M. expansa and M. 
inquinata,  on the basis of abundance and biomass.  
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Figure 46. Two- and three-dimensional ordination matrices of species based on combined bivalve biomass in large and small clam assemblages.  
a.  two-dimensional relationships among the species and species groups in two dimensions.  b.  three-dimensional relationships among the species 
and species groups in three dimensions.  Colored circular lines enclose sites or site groups with similarity levels equal to or greater than the level 
indicated by the color codes, based on the dendrogram in Fig. 45.  
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Table 24. Nodal analysis showing distribution of species among sampling locations based on bivalve biomass.  Heavy black lines delimit major 
groupings. 
Group Designation  1   2  3 4 5 6 
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A CH8A 0.0 199.2 0.0 4.3 143.4 0.0 0.07 0.0 0.0 0.0 0.0 0.0 
 CH8B 0.0 26.9 0.0 0.0 121.8 0.0 0.24 0.0 0.0 0.0 0.0 0.0 
 Bay of Isles 0.0 10.1 0.0 0.0 0.0 0.4 0.00 0.0 0.0 0.0 0.0 0.0 
 KN103A 0.0 250.8 0.0 3.2 0.0 0.0 0.02 0.0 0.0 0.0 0.0 0.0 
 KN507 0.0 238.5 0.0 0.0 0.0 0.0 0.00 0.0 0.0 0.0 0.0 0.0 
 KN502 0.0 113.1 0.0 0.0 0.0 0.0 0.00 0.0 0.0 0.0 0.0 0.0 
 Shelter Bay 0.0 86.0 0.0 0.0 0.0 0.0 0.00 0.0 0.0 0.0 0.0 0.0 

B DI66 0.0 0.0 1.8 0.0 0.0 0.0 0.48 0.0 0.0 0.0 0.0 0.0 
 EV8 0.0 4.1 353.4 0.0 0.0 0.0 0.00 0.0 0.0 0.0 0.0 0.0 
 LA16 0.0 0.0 196.6 0.0 0.7 0.0 0.17 0.0 0.0 0.0 0.0 0.0 
 KN106B 7.7 0.0 75.0 3.9 23.5 0.0 0.46 0.0 0.0 0.0 0.0 9.6 
 IN31 0.0 0.0 10.9 0.0 0.0 0.0 0.02 0.0 0.0 0.0 0.0 18.6 

C KN106A 0.0 87.7 58.3 0.0 0.0 0.0 0.00 0.0 67.7 0.0 0.0 0.0 
 CH9 19.5 20.9 14.7 0.0 38.9 0.9 1.36 0.7 65.3 0.0 0.0 0.0 
 CH1 814.4 0.0 0.0 0.0 0.0 0.0 0.00 0.0 12.7 0.0 0.0 0.0 
 SQ1 591.2 0.0 0.0 0.0 0.0 0.0 0.00 5.6 0.0 0.0 0.0 0.0 
 FL3A 367.0 0.0 0.0 0.0 0.0 1.1 2.06 0.0 0.0 0.0 0.0 0.0 
 FL3B 712.7 0.0 0.0 0.0 0.0 0.0 1.82 0.0 0.0 0.0 0.0 0.0 
 KN130 287.1 0.0 2.7 0.0 16.0 0.0 0.48 2.9 0.0 0.0 0.0 0.0 
 KN133 24.0 0.0 4.3 0.0 0.0 0.0 0.99 0.5 0.0 0.0 0.0 0.0 
 KN554A 45.5 0.4 0.0 8.4 5.3 9.4 1.21 0.0 22.8 26.6 0.0 0.0 
 FL4A 276.5 0.0 0.0 38.7 155.7 16.2 2.79 0.0 0.0 0.0 0.0 0.0 
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 KN575 387.0 0.0 57.8 0.0 0.0 11.3 2.11 0.0 0.0 0.0 43.4 0.0 
 IN32 79.8 50.7 0.0 0.0 0.0 0.0 0.02 0.0 0.0 0.0 0.0 0.0 
 FL3C 728.4 49.7 0.4 65.0 0.0 0.0 0.12 0.0 0.0 0.0 0.0 0.0 
 DI67B 512.1 7.1 0.0 17.5 14.2 0.0 2.18 0.0 0.0 0.0 0.0 0.0 
 KN131B 262.2 28.1 0.0 11.6 0.0 5.3 3.69 0.0 0.0 0.0 0.0 0.0 
 KN104 209.8 99.6 15.0 0.0 0.0 14.0 1.07 1.0 0.0 0.0 0.0 0.0 

D EV70 1024.4 46.3 52.5 0.0 5.7 0.0 0.12 6.4 0.0 0.0 0.0 0.0 
 EV16 634.6 35.4 50.7 0.0 0.0 0.0 0.05 0.0 0.0 0.0 0.0 0.0 
 KN4 422.5 90.9 194.1 11.5 17.0 0.0 0.61 0.0 0.0 0.0 0.0 0.0 
 DI67A 723.9 12.6 88.2 9.1 2.9 0.7 1.19 0.0 0.0 0.0 0.0 0.0 
 FL4B 933.0 162.3 52.4 17.9 13.8 3.0 0.12 0.0 0.0 0.0 0.0 0.0 
 KN554B 1169.4 60.2 25.0 19.7 38.8 26.4 2.50 1.2 0.0 0.0 0.0 0.0 
 KN103B 544.2 467.0 6.9 110.9 44.2 14.4 0.12 0.0 0.0 0.0 0.0 0.0 

E KN553 0.0 0.0 0.0 0.0 2.5 0.0 0.02 5.3 0.0 0.0 0.0 0.0 
 KN118 7.2 0.0 0.0 4.7 0.0 0.0 0.19 8.1 0.0 0.0 0.0 0.0 
 KN131A 0.0 0.0 20.0 13.4 0.0 43.7 0.02 118.4 0.0 0.0 0.0 0.0 
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Discussion 

Based on our 2002 studies, we demonstrated a considerable lag in the recovery of intertidal 
hard-shell clam populations in washed heterogeneous sediments in western PWS (Lees and Driskell 
2007), especially for the littleneck clam (Leukoma staminea).  We also provided evidence that the 
nature of the heterogeneous coarse-grained sediments in which these clams live is distinctively 
different from that of the more widely recognized homogeneous sediments such as mud, sand, and 
homogeneous gravel.  Moreover, we also provided evidence suggesting that the large surficial clasts 
in these heterogeneous sediments could organize (or armored) in a manner similar to that reported by 
Hayes and Michel (1999, 2001) and Hayes et al. (2010).  We hypothesized that this structural 
phenomenon was an important factor in the development of productive, stable assemblages of long-
lived animals such as the hard-shell clams and that its disruption by beach washing was a major 
factor in the lagging recovery observed on washed beaches in western PWS.   

 
The principal objectives of the 2010 studies were to assess the current condition of recovery 

of hard-shell clam populations living in washed beaches, i.e., add another point to the recovery 
trajectory curve suggested previously (Lees and Driskell 2007), and attempt to provide greater 
insight into the organization concept by developing a metric to quantify sediment organization.  This 
metric would then be used to assess the validity of the hypothesis that lagging recovery observed in 
2002 was related to disruption of sediment organization by beach washing following the EVOS.   

 
This discussion is divided into four sections.  The first section discusses the nature of this 

specific bivalve assemblage, which appears to differ somewhat from the assemblage described on 
the basis of the 2002 studies (Lees and Driskell 2007).  In the next section, we present time-series 
data for Leukoma and Saxidomus, where available, from PWS, Kachemak Bay, and Glacier Bay.  
These analyses cover the period from 1990 through 2010 for PWS, 1999 through 2010 for 
Kachemak Bay, and 1998 through 2011 for Glacier Bay.  In the third section, we discuss some ideas 
regarding some possible causes of the observed declines in bivalve populations.  Finally, we describe 
temporal and spatial patterns in sea surface temperature at several locations in the region since 1995, 
temporal patterns in pH at Seldovia Bay, in Kachemak Bay, since 2004, and temporal patterns in 
phytoplankton community composition and biomass in the Gulf of Alaska since 2000.  

 
Patterns and Changes in the Clam Assemblages 

Based on expected patterns for changes for numerical assemblage characteristic at 
undisturbed and disturbed sites through time, we established different hypotheses for Unwashed and 
Washed sites (Table 25).   We had no reason to expect differences in these numerical variables at 
Unwashed sites between 2002 and 2010 and this is reflected below.    

 
In contrast, beach washing disturbed sediments and caused substantial injury to the infaunal 

assemblages and the associated hard-shell clam populations (Lees and Driskell, 2007).  
Consequently, we expected to see N decline in 2010 from the higher values for N observed in the 
small clam assemblage in 2002, i.e., the normal response of “pioneer” species to disturbance in later 
stages of recovery (Pearson and Rosenberg 1978).  However, as a consequence of expected 
maturation of hard-shell clam populations, we expected values for N observed in the large clam 
assemblage in 2002 to increase in 2010 (Table 25).  We also expected that some “pioneer” species 
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would disappear by 2010 so we predicted that higher values for S observed in the small clam 
assemblage in 2002 would decline by 2010.  However, because several smaller “pioneer” species are 
not retained in these samples, we proposed S would not change between 2002 and 2010 in the large 
clam assemblage.  Finally, due to an expected reduction in abundance of “pioneer” species and 
greater evenness over time, we expected species diversity would increase in both small and large 
clam assemblages in 2010. 

 
Table 25. Treatment-specific hypotheses for differences between 2002 and 2010 in numerical 
characteristics of the bivalve assemblages in heterogeneous sediments in small and large clam 
assemblages at Unwashed and Washed sites in Prince William Sound. 

 
Category  Unwashed   Washed  
Numerical Variable N S H’ N S H’ 
Hypothesis for Small 
Clam Assemblage Null Null Null 

Ha; 2002 
> 2010 

Ha; 2002 
> 2010 

Ha; 2002 
< 2010 

Hypothesis for Large 
Clam Assemblage Null Null Null 

Ha; 2002 
< 2010 Null 

Ha; 2002 
< 2010 

 
The nature of the infaunal assemblages changed substantially in western PWS between 2002 

and 2010, especially in terms of abundance.  However, the changes were substantially different from 
those anticipated.  Overall abundance was significantly lower in both small and large clam 
assemblages.  The declines in abundance were significant in all cases except in the Unwashed small 
clam assemblage.  As expected, abundance of bivalves in the small clam assemblage declined 
significantly among Washed sites from 2002 to 2010 (56 percent; p = 0.01; 1-tailed paired t-test; 
Table 26).  The 29-percent decline in abundance in the small clam assemblage among the Unwashed 
sites was not significant.  In contrast to expectations, however, larger bivalves at Washed sites 
declined significantly rather than increased (33 percent; p = 0.097; 1-tailed paired t-test; Table 27).  
In addition, abundance of larger bivalves declined significantly in Unwashed sites between 2002 and 
2010 (67 percent; p = 0.01; 2-tailed paired t-test; Table 27).   

 
For species richness and diversity, neither changed appreciably in the small clam assemblage 

among either Unwashed or Washed sites between 2002 and 2010, as predicted (Table 26).  In 
contrast to expectation (Table 25), S and H’ did not change between 2002 and 2010.  Species 
richness of the large clam assemblage exhibited strong but differing trends among both Unwashed 
and Washed sites (Table 27).  S tended to decline at Unwashed sites but increase at Washed sites.  
Among Unwashed sites, S declined but increased among Washed sites.  Based in the increase in S 
among in larger bivalves at Washed sites, species diversity increased significantly, as expected (p = 
0.03, 1-tailed paired t-test). 

 
These comparisons suggest two major points.  First, abundance of both smaller and larger 

bivalves declined substantially between 2002 and 2010, supporting reports from several investigators 
(e.g., Shigenaka et al. 2008).  Second, except for abundance, no significant patterns of change were 
observed among Unwashed sites for either smaller or larger bivalves.  Among the larger bivalves, 
the observed patterns (increased species richness and diversity among the Washed sites suggest a 
process of recovery from an earlier disturbance.  It is notable that, although larger bivalves were 
significantly more abundant among Unwashed sites than among Washed sites in 2002 (p = 0.03,  
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Table 26. Comparison of 2002 and 2010 values for total number of individuals per site (abundance  - N), total number of species per site (species 
richness - S), and Shannon-Wiener species diversity (H’) in the small clam assemblage from sites in western Prince William Sound.  Significance 
tested with 1- or 2-tailed paired Student t-test, depending on the alternative hypothesis listed in the table. 

Assemblage 
Variable N S H' 

 
N S H' 

Unwashed 
Sites 2002 2010 2002 2010 2002 2010 

Washed 
Sites 2002 2010 2002 2010 2002 2010 

CH1 43 4 5 3 0.75 1.04 CH009  130 82 5 7 0.46 0.94 
CH8A 10 20 5 6 1.36 1.63 DI066  23 40 3 4 0.56 0.83 
CH8B 60 15 5 5 1.47 1.08 EV016  9 19 3 4 0.68 1.26 
EV8 40 30 5 2 1.30 0.15 FL4A  214 132 9 8 1.13 0.61 
EV70 23 12 8 5 1.29 1.35 FL4B  20 25 4 6 1.26 1.52 
FL3A 187 89 8 4 1.37 0.23 IN31  1 11 1 3 0.00 0.92 
FL3B 111 91 6 6 1.25 0.68 IN32  174 10 7 3 0.94 0.64 
FL3C 46 20 6 7 1.50 1.79 KN103A  1 2 1 2 0.00 0.69 
KN106A 50 4 5 1 1.14 0.00 KN103B  1 18 1 7 0.00 1.61 
KN106B 18 35 5 7 1.23 1.41 KN104  6 48 3 4 0.87 0.37 
KN507 63 5 6 4 1.41 1.33 KN118  137 13 5 3 0.40 0.93 
KN553 4 4 2 4 0.56 1.39 KN130  36 28 4 3 0.90 0.71 
KN554A 196 58 9 6 0.72 0.61 KN131A  285 20 7 6 0.37 1.27 
KN554B 9 124 3 7 1.00 0.72 KN131B  275 162 5 6 0.36 0.32 
KN575 2 100 2 4 0.69 0.50 KN133  75 34 6 4 1.30 0.48 
SQ1 6 1 3 1 1.01 0.00 KN4  112 40 8 7 1.08 1.28 
Bay of Isles 0 3 0 3 0.00 1.10 KN502  22 1 4 1 1.02 0.00 
              Shelter Bay  5 2 4 1 1.33 0.00 
              Sleepy Bay 28 4 2 2 0.15 0.56 
Mean 51.1 36.2 4.9 4.4 1.1 0.9   81.8 36.4 4.32 4.26 0.67 0.78 
Std Error 14.6 9.8 0.6 0.5 0.1 0.1   21.9 10.1 0.54 0.49 0.11 0.11 
Hypothesis Null Null Null 

 
2002 > 2010 2002 > 2010 2002 < 2010 

Paired 2-tailed 
t-test 0.33   0.46   0.29     0.02   0.92   0.52   
Paired 1-tailed 
t-test 0.16   0.23   0.14     0.01   0.47   0.26   
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Table 27. Comparison of 2002 and 2010 values for abundance (N), species richness (S), and Shannon-Wiener species diversity (H’) in the 
large clam assemblage from sites in western Prince William Sound.  Significance tested with 1- or 2-tailed paired Student t-test, depending on 
the alternative hypothesis listed in the table. 

Assemblage 
Variable N S H' 

 
N S H' 

Unwashed 
Sites 2002 2010 2002 2010 2002 2010 

Washed 
Sites 2002 2010 2002 2010 2002 2010 

CH1 153 4 3 1 0.43 0.00 CH9 42 18 3 6 0.78 1.24 
CH8A 20 7 2 2 0.33 0.68 DI67A 25 30 4 5 1.04 0.87 
CH8B 56 12 6 2 1.23 0.45 DI67B 17 12 3 3 1.06 0.82 
EV70 63 16 3 4 0.77 0.95 EV16 10 11 2 3 0.33 0.93 
EV8 71 38 3 2 0.48 0.12 FL4A 103 6 5 4 1.06 1.33 
FL3A 195 17 7 1 0.94 0.00 FL4B 35 18 3 6 0.64 1.60 
FL3B 102 3 5 1 1.02 0.00 IN31 5 17 2 2 0.67 0.61 
FL3C 73 12 4 2 0.80 0.45 IN32 21 4 2 2 0.49 0.69 
KN106A 263 9 6 3 0.43 0.68 KN4 31 47 4 5 0.93 1.17 
KN106B 13 31 2 4 0.54 0.80 KN103A 4 3 1 2 0.00 0.64 
KN507 12 3 2 1 0.29 0.00 KN103B 3 25 1 4 0.00 1.28 
KN553 15 3 2 2 0.24 0.64 KN104 6 9 2 5 0.45 1.43 
KN554A 23 10 4 4 0.96 1.37 KN118 9 9 2 3 0.35 1.00 
KN554B 26 30 5 8 1.36 1.95 KN130 19 7 3 3 0.75 0.96 
KN575 2 14 1 4 0.00 1.12 KN131A 53 56 5 3 0.87 0.18 
SQ1 9 5 2 1 0.35 0.00 KN131B 32 6 4 4 0.87 1.24 
Bay of Isles 2 1 2 1 0.69 0.00 KN133 25 3 2 2 0.44 0.64 
              LA16 53 76 4 2 0.85 0.07 
              Shelter Bay 11 1 2 1 0.30 0.00 
              Sleepy Bay 7 0 1 0 0.00 0.00 
Mean 64.59 12.65 3.47 2.53 0.64 0.54   24.33 16.32 2.62 3.00 0.59 0.84 
Std Error 2.95 2.65 0.43 0.45 0.09 0.14   5.24 4.24 0.30 0.36 0.08 0.11 
Hypothesis Null Null Null 

 
2002 < 2010 Null 2002 < 2010 

Paired 2-tailed 
t-test 0.01   0.13   0.51     0.20   0.17   0.06 

 
  

Paired 1-tailed 
t-test 0.005   0.07   0.26     0.097   0.085   0.03   
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2-tailed t-test), they were less abundant among Unwashed sites in 2010, and were actually more 
abundant among Washed sites in 2010 than in 2002.    

 
Changes in the contribution of dominant smaller and larger bivalves to the large overall 

decline in abundance described above were dramatic between 2002 and 2010 (Figs. 47 and 48; color 
codes for the taxa are consistent in the figures for the two sample types).  Based on that decline, we 
expected to see decreased abundance in all dominant species. 

 
For the small clam assemblage, it is clear that Rochefortia (purple pie slice, Fig. 47) strongly 

numerically dominated the populations in Unwashed and Washed categories in both sampling years 
(.  It was more abundant among Washed sites than among Unwashed sites in both years.  In 2002, it 
was significantly more abundant among Washed sites than among Unwashed sites (p = 0.09; 1-tailed 
t-test) but not in 2010 (p = 0.43).  From 2002 to 2010, although its abundance increased by 14 
percent among Unwashed sites (p = 0.41), decreased by 46 percent among Washed sites (p = 0.11), 
and decreased by 28 percent overall (p = 0.21), the changes were not significant.   

 
Littleneck clams (blue slices) were next most abundant in 2002, but declined dramatically in 

both categories in 2010 (96 percent among Unwashed [p = 0.003; 2-tailed t-test] and 91 percent 
among Washed sites [p = 0.02; 2-tailed t-test]; Fig. 47).  They declined 94 percent overall (p = 
0.001).  Despite considerable variability, the species trended toward greater abundance at Unwashed 
sites than at Washed sites in 2002 (41 percent higher; p = 0.14; 1-tailed t-test).  In contrast, its 
abundance was virtually equal in these treatment categories in 2010.  

 
In terms of relative abundance, the nestling clam Hiatella (orange slices) exhibited 

substantial stability between treatment categories and years (from 10 – 18 percent of total 
abundance; Fig. 47) but declined by 47 percent overall between 2002 and 2010 (p = 0.22; 2-tailed t-
test).  This included a 60-percent decline among Unwashed sites (p = 0.17; 2-tailed t-test) and a 39-
percent decline among Washed sites (p = 0.48).  Abundance was similar among Unwashed and 
Washed sites in 2002 (p = 0.62) in 2010 (p = 0.38; 2-tailed t-test).   

 
Abundance of the butter clam Saxidomus (red slices) decreased 5 percent overall between 

2002 and 2010 (Fig. 47; p = 0.48; 2-way t-test).  However,  abundance became lower from 2002 to 
2010 among Unwashed sites (28-percent decline; p = 0.28) but showed an insignificant increase 
among Washed sites (59 percent; p > 0.25).  It was significantly more abundant among Unwashed 
than among Washed sites in 2002 (p = 0.004; 1-tailed t-test) but differences were not significant in 
2010 (p = 0.36).  

 
Abundance of the larger Macoma species (excluding M. balthica) declined 10 percent overall 

but did not change significantly from 2002 to 2010 (p = 0.31) and did not differ between treatment 
categories (Fig. 47). 

 
Patterns for the large and small clam assemblages at Unwashed sites were similar in 2002 

except that Rochefortia was absent in the large clam assemblage because of its small size.  However, 
with overall abundance declining 62 percent, dominance patterns in larger clams changed 
dramatically in both treatment categories between 2002 and 2010 (p = 0.046; 2-tailed t-test; Fig. 48).  
The largest decline was in the littleneck clam Leukoma, for which overall abundance dropped 95 
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percent overall (p = 0.0001; 2-tailed t-test).  The declines from 2002 to 2010 were significant at both 
Unwashed and Washed sites (p = 0.0005 and 0.003, respectively; 2-tailed t-test).  Its abundance was 
significantly higher among Unwashed than among Washed sites in 2002 (p = 0.01; 1-tailed t-test) 
but not in 2010 (p = 0.75; 2-tailed t-test).   

 

 
Figure 47.  Comparison of relative importance and mean number of individuals/m2 for 
predominant bivalves in the small clam assemblage from Unwashed and Washed sites in 2002 and 
2010.  

 
Abundance declined as well for the other four dominant taxa between 2002 and 2010, but 

three (Hiatella, Diplodonta, and Macoma spp.) only exhibited trends among Unwashed sites 
(p = 0.13, 0.19, and 0.14, respectively; 1-tailed t-test).  Mean abundance of Hiatella at Unwashed 
sites was substantially higher than among Washed sites in 2002 but the difference was not 
significant because of high intersite variability.  Nevertheless, Hiatella exhibited a strong trend 
toward higher abundance among Washed sites in 2010 (p = 0.102).   

 
Overall abundance of the butter clam, Saxidomus, declined 16 percent from 2002 to 2010 but 

the difference was not significant (p = 0.65; 2-tailed t-test).  In addition, differences in abundance 
between years were not significant for either treatment category.  However, abundance among 
Unwashed sites was significantly higher than among Washed sites in 2002 (p = 0.09; 1-tailed t-test) 
and trended higher in 2010, despite the small decline (p = 0.19).   
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Figure 48.  Comparison of relative importance and mean number of individuals/m2 for 
predominant bivalves in the large clam assemblage from Unwashed and Washed sites in 2002 and 
2010. 

 
Other than the major declines reported in this document and elsewhere for Leukoma, changes 

in the abundance of the other dominant species have been quite moderate.  In the small clam 
assemblage, Saxidomus declined 5 percent and Rochefortia, Hiatella, and Macoma spp., declined 32, 
47, and 7 percent, respectively.  In the large clam assemblage, Saxidomus declined 16 percent and 
Hiatella and Macoma spp. declined 40 and 10 percent, respectively.   

 
Because of the taxonomic similarity between Leukoma and Saxidomus, both hard-shell clams 

in the family Veneridae, it is useful to contrast their abundance in both small and large clam 
assemblages in 2002 and 2010 (Fig. 49).   Several patterns are clear.  Density of Leukoma greatly 
exceeded that of Saxidomus in 2002.  It is clear that the density of Leukoma declined dramatically 
between 2002 and 2010 whereas it was relatively uniform in Saxidomus, declining only slightly.  In 
both species and year comparisons, the abundance of the hard-shell clams was higher at Unwashed 
sites.  The contrast in the magnitude of the difference in density of Leukoma between the large 
(excavation) and small (core) clam assemblages at the Unwashed and Washed sites in 2002 suggests 
that the major difference between the Unwashed and Washed sites was in the abundance of adult 
Leukoma.  This pattern persisted in 2010 but at much lower densities.  Because the small clam 
assemblage retained the juveniles and sub-adults, densities of both species were generally higher in 
the small assemblage than in the large clam assemblage in both years.  
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These patterns suggest that, since 2002, Leukoma has responded to factors that have had far 
less effect on Saxidomus.  While these factors have affected both size classes of Leukoma, they 
appear to have had a substantially greater effect on the smaller size classes.  It is important to note 
that the effects appear to be unrelated to treatment category, i.e., the effects appear to have affected 
Unwashed and Washed sites equally.   

 
Figure 49.  Contrasts in density (number/m2) of small and large littleneck and butter clams in 
small and large clam assemblages from Unwashed and Washed sites in 2002 and 2010. 

 
Long-Term Trends in Species Richness 

The time-series for species richness of the small clam assemblage suggests that some 
recovery had occurred among Washed sites by 2002 but that the assemblage suffered some decline 
by 2010 (Fig. 50).  From 1989 through 1994, the value for species richness among Washed sites was 
significantly lower than among Unoiled or Unwashed sites.  Richness among Unwashed sites closely 
tracked that among Unoiled sites.  However, by 2002, richness among Washed sites increased to 
within the same range as the Unwashed sites.  By 2010, richness among Washed sites climbed 
further and was indistinguishable from that observed at Unwashed sites, for which richness had 
declined since 2002.   

 
The combination of the density and species richness patterns with a comparison of species 

composition in the small clam assemblage from 1990 and 2010 suggests that some degree of 
recovery has occurred Washed sites within 21 years of beach cleanup.   Species richness and 
composition of the five dominant smaller clam species in the small clam assemblage are similar 
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among Unwashed and Washed sites in 2002 and 2010 (Fig. 47).   Moreover, these dominance 
patterns are quite similar despite the dramatic differences in density for most of the dominant 
species.   

 

 
Figure 50.  Long-term trends in species richness of hard-shell clams in the small clam 
assemblage from Unoiled (1989 - 1994), Unwashed, and Washed sites (1989 - 2010).  Data from 
1989 through 1994 from NOAA EVOS studies (Houghton, Gilmore et al. 1996). 

 
However, the species composition and abundance patterns for the larger clams from the large 

clam assemblage do not support a hypothesis that recovery is occurring in this component (Fig. 48). 
 

Contrasting Interpretations of Hard-shell Clam Time-Series 

Coats et al. (1999), Skalski et al. (2001), and Shigenaka et al. (2008), using their concept of 
parallelism, have proposed that infaunal and bivalve populations in PWS had recovered by about 
1992.   Their interpretation is based on the fact that densities at Unoiled, Unwashed, and Washed 
sites were following basically parallel patterns from about 1992 through 2000.  They concluded that 
hard-shell clams had recovered despite the fact that abundances at the Washed sites remained more 
than an order of magnitude lower than at the Unoiled and Unwashed sites until 1995 for Saxidomus 
and 1997 for Leukoma.  After those years, abundance of both species increased to a point of 
converging with that of those species among the Unwashed sites (Fig. 51a and b).  These patterns, by 
themselves, appear to discount the parallelism argument that recovery had occurred by 1992. 

 
A factor this interpretation does not recognize is that failure of clam density to recover at the 
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Washed sites is likely a consequence of disrupted sediment organization, as was demonstrated by 
Lees and Driskell (2007) and has been demonstrated above.  Sediment organization had not 
recovered to the level necessary for successful recruitment to heterogeneous sediments and so the 
populations could not recover.  Thus, hard-shell clams at the Washed sites could not commence 
recovery (i.e., achieve appreciable recruitment success) until sometime between 1995 and 1997.  
However, it appears they did not recover to the same level as the populations at the Unwashed sites 
until sometime between 2002 and 2010 (Fig. 51a and b). 

 
An additional concern is that the analyses are based on very few sites (11, only four of which 

were washed), and these were sampled unevenly.  Typically, one or more sites were not sampled 
during each sampling period.  Only two Washed sites were sampled per year after 1996.  In 1999, 
the average for Washed sites was strongly influenced by a site where average abundance was more 
than three times higher than the other Washed site sampled that year.  Moreover, the site with the 
higher abundance in 1999 was the only site measured in 2000 (the 2.4 individuals per core value in 
Fig. 51a); sites that routinely had much lower abundance historically were not sampled.  The 
Washed site with highest average abundance was sampled in eight of 11 years whereas the sites with 
substantially lower average abundance were sampled intermittently in six of 11 years.  

 
Long-Term Temporal Trends in Abundance 

Three reports suggest that hard-shell clam abundance has declined dramatically in recent 
years throughout the nearshore waters of the northern Gulf of Alaska (Shigenaka et al. 2007; 
ADF&G, Michael Booz, pers. comm.; USGS, J. Bodkin and B. Weitzman, pers. comm.) .  These 
include long-term data sets for abundance and, in some cases, size and biomass, for Leukoma and 
Saxidomus in PWS, Kachemak Bay, and Glacier Bay.  Presented below, these appear to confirm the 
suggestions that abundance of some hard-shell clams have declined over at least the past decade.  
Data have also been collected for Kenai Fjords National Park but are not yet available. 

 
Prince William Sound 

The large declines in both smaller and larger bivalves reported above between 2002 and 2010 
indicate that a substantial change has occurred in the bivalve assemblages in heterogeneous coarse 
sediments in PWS.  In both small and large clam assemblages, the most extreme change occurred in 
littleneck clams (Leukoma).  Time-series data for the small clam assemblage from our previous 
NOAA EVOS studies (e.g., Houghton et al. 1996) provide a good perspective on long-term patterns 
for hard-shell clams in PWS (Fig. 51a and b).  Data from the 2002 and 2010 studies have been 
appended to extend the period of observation. 

 
The dramatic long-term effect of beach washing is clear from this time-series.  Density of 

hard-shell clams among Washed sites in 1990 was an order of magnitude lower than among Unoiled 
sites and about six times lower than among Unwashed sites.  Density of Leukoma among Washed 
sites appeared to climb appreciably until 20007 but then declined back to below 1990 levels by 2010 
(Fig. 51a).  Population densities at Unoiled and Unwashed sites were essentially parallel until at least 
2000, the last year in which Unoiled sites were sampled.  Density at Unwashed sites was still in a 
similar range in 2002 within a more intensive sampling program.  Between 2002 and 2010, Leukoma 

                                                
7  Caveats regarding this increase are explained in the previous section. 
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density declined among Unwashed sites by 95 percent (Fig. 51a).  This sharp decline is far outside 
the range of variability observed for Unoiled or Unwashed sites from 1990 through 2002 (p < 
0.0001; 1-tailed randomization t-test).   

 
a. Leukoma staminea 

 
b. Saxidomus gigantea 

 
Figure 51.  Long-term trends in density of hard-shell clams in the small clam assemblage from 
Unoiled (1990 - 2000), Unwashed, and Washed sites (1990 – 2010).  a.  Leukoma staminea.  b.  
Saxidomus gigantea.  Data from 1990 to 2000 for Unoiled, Unwashed, and Washed sites from 
NOAA EVOS studies; data for 2002 from Lees and Driskell (2007); data for 2010 are from this 
study.   
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While this time-series provides weak evidence that density of Leukoma populations among 
Washed sites exhibited partial recovery to levels comparable to Unoiled and Unwashed sites by 
2000, it is unlikely these populations had recovered the diverse age/size structure that existed at 
Unoiled and Unwashed sites in in 1989 or 2000; unfortunately, shell lengths were not measured.  In 
the 2002 large clam assemblage, mean shell length for Saxidomus among Unwashed sites was 
significantly larger than among Washed sites (23.5 ± 11.6 vs. 18.9 ± 12.1; p = 0.02; 1-tailed t-test).  
In contrast, mean shell length for Leukoma among Washed and Unwashed sites was not significantly 
different (19.0 ± 9.5 mm vs. 18.4 ± 8.4 mm, respectively; p = 0.38; 2-tailed t-test).  In the small clam 
assemblage, Leukoma among Unwashed sites was significantly larger (11.8 ± 9.0 vs. 10.2 ± 8.5; p = 
0.09), but the number of Saxidomus collected at Washed sites was too small to compare.     

 
The declines noted above for Unwashed sites between 2002 and 2010 continued in parallel at 

Washed sites (Fig. 51a).  In 2002, density in Leukoma populations among Unwashed sites was 
significantly higher than among Washed sites (2.50 ± 0.41 vs. 1.40 ± 0.33 clams/core, respectively; 
p <0.02; 1-tailed t-test).  However, by 2010, densities were basically the same among Unwashed and 
Washed sites (0.11 ± 0.03 vs. 0.13 ± 0.03 clams/core, respectively; p = 0.68; 2-tailed t-test).   

 
These data for Leukoma populations in the small clam assemblage also show that it is no 

longer possible to track recovery from the decimation suffered as a consequence of the EVOS beach 
cleaning.  Unfortunately, a similar long-term time-series is not available for the large clam 
assemblage but the changes observed from 2002 to 2010 indicate that the patterns are similar.  

 
Density for the butter clam, Saxidomus, has been substantially lower than for Leukoma but 

the patterns in the three treatment categories have been similar (Fig. 51b).  Densities at Unoiled and 
Unwashed sites were similar overall through 2000.  However, density of Saxidomus showed little 
change among Unoiled sites from 1990 through 2000 whereas density of Leukoma declined over that 
period (Figs. 51a and b).  Density of Saxidomus populations declined significantly among Unwashed 
sites from 1990 through 2010 (p < 0.1).  That pattern of decline continued in 2002 and 2010.   

 
In contrast to what was observed for Leukoma, density of Saxidomus at Washed sites appears 

to have exhibited a continuous and significant increase since 1990 (p < 0.02).  As described above 
for Leukoma, densities of Saxidomus, significantly higher among Unwashed sites than among 
Washed sites in 2002 (p < 0.002; 1-tailed t-test), converged with densities among Unwashed sites by 
2010 (p = 0.35; 2-tailed t-test; Figure 51b). 

 
The final conclusions based on these time-series is that the declines observed in Leukoma 

among Unoiled and Unwashed sites in PWS between 2002 and 2010 are, in reality, extensions of 
declines that have been in progress since at least 1990 (Fig. 51a).  The same pattern of decline was 
observed for Saxidomus among Unwashed sites between 1990 and 2000 but abundance appeared 
stable among Unoiled sites over that period (Fig. 51b).  

 
Kachemak Bay 

Alaska Dept. of Fish and Game monitored abundance of legal and sublegal size classes of 
Leukoma and Saxidomus at three locations in Kachemak Bay from 1999 through 2010 (unpublished 
data, ADF&G, Michael Booz, pers. comm.)  Generally, abundance for Leukoma was higher than for 
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Saxidomus (Fig. 52a and b).  However, Saxidomus was more abundant than Leukoma at China Poot 
(Fig. 52b).  Densities for both species combined were 2.5 times higher at China Poot than at the 
other two locations combined.  Overall, sublegal sizes were nearly as abundant as legal sizes for both 
Leukoma and Saxidomus (45 and 41 percent, respectively).   
 
a.  Leukoma staminea 

 
 

b.  Saxidomus gigantea 

 
 

Figure 52.  Long-term trends in sublegal and legal butter clams at sites in Kachemak Bay from 
1999 - 2010.  b.  Littleneck clams (Leukoma staminea).  b.  Butter clams (Saxidomus gigantea).  
Lines represent 2-period moving averages.  Analyses based on unpublished ADF&G data (M. Booz, 
pers. comm.) 
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Abundance of sublegal and legal size classes of Leukoma varied substantially among and 
within sites and by year (Fig. 52a).  However, the prevailing pattern over the course of the study was 
a substantial decline in density.  This is clearly demonstrated by the curves depicting two-period 
moving averages.  These declines, significant in all cases (p ranging from 0.05 to 0.001), were most 
notable in sublegal and legal clams at China Poot and legal clams at Chugachik Is.  These sites 
initially had substantially higher densities than were observed in Jakolof Bay.  The declines appeared 
to commence for both sublegal and legal clams at China Poot after 2000 and after 2004 at the other 
locations.   

 
Abundance of sublegal and legal size Saxidomus was relatively stable at Jakolof Bay and 

Chugachik Is. over the course of the program (Figure 52b).  In contrast, a highly significant decline 
in abundance of legal Saxidomus was observed at China Poot, commencing after 2004 (p < 0.005).   

 
These data suggest that the two species of hard-shell clams in Kachemak Bay have different 

rates of recruitment success (Fig. 53).  Abundance of sublegal Leukoma declined significantly at two 
of the three locations over the course of the program (p < 0.1 and 0.02), but did not change 
significantly at Chugachik Is. (p > 0.5).  This suggests that recruitment success may have been below 
sustainable levels for Leukoma during the period of this study.  In contrast, abundance of sublegal 
Saxidomus increased significantly at all three locations (p < 0.05 and 0.01), suggesting that 
conditions were becoming more favorable for its recruits.   

 

 
Figure 53.  Long-term trends in the percentage of sublegal Leukoma and Saxidomus at sites in 
Kachemak Bay from 1999 - 2010.  Key to symbols: triangles - Jakolof Bay; squares – Chugachik; 
circles – China Poot.  Solid symbols represent Leukoma and open symbols represent Saxidomus.  
Analyses based on unpublished ADF&G data (M. Booz, pers. comm.) 

 
All three locations were subjected to considerable sea otter predation during the 2007 – 2010 

period (Doroff and Badajos 2010).  This predation may account, to some extent, for the declines in 
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Leukoma at all sites and the decline in Saxidomus observed at China Poot.  Combining the effects of 
predation and attrition through aging and other factors causing mortality with the failures in 
recruitment success could explain the declining abundance observed in Leukoma  at all locations 
sampled in Kachemak Bay and in Saxidomus at China Poot.  Recruitment failures are reflected in 
declining numbers of sublegal clams and this translates to declines in legal clams.   
 
Glacier Bay 

The U.S. Geological Survey in Anchorage initiated a monitoring program in Glacier Bay in 
1998 to assess the effect of developing sea otter predation on Leukoma populations as otters 
expanded into previously unexploited heterogeneous sediment habitats (Dr. James Bodkin and 
Benjamin Weitzman, pers. comm.)  During their surveys, they measured abundance and shell length 
of the clams captured in 2.5-m2 area at each sampling sites.  Because of the mesh size used to sieve 
the samples, the minimum shell length collected was 14 mm, which would be about 5 years old in 
PWS.  To calculate biomass, they estimated individual whole wet weights based on a published 
conversion factor from shell length, i.e., wet weight = 0.00046 x shell length2.708.  As a consequence, 
comparisons using wet weight or shell length will produce identical results. 

 
The investigators divided the duration of the program into three periods.  The initial period 

included 1998 through 2000.  Otters were not foraging in either area during this period; they had not 
arrived to begin foraging in the Treatment area yet.  Control sites were surveyed only in 2000 during 
this period.  The intermediate period, during which the otters were starting to forage in the Treatment 
area, extended from 2004 through 2007.  Treatment sites were sampled in all four years and Control 
sites were sampled in three years.  During the Post-treatment period, including 2010 and 2011, 
foraging continued in the Treatment area.  Treatment sites were sampled in both years but Control 
sites were sampled only in 2010.  Sea otters never foraged in the Control area. 

 
Abundance and biomass were far higher among Treatment sites that among Control sites 

throughout the program (Figs. 54 and 55; p < 0.005).  Overall, it is clear that abundance declined 
significantly among both Control and Treatment sites (p < 0.04 and 0.002, Spearman rank 
correlation R test).  Biomass declined significantly only among Treatment sites (p = 0.01; Spearman 
rank correlation R test) and trended to decline among the Control sites (p = 0.19).   

 
The relative rates of decline for abundance during the program were similar for Control and 

Treatment sites (70 and 84 percent, respectively), based on estimates from the regression equations.  
Based on the assumption that the 70-percent rate of decline observed among the Control sites 
represents natural attrition and is included in the decline rate for Treatment sites, it appears that 
predation accounted for only a minor amount of the decline in abundance among the Treatment sites.   

 
The rates of decline in biomass differed substantially, however, with biomass at Control 

populations declining only 26 percent while Treatment populations declined 84 percent.  This 
suggests that larger individuals were surviving at the Control sites and that recruitment failures at the 
Control sites may have accounted for those declines in abundance.  It further suggests that the 14 
percent greater rate of decline in abundance among the Treatment sites comprised primarily large 
individuals, generally the sizes targeted by sea otters.   
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The patterns observed for shell length do not appear to support this interpretation.  Mean 
shell length was not significantly different among Control and Treatment sites and did not change 
appreciably during the study (Fig. 56).  This implies that sea otters were not selecting the larger 
individuals during their foraging activities. 

 
Figure 54. Comparison of mean number of Leukoma staminea per site (2.5 m2sampled) from 
Control and Treatment sites in Glacier Bay from 1998 through 2011, during migration of sea otters 
into the Treatment areas.   

 
Figure 55. Comparison of mean biomass of Leukoma staminea per site (2.5 m2sampled)  from 
Control and Treatment sites in Glacier Bay from 1998 through 2011, during migration of sea otters 
into the Treatment areas.   
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Figure 56. Comparison of mean shell length for Leukoma staminea per site from Control and 
Treatment sites in Glacier Bay from 1998 through 2011, during migration of sea otters into the 
Treatment areas.   

 
Summary 

A comparison of the abundance patterns for Leukoma observed in these three regions from 
1990 through 2011 suggests that abundance has declined across the entire region, possibly starting at 
least as early as 1990, especially for Leukoma (Fig. 57).  Initial densities of Leukoma were observed 
in PWS in 1990 and Glacier Bay in 1999 were similar (≈290/m2).  Densities estimated for PWS were 
quite variable, especially in 1992 and 1993 (Fig. 57), likely as a consequence of the small area and 
low number of replicates sampled.  Lowest densities were observed in 2010/2011, ranging from 8.3 
± 2.4/m2 in Kachemak Bay to 40.8 ± 21.6/m2 in Glacier Bay.  Of the eight populations surveyed in 
the three regions, only the population at Washed sites in PWS increased.  That population may have 
increased from 1990 through 2002 (see comments above), after which it appears to have declined.  
Populations in all regions appear to converge on a density of <40 individuals/m2.   

 
Abundance declines were less common for Saxidomus (Fig. 58).  Density declined 

significantly at China Poot, in Kachemak Bay, from (p < 0.005), stating in 2005, and among 
Unwashed sites in PWS (p < 0.05), starting in 1996.  In contrast, as with Leukoma, density increased 
among Washed sites in PWS.  However, unlike Leukoma among Washed sites in PWS, the increase 
was continuing in 2010 for Saxidomus.  The small changes in density within the remaining three 
sites were not significant. 

 
An overriding pattern in these time series is that abundance of Leukoma appeared to exhibit a 

general decline at Unwashed sites in PWS from 1990 through 2010 and, over generally the same 
time period in Kachemak Bay and in Glacier Bay.  Sites in Kachemak Bay or Glacier Bay were not 
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exposed to the oil spill or beach washing so it is clear that the declines are not related to EVOS.  
Rather, the patterns of decline in both larger and smaller Leukoma were observed in all three regions 
and appear to be regional.  This suggests that reduced recruitment was part of the phenomenon.  It is 
possible that reduced recruitment combined with attrition due to predation and aging has resulted in 
the observed decline in sub-adult and adult populations.   

 
Figure 57. Comparison of density of Leukoma staminea (total number of individual/m2) from 
Kachemak Bay, Prince William Sound, and Glacier Bay from 1990 through 2011.   

 
Figure 58. Comparison of density of Saxidomus gigantea (total number of individual/m2) from 
three locations in Kachemak Bay and three treatment categories in western Prince William Sound 
from 1990 through 2010.    
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Patterns in Oceanographic Factors Potentially Affecting Littleneck Clam Abundance  

Long-term trends in several factors have been evaluated in an effort to explain the 95 percent 
decline in littleneck clams and the lesser decline in butter clams between 2002 and 2010.  These 
factors include sea surface temperature, pH, and phytoplankton stocks.  All appear to have declined 
within that period and, because the littleneck clam is at the northern limit of its geographic range, it 
may be more sensitive to these declines than the butter clam. 

 
When evaluating factors that might be influencing declines in the abundance of Leukoma, it 

is important to identify the times of year when larvae are developing in the water column and fragile 
post-larvae are recruiting to the sediments.  The post-larvae are particularly at risk; Paul and Feder 
(1973) reported they are epifaunal initially.  These periods were identified using data from the 2002 
(Lees and Driskell 2007) and the current (2010) surveys.  Size structure of Leukoma and Saxidomus 
populations in the small clam assemblage in 2002 and 2010 was compared to gain insight into 
recruitment periods during those years.  Mean shell length of the young-of-the-year class (YOY; 
shell length <10 mm) was 5.1 ± 0.2 mm (n = 170) in August 2002 and 3.3 ± 0.4 mm (n = 14) in June 
2010 (Fig. 59).  Shell length of the YOY was significantly smaller in June than in August (p < 
0.002).  Specimens less than 2 mm long were observed in both June and August.  In June 2010, 57 
percent of the YOY were smaller than 3 mm, whereas only 17 percent of the YOY were smaller than 
3 mm in August 20028.  These data suggest recruitment was occurring at a greater rate in June than 
in August.  It also provides evidence that larval development was occurring during spring and 
recruitment probably commenced at least as early as May of 2002 and 2010 and continued until at 
least mid-August.  Consequently, it seems likely that measurements of environmental factors from 
spring and summer are the most appropriate when considering their importance in the decline of 
Leukoma in PWS, Kachemak Bay, and Glacier Bay.   

 
These deductions on spawning periods and occurrence of larval development agree closely 

with the findings of Nickerson (1977) for PWS, who reported observing Leukoma starting spawning 
in late May and continuing into September.  In contrast, Glude (1978) reported that Leukoma in 
Alaska started spawning in mid-July at water temperatures of approx. 8°C.   

 
As is often the case with long-lived animals, annual recruitment appears to vary substantially.  

For example, Paul et al. (1976) reported poor recruitment in PWS from 1967 to 1971. 
 

Surface Seawater Temperatures 

It is important to understand the observed abundance patterns, especially the decline between 
2002 and 2010.  This decline applies to virtually all of the dominant taxa in the small and large clam 
assemblages but was most dramatic in Leukoma (Figs. 47 and 48).  As discussed above, these 
declines have been observed from Kachemak Bay, in Cook Inlet, through Kenai Fjords National 
Park and PWS, to Glacier Bay.  Thus, it appears to be a widespread phenomenon. 

 
Possible factors causing such regional changes in a wide range of species include effects of 

changes in water temperature on larval success or adult gametogenesis, or in pH on larvae and new 
recruits to the sediment, competition with other larvae for food, or predation on larvae or benthic 

                                                
8 Abundance of juvenile Saxidomus was too low to justify similar analyses; see Fig. 59. 
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stages.   

 
Figure 59. Comparison of size structures for Leukoma staminea and Saxidomus gigantea from 
western Prince William Sound in August 2002 and June 2010.   

 
Temperature data were collected for five locations in or near northern Gulf of Alaska: 

Seldovia Bay (in Kachemak Bay); central PWS; Seal Rocks, outside the Hinchinbrook Entrance to 
PWS; Fairweather Grounds in the northeastern Gulf of Alaska, and Glacier Bay.  The years covered 
varied by site: Central PWS and Seal Rocks provide data back to 1995; Fairweather Grounds: back 
to 2001; Glacier Bay: back to 2002; and Seldovia Bay: back to 2004.  In all cases, means and 
standard errors for the mean and minimum temperatures were summarized by month.  On average, 
the mean and minimum temperatures for all sites and years differed by 1.35° C.   

 
For these analyses, because we are speculating that lower temperatures may be a factor in the 

decline of the bivalves, we have focused on the patterns for minimum water temperatures.  This 
hypothesis is based largely on observations that water temperatures in the Bering Sea have declined 
appreciably during the past several years (Overland 2012) despite a broader global warming trend.  
Overland reported that 2007 through 2010 was a cool period in the Bering and Chukchi Seas.  Based 
on this observation, we hypothesized that the decline in bivalve abundance could be a consequence 
of lower temperatures in the region.   

 
Based on average monthly averages for each month over the period for which temperature 

data are available, temperatures varied substantially among the different regions (Fig. 60).  The 
coolest temperatures in winter were observed from Seldovia Bay and at Seal Rock, outside 
Hinchinbrook Entrance to PWS.  The temperature sensor in Seldovia Bay is located on a pier piling 
in the shallow harbor and is therefore strongly influenced by air temperatures and ice in the winter.  
In summer, coolest temperatures were observed in Seldovia Bay and Glacier Bay.  Temperatures in 
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Glacier Bay are probably affected by meltwater and ice from the glaciers.  The most uniformly 
moderate temperatures were observed in central PWS.   

 
 
Figure 60.  Patterns in monthly averages for minimum surface water temperature at Seldovia Bay 
(in Kachemak Bay), central Prince William Sound, Seal Rocks (outside the Hinchinbrook Entrance 
to Prince William Sound), Fairweather Grounds in the northeastern Gulf of Alaska, and Glacier Bay.  
The number of years of data included in the averages for each region is indicated in the text.  Error 
bars represent standard errors. 

 
It is clear that temperatures in central PWS were cooler from 2007 through 2010 than in 

previous years (Fig. 61).  Four of the seven years between 1995 and 2010 in which mean monthly 
minimum temperatures were equal to or below 3° C were from 2007 through 2010.  The three other 
years were 1997, 2000, and 2001.  Moreover, the mean minimum temperature was far lower in April 
2010 (0.5° C) than in any other year in these records.   

 
Two of the four years in which the peaks for the mean minimum monthly temperatures did 

not exceed 11° C occurred in this period.  Generally the coldest month was March (10 of 16 years), 
followed by February (4) and April (2).  A comparison of the lines depicting the annual means for 
mean and minimum temperatures provides further indications that temperatures during these later 
four years were consistently lower than in the previous twelve years. 
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Figure 61. Comparison of annual cycles in mean and minimum sea surface temperature in central Prince William Sound from 
1995 through 2010.  Dashed lines connecting annual averages for mean and minimum temperatures demonstrate long-term trend
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A contrast of averages for mean and minimum temperature for spring (March, April, and 
May) and summer (June, July, and August) months reinforces the idea that temperatures declined 
in 2007 through 2010 (Fig. 61).  For both variables, the averages in this time period are among 
the lowest in the existing record.  In the case of the minimum temperatures, they are the lowest, 
all at or below 5° C.  Spring and summer temperatures differed by 5.9 ± 0.3°C. 

 
A statistical comparison of four-year periods demonstrates the strength of this pattern 

(Table 28).  Significant differences in temperature among the four time periods were observed in 
one or more regions in all months (p ranging from 0.02 to 0.08; 1-way ANOVA).  In Seldovia 
Bay, with limited data, significant differences were observed between 2003-2006 and 2007-2010 
in all months except May (p ranging from 0.004 to 0.03; 1-way t-test).   

 
Of the seventeen cases in which significant post-hoc differences were observed, fourteen 

(82 percent) involved the 2007-2010 period (Table 28).  In 35 percent of those cases, the 
difference was between 2003-2006 and 2007-2010 and an additional 35 percent were between 
1999-2002 and 2007-2010 (Table 28).   

 
Among the regions, substantially more significant differences were observed in central 

PWS than in the other regions.  Significant differences in minimum and mean temperatures were 
observed in that region in all months except June and August (Table 28).  Significant differences 
or strong trends were observed in both minimum and average temperatures in the Fairweather 
Grounds data in June through August and in June and July.  Significant differences or strong 
trends in mean and minimum temperatures were observed rarely in the summer at Seal Rocks.  
Significant differences in average temperatures occurred in the Seldovia Bay data in all months 
but April in the minimum temperature data.   Temperature data were collected sporadically with 
CTD casts in Glacier Bay, thus it was possible only to compute monthly mean data.  Mean 
temperatures tended to be cooler in March and April in the 2007-2010 period than in the 2003-
2006 period (Table 28). 

 
A comparison of the time-series for mean and minimum spring and summer temperatures 

for central PWS (Fig. 62) and all regions (Fig. 63) suggests that temperatures in central PWS are 
more extreme than are observed in other regions; mean summer temperatures have been several 
degrees warmer and spring temperatures have been a few degrees cooler than have been 
observed in other regions.  Moreover, it appears that summer temperatures were relatively stable 
until about 2005, after which they declined about 2°C (Fig. 62).  In contrast, regional 
temperatures appear to have been declining continuously approximately 1.5°C since the 1995-
1998 period (Fig. 63).  

 
The spring temperature patterns were less variable.  In central PWS, they were relatively 

stable through 2003 but were over 2°C warmer in 2004.  In following years, similarly to summer, 
temperatures cooled regularly by about 4°C (Fig. 62).  Over the wider region, temperatures were 
also relatively stable through 2003-2006, after which temperatures declined about 1°C.   

 
Based on lab experiments using another venerid clam, Arctica islandica, from New 

England, Lutz et al. (1982) observed larval growth rates and time from fertilization to settlement 
varied greatly with temperature (8.5°C to 14.5°C).  These temperatures are similar to those 
observed in PWS (Figs. 61 and 62) and the rest of the region (Fig. 60).  They reported that the 
most rapid time to settlement (32 days) occurred at about 13°C.  However, at 8.5°C to 10°C, time 
to settlement increased to 55 days.  The inevitable effect of this increase is decreased survival to 
settlement. 
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Table 28. Patterns in spatial and temporal variation in sea surface temperature.  One-way ANOVAs, t-tests, and one-way ANOVAs with 
post-hoc tests were run separately for March, April, May, June, July, and August to assess temperature patterns among 4-year periods within 
each of four regions where appropriate.  Numbers in the body of the table represent the 4-year average minimum temperature for the specific 
region.  Yellow cells indicate the 4-year periods that were significantly different within a region and month in the post-hoc tests indicated in 
the Type of Post-hoc column.  

Sampling Year Group 
Sampling Month/Region 1995-1998 1999-2002 2003-2006 2007-2010 

1-way 
ANOVA or 

t-test 
p-values 

Type of Post-
hoc 

Statistic* 
Post-hoc 
p-values 

March               

Central Prince William Sound 3.8 3.6 4.0 2.5 0.06 2, 3, 4, 5, 7 0.02-0.10 

Central Prince William Sound           7 0.03 

Central Prince William Sound           7 0.05 

Seal Rocks, NGOA 2.7 2.4 3.1 2.3 0.55 NSD** - 

Fairweather Grounds, EGOA - 3.9 2.4 2.8 0.24 NSD - 

Seldovia Bay, Kachemak Bay - - 1.9 0.2 0.02 NA - 

April               

Central Prince William Sound 3.8 4.2 4.7 2.5 0.04 
1, 2, 3, 4, 5, 

6, 7 0.01-0.06 

Central Prince William Sound           4, 7 0.02-0.09 

Seal Rocks, NGOA 4.1 3.5 3.9 3.8 0.89 NSD - 

Fairweather Grounds, EGOA - 4.7 4.2 4.1 0.53 NSD - 

Seldovia Bay, Kachemak Bay - - 2.2 2.2 0.49 NA - 

May               

Central Prince William Sound 3.8 4.2 6.5 4.1 .02 
1, 2, 3, 4, 5, 

6, 7 0.004-0.01 

Central Prince William Sound           2, 3, 4, 5, 7 0.02-0.09 
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Sampling Year Group 
Sampling Month/Region 1995-1998 1999-2002 2003-2006 2007-2010 

1-way 
ANOVA or 

t-test 
p-values 

Type of Post-
hoc 

Statistic* 
Post-hoc 
p-values 

Seal Rocks, NGOA 5.8 5.2 5.8 5.7 0.86 NSD - 

Fairweather Grounds, EGOA - 7.0 6.2 6.0 0.53 NSD - 

Seldovia Bay, Kachemak Bay - - 5.6 4.2 0.02 NA - 

June               

Central Prince William Sound 8.7 8.8 9.5 8.4 0.58 NA - 

Seal Rocks, NGOA 7.7 7.9 8.6 7.5 0.08 2, 3, 4, 5, 7 0.02-0.08 

Seal Rocks, NGOA           5, 7 0.04-0.09 

Fairweather Grounds, EGOA - 9.1 8.3 7.6 0.02 
1, 2, 3, 4, 5, 

6, 7 0.002-0.02 

Fairweather Grounds, EGOA           4 0.09 

Fairweather Grounds, EGOA           4, 7 0.05-0.09 

Seldovia Bay, Kachemak Bay - - 7.3 6.1 0.03 NA - 

July               

Central Prince William Sound 10.5 11.7 11.9 9.3 0.03 1, 4, 6, 7 0.01-0.06 

Central Prince William Sound           1, 4, 6, 7 0.01-0.09 

Seal Rocks, NGOA 11.3 11.6 12.1 10.8 0.24 4, 7 0.05 

Fairweather Grounds, EGOA - 10.8 9.7 9.3 0.12 7 0.03 

Seldovia Bay, Kachemak Bay - - 9.0 8.1 0.03 NA - 

August               

Central Prince William Sound 10.8 11.8 12.3 10.5 0.37 NSD - 

Seal Rocks, NGOA 12.2 12.4 12.2 11.8 0.74 NSD - 
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Sampling Year Group 
Sampling Month/Region 1995-1998 1999-2002 2003-2006 2007-2010 

1-way 
ANOVA or 

t-test 
p-values 

Type of Post-
hoc 

Statistic* 
Post-hoc 
p-values 

Fairweather Grounds, EGOA - 12.0 10.7 10.2 0.02 
1, 2, 3, 4, 5, 

6, 7 0.02-0.07 

Fairweather Grounds, EGOA           
1, 2, 3, 4, 5, 

6, 7 0.002-0.02 

Seldovia Bay, Kachemak Bay - - 10.4 8.7 0.004 NA - 
*Key to post-hoc tests:  1 - Scheffe Contrasts; 2 - Tukey HSD; 3 - Tukey B; 4 - Tukey-Kramer; 5 - Neuman-Keuls; 6 Bonferroni; 7 - Fisher LSD 
**  NSD = No significant differences between year groups; NA = Not applicable 
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Figure 62.  Patterns in monthly averages for minimum surface water temperature for central 
Prince William Sound.   

 

 
Figure 63.  Changes in average and minimum surface water temperature in four-year periods 
from 1998 through 2010 in northern Gulf of Alaska waters based on temperature records for 
Seldovia Bay (in Kachemak Bay), central Prince William Sound, Seal Rocks (outside the 
Hinchinbrook Entrance to Prince William Sound), Fairweather Grounds in the eastern Gulf of 
Alaska, and Glacier Bay. 
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Glude (1978) reported that spawning starts at about 8°C.  If we assume that larval growth 
rates and time to settlement for Leukoma in Alaska respond to temperature similarly to what has 
been reported for A. islandica from New England (Lutz et al. 1982), it is reasonable to conclude that 
May is generally suitable for initiation of spawning but that larval growth rates would be slow and 
time to settlement would be delayed during that month (Fig. 64).  This appears in agreement with 
observations of Nickerson (1977) that spawning occurred in late May and mid-June in PWS.  It 
appears June and July are suitable months for larval development and accelerated time to settlement.  
It is notable, however, that mean monthly temperatures generally were below 8°C in May in all years 
from 2006 through 2010. 

 

 
Figure 64.  Mean monthly sea surface temperatures for May, June, July, and August in central 
Prince William Sound from 1995 through 2010. 

 
Comparing the magnitude of decline in abundance for dominant bivalves between 2002 and 

2010 with the distance of the PWS study area south their published or observed northern range limits 
provides further support for the hypothesis that declines in water temperature may be involved in the 
observed declines.  Four of the dominant species (Leukoma, Diplodonta impolita, Macoma 
inquinata, and M. expansa) occurred at or north of their published northern limits in these studies 
(Fig. 65).  The three species of Macoma were considered on generic basis, as has been done above 
and so are represented by a single data point.  The two species with the greatest declines, Leukoma  
and Diplodonta, are at their northern limit in PWS whereas the taxa exhibiting smaller declines, 
including Saxidomus, have ranges extending 3° to 5° farther north and into the Bering Sea.  This 
suggests they can tolerate substantially colder water. 

 
Patterns in pH  

Increased absorption of CO2 by the global oceans is expected to cause global ocean 
acidification in the form of increased carbonic acid in seawater.  The corrosive effects of reduced pH 
are expected to reduce concentrations of calcite, the most stable form of CaCO3, and aragonite, a 
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more soluble form, in animals and plants with calcareous shells or skeletons, thereby increasing the 
metabolic costs for organisms using carbonates to produce their shells or skeletons.  These 
reductions will also increase the susceptibility of many species, especially larval and juvenile 
specimens, to injury or predation.  Caldeira and Wickett 2005 estimated a pH value of ≈8.2 for the 
year 2000 at 60°N latitude.  Their models predict that concentrations of both calcite and aragonite in 
the water column are saturated at that level and should remain so until at least the next century 
(2100; Fig. 3 in Caldeira and Wickett 2005).  Models run by Fabry et al. (2008) appear to agree with 
these predictions.  In contrast, Orr et al. (2005) strongly believe undersaturation of calcite and 
aragonite could occur as early as 2050 in the Southern Ocean.  Nevertheless, models run by Caldeira 
and Wickett (2005) and Fabry et al. (2008) suggest these effects will occur less rapidly at northern 
latitudes.  Therefore, it is a concern that the mean pH value estimated above by Caldeira and Wickett 
(2005) is more than 0.1 pH units lower than that value, based on the mean value for pH calculated 
for Seldovia Bay (Fig. 66).   

 

 
Figure 65. Relative changes in mean density of dominant bivalve taxa in small and large clam 
assemblages from Unwashed and Washed sites in Prince William Sound relative to degrees that 
study area is located south of published or observed northern distribution limits.   

 
With these forecasts in mind, it is important to note that ocean acidification appears to have 

already caused major production problems for commercial oyster farms in Puget Sound.  Feely et al. 
(2010) noted that, while ocean acidification has been studied widely in the open ocean, “…little is 
known regarding its status in estuaries.”  The same year, he reported, in testimony before the U. S. 
House of Representatives (Feely 2010), “Since 2006, some oyster hatcheries in the Pacific 
Northwest region have experienced mass mortalities of oyster larvae in association with a 
combination of factors, including unusually saline surface waters and the upwelling of cold, CO2‐ 
and nutrient‐rich waters.”  He indicated that patterns currently being observed for low pH and 
aragonite saturation in Puget Sound are “largely the result of [local] natural mixing, circulation, and 
biological processes”.  He concluded that the role of true ocean acidification, while smaller, is 
important (Feely et al. 2010) and will increase appreciably in future decades.  He voiced concern 
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that similar processes may be causing decreases of pH and aragonite saturation in other coastal 
estuaries and embayments in the northeastern Pacific.  This raises concern that similar problems 
could be occurring in PWS, Kenai Fjords National Park, or Kachemak Bay, where natural factors 
including acidic river inputs, restricted circulation, and glacial melt water could cause these 
important productive habitats to experience corrosive, hypoxic conditions.  The validity of this 
concern is somewhat supported by the Kachemak Bay National Estuarine Research Reserve System 
(KBNERRS) pH data from Seldovia Bay (Figs. 66 and 67).   

 
Data from the KBNERRS water quality monitoring station in Seldovia Bay indicate that pH 

varies substantially by year (Fig. 66) and by season (Fig. 67).  Values, ranging from 7.1 to 8.5, 
averaged 8.07 ± 0.0004 from 2004 through 2010.  Over that short period, pH did not appear of 
decrease.  Nevertheless, the range of values is substantially lower than values reported for the years 
1850 (≈8.25 – 8.34), 1960 (≈8.21 – 8.30), 1970 (≈8.20 - 8.29), 1980 (≈8.19 – 8.28), and 1990 (≈8.16 
– 8.26; based on Pilson (1998).  Extrapolation of Pilson’s curves predicts that pH values in 0° C 
seawater should be ≈8.12.  Estimated pH at ≈8.6° C, a more realistic mean temperature for PWS, 
would be >8.16.  Thus, values observed in the KBNERRS data are substantially lower than the time-
series in Pilson’s Figure 7.17 would predict.   

 
Pilson (1998) also shows that pH varies directly with temperature so that lower pH is 

observed at lower temperatures.  This phenomenon at least partially explains the seasonal variation 
depicted in Seldovia Bay data (Fig. 67).  Thus, higher and lower pH values occurred in the summer 
and winter, respectively, and intermediate values occurred in spring and fall (Figs. 66 and 67).   

 
It seems unlikely, however, based on a comparison of data from Puget Sound (Feely et al. 

(2010) and KBNERRS, that pH levels in Kachemak Bay are low enough to cause negative effects on 
larvae of Leukoma.  Average pH in surface waters in Puget Sound ranged from 7.72 in February 
2008 in Hood Canal to 7.95 in August 2008 in the Main Basin.  In contrast, over the several years 
analyzed at Seldovia Bay, pH levels were substantially higher than those reported for Puget Sound.  
In winter, mean pH ranged from 7.87 to 8.06 and, in summer, from 8.11 to 8.29 (Fig. 67).   

 
This comparison is accompanied with some concerns, however.  First, the pH measurements 

for Puget Sound and Seldovia Bay were obtained using different methodologies; it is likely the Puget 
Sound measurements are the more accurate.  Second, data from KBNERRS must be viewed with 
caution.  The accuracy of continuous pH measurements may vary because of the infrequency of 
calibrations and differences in temperature between the calibration medium and the seawater 
measured, which can vary substantially.  Furthermore, electrode cleanliness is probably an issue in a 
continuous monitoring situation.  Additionally, measurements at the Seldovia Bay monitoring site, 
located relatively close to several freshwater stream outlets, may be responding to pulses of 
relatively low-salinity water.  Since pH is typically somewhat lower in freshwater than in seawater 
(e.g., Feely et al. 2010), periods of high runoff in the streams may strongly influence pH levels 
recorded at the monitoring site but would not reflect those farther offshore, where most areas most 
larval bivalves will develop. 

 
Reisdorph and Mathis (2013) reported seasonal undersaturation in the mineral saturation 

state of aragonite bay-wide in Glacier Bay, spreading in summer from the upper arms of the bay and 
extending into Icy Bay and Cross Sound.  The apparent cause of this reduction in aragonite is low  
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Figure 66. Long-term patterns in pH at the KBNERRS water quality monitoring station at Seldovia Bay, Kachemak Bay, Alaska, 
from 2004 through 2010.  The dotted blue line indicates average pH over the duration of the records.  Long straight lines represent 
gaps in the data set.
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pH of the fresh melt water from the receding glaciers.  This phenomenon could also be operating in 
PWS, Kenai Fjords National Park, and, to a lesser degree, in Kachemak Bay, other areas where 
glaciers are rapidly receding and littleneck clam populations are declining.  Undersaturation of 
aragonite could result in failure of bivalve and other shell-forming larvae to survive to 
metamorphosis and shortly thereafter. 

 

 
Figure 67. Long-term patterns in pH by season at the KBNERRS water quality monitoring 
station at Seldovia Bay, Kachemak Bay, Alaska, from 2004 through 2010.  

 
Several investigators provide indications that shells of larval and juvenile venerid clams 

could be subject to the corrosive effects of reduced pH.  Mikkelsen et al. (2006) reported: 
“Structurally, the shell [of venerid clams] is aragonitic and composed of three layers: an outer 
composite prismatic layer, a middle cross-lamellar layer, and an inner homogenous layer; the inner 
shell layer has a greater proportion of conchiolin than the outer and middle layers (Jones 1979)”.  
Moreover, this is true for the larval forms.  Both prodissoconch I and II stages in venerid bivalves 
are commonly composed of aragonite (Carter 1980).  Silberfeld and Gros (2006) also reported that: 
“Biomineralization analyses on embryos of Tivela mactroides have shown that aragonite appears 15 
hours after fertilization while valves almost enclose the soft part of the old trochophore.”  This 
aragonitic composition of the shells in both the larvae and juveniles means these forms should be 
susceptible to injury or mortality during episodes of reduced pH.  Therefore, it is clear that reduced 
pH levels could result in reduced survival in both larval and juvenile venerid bivalves, specifically 
Leukoma and Saxidomus. 

 
Chan et al. (2012) provide insight into pH levels at which shell production may encounter 
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problems in juvenile invertebrates producing calcareous shells.  Working with juveniles of the 
calcareous tube-dwelling polychaetes worm, Hydroides elegans, they observed weakness or changes 
in structure of tubes in water mainly below a pH of 7.9.  Descoteaux et al. (2013) studied the effect 
of three pH levels on larval development of tanner and Dungeness crabs.  They exposed the larvae to 
ambient pH levels (8.2 to 8.1), intermediate acidification (7.9 to 7.8), and high acidification (7.6 to 
7.5).  These levels represent the range of pH expected in the next two centuries.  At reduced pH 
levels, they observed reduced growth in tanner crab larvae as well as reductions in the length of 
some spines and appendages.  These changes could result in increased mortality rates and issues with 
buoyancy control.  However, they observed little effect in Dungeness crab larvae and concluded: 
“Differential responses across crab species may reflect increased levels of resistance to changing pH 
in species that commonly occupy habitats with more natural environmental variability (e.g., 
Dungeness crab inhabiting intertidal areas).”  Notably, effects in both studies were observed at a pH 
level as high as 7.9, in the lower range of pH values observed at Seldovia Bay.  Moreover, since both 
Leukoma and Saxidomus live in intertidal and shallow subtidal habitats, they, like the Dungeness 
crab, are probably more resistant to declines in pH than invertebrates that occur only subtidally. 
 

In the 6-year data set from Seldovia Bay, pH values ranged from 8.00 to 8.19 in the spring, 
and 8.11 to 8.29 in the summer (Fig. 67)9.  These pH levels appear to be substantially higher than the 
apparent effects threshold level of ≈7.9 indicated by the research of Chan et al. 2012 and Descoteaux 
et al. 2013, suggesting that pH is not a significant factor in the decline of Leukoma across the 
northern Gulf of Alaska, at least based on what we know at this point regarding pH and the biology 
of Leukoma.  However, research currently being conducted in PWS may result in re-consideration of 
this conclusion.   

 
Patterns in Phytoplankton  

Another factor that could affect the abundance of the clams, especially Leukoma, is 
availability of phytoplankton for feeding the larvae and newly recruited juveniles.  Batten et al. 
(2013) reported on a long-term study of phytoplankton that covers much of the period of interest for 
clam abundance and provides seasonal information.  They found that phytoplankton stocks began 
declining in the northern Gulf of Alaska in 200410.  Their analyses were based on Continuous 
Plankton Recorder (CPR) samples collected from as early as March until as late as October each 
year from 2000 through 201211.  From 2000 through 2003, the routes ran south from PWS through 
the northern gulf.  From 2004 through 2012, vessel routes ran south from Cook Inlet across the north 
gulf.  Their analyses were based on abundance anomalies for diatoms and dinoflagellates and on the 
Plankton Color Index (PCI), which uses a “greenness” scale to provide a rough estimate of 
phytoplankton biomass in the surface water (Raitsos et al. 2013).  The abundance and PCI anomaly 
approach standardizes the mean for each specific data type for each year against the overall average 
for the duration of the study.  On this basis, most of the positive annual anomalies (departures from 
the overall average) occurred between 2000 and 2003 and the negative anomalies were mostly in the 

                                                
9 Unfortunately, existing pH data from Glacier Bay and PWS could not be obtained.   
10 Pacific Continuous Plankton Recorder (CPR) data collection is supported by a consortium for the North Pacific CPR 
survey coordinated by the North Pacific Marine Science Organisation (PICES) and comprising the North Pacific 
Research Board (NPRB), EXXON VALDEZ Oil Spill Trustee Council (EVOS TC), Canadian Department of Fisheries 
and Oceans (DFO) and the Sir Alister Hardy Foundation for Ocean Science (SAHFOS). 
11  2012 data were not available in time for this report. 
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remaining years.  Based on satellite multispectral images, Batten states that the change is not related 
to the change in the route for the collections from the eastern to the western route (S. Batten, pers. 
comm.) 

 
Our interest in these phytoplankton data was based on a concern that poor phytoplankton 

productivity could lead to an insufficiency of food for larval, post-larval, and newly settled juvenile 
clams.  This could be exacerbated if low temperatures extended the time required for larvae to 
complete development and recruit to the benthos.  Based on an evaluation of size data for Leukoma 
collected in the small clam assemblage, we determined that its larvae were in the water column and 
its juveniles were recruiting to the sediments at least from May through August.  Consequently, 
spring and summer were the relevant seasons for examining phytoplankton abundance.  We 
reanalyzed the CPR data (Batten et al. 2013) to calculate spring and summer averages for each 
variable for each year (Figs. 68 and 69). 

 
Figure 68. Temporal trends in mean number of diatom or dinoflagellate cells per sample (≈3 m3)  
during spring or summer as measured by Continuous Plankton Recorders on vessels of opportunity 
traveling across the Gulf of Alaska from Prince William Sound or Cook Inlet from 2000 through 
2011. 

 
These data indicate that abundance of diatoms did not change appreciably from spring to 

summer (p = 0.36; Mann-Whitney U test).  However, dinoflagellates increased by a factor of 13 
from spring to summer (p = 0.003; Mann-Whitney U test).  Diatoms are nearly two orders of 
magnitude more abundant than are dinoflagellates in the spring and more than six times as abundant 
in the summer (Fig. 68).   

 
Abundance patterns differed by season.  Abundance in spring was quite variable among years 

and did not change appreciably during the study for either diatoms or dinoflagellates (p = 0.87 and 
0.64, respectively; Spearman rs; Fig. 68).  In contrast, abundance of both diatoms and dinoflagellates 
consistently declined in the summer but these were only significant in diatoms (p = 0.08; Spearman 
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rs).  Despite the appearance of the regression lines in Fig. 68, the spring and summer slopes and 
elevation were not significantly different for diatoms.  In contrast, spring and summer slopes for 
dinoflagellates tended to be different (p < 0.2) and elevations were significantly different (p < 0.1). 

 
Based on the Phytoplankton Color Index record, biomass was somewhat higher in the 

summer than in spring but not significantly (p = 0.28; Mann-Whitney U test; Fig. 69).  
Phytoplankton biomass consistently declined since 2000.  This change was significant in spring (p = 
0.02; Spearman rs) and summer (p = 0.1).  Batten et al. (2003) reported: “The valuable long PCI time 
series is a unique measure of ocean colour because it includes the small and delicate phytoplankton 
cells (e.g. naked flagellates, pico and nanoplankton), which break up on contact with the filtering 
silk, and contribute to the final silk colour.”  With this in mind, the contrast in stable patterns in 
spring for both diatoms and dinoflagellates (Fig. 68) with the declining biomass indicated by PCI 
(Fig. 69) suggests that declining biomass in spring is a result of decreasing abundance of the smaller 
plant cells.  By contrast, declining biomass in summer (Fig. 69) probably reflects the declines 
observed in diatoms and dinoflagellates (Fig. 68) and possibly the smaller phytoplankton as well. 

 
Figure 69. Temporal trends in mean Phytoplankton Color Index per sample (≈3 m3) during 
spring or summer as measured by Continuous Plankton Recorders on vessels of opportunity 
traveling across the Gulf of Alaska from Prince William Sound or Cook Inlet from 2000 through 
2011. 

 
Based on these patterns, it appear that declining abundance of diatoms and dinoflagellates in 

summer could have affect the survival of larval, post-larval, and recently recruited clams between 
2000 and 2010.  These reductions in food resources could be especially important for Leukoma, 
which is living at the extreme northern end of its range.  Moreover, if the larvae are dependent on the 
smaller phytoplankton, they could be affected by an apparent decline abundance and biomass in that 
group.  
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Summary 

Bivalve Assemblages 

The most important findings from the 2010 bivalve assemblages studies relate to contrasts of 
the nature of those assemblages with those from the 2002 studies.  The large and small clam 
assemblages sampled in 2010 were quite different from those observed in 2002 in many respects.  
Furthermore, it appears the bivalve assemblages may be evolving from the stable state that existed 
before the 1964 Great Alaska Earthquake and before EXXON VALDEZ oil spill into an alternative 
stable state.  However, although the beach washing for EVOS caused major injury to the bivalve 
assemblages, it is likely the changes observed in 2010 are a response to a variety of regional 
environmental changes rather than the oil spill or cleanup.   

 
Comparison of numerical assemblage characteristics indicated that Unwashed sites are not 

richer than Washed sites.  Values for N, S, density, H’, and biomass observed in bivalve 
assemblages among Unwashed sites were mostly similar to those among Washed sites, except for 
biomass in the small clam assemblage, where biomass in Unwashed samples were significantly 
greater than at Washed sites.  Generally, the patterns observed in 2010 for the small and large clam 
assemblages were dramatically different from what we expected to see on the basis of our analyses 
for the 2002 data.  It is likely these changes are a consequence in the dramatic decline in abundance 
of many of the clam species, especially the six species that characterized these assemblages.  Most 
important among these was the 94-percent decline in abundance of the littleneck clam, Leukoma.  
However, abundance of all but two other less important species also declined.  These changes were 
particularly apparent in the large clam assemblage, in which Leukoma had been a strong dominant in 
2002 but declined to a minor role in 2010.    

 
We expected to see little change in abundance, species richness, or species diversity in the 

small clam assemblages among Unwashed sites between 2002 and 2010 but expected to see 
reductions in N and S and higher H’ among the Washed sites.  For the small clam assemblage, the 
hypotheses for N, S, and H’ were accepted for Unwashed sites; these variates did not change from 
2002 to 2010.  For the Washed sites, N was significantly lower in 2010 but S and H’ did not change 
between 2002 and 2010.   

 
For the large clam assemblage, we likewise expected to see little change in abundance, 

species richness, or species diversity in among Unwashed sites between 2002 and 2010, but we 
expected to see higher abundance, no change in S, and higher values for H’ among Washed sites.  
Instead, N was significantly lower at both Unwashed and Washed sites in 2010, S trended higher at 
Washed sites, and H’ was significantly higher at Washed sites.  In short, the two assemblages were 
dramatically different from our expected observations. 

 
These changes were the result of major changes in abundance patterns and, to an extent, 

dominance for the six species that characterized these assemblages.  In the case of the small clam 
assemblage, the numerically dominant clam, Rochefortia, remained dominant in both Unwashed and 
Washed sites.  Overall abundance of the littleneck clam, Leukoma, declined 94 percent overall, and 
abundance of all but two other less important species also declined.  These declines created an 
important change in species dominance.   
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These changes were particularly apparent in the large clam assemblage.  In this assemblage, 
Leukoma was a strong dominant in both treatment categories in 2002 but declined to a minor “fourth 
place” on the dominance scale in 2010.  The small nestler clam, Hiatella, became the strong 
dominant species, despite a large decline in abundance between 2002 and 2010.  Overall abundance 
of all species except Saxidomus declined at least 48 percent; Leukoma declined 95 percent.  In 
contrast, Saxidomus increased 95 percent. 

 
Abundance of YOY specimens of Leukoma12  in the small clam assemblage was examined in 

the 2002 and 2010 samples to gain insight into periods when spawning, larval development, and 
settlement in the sediments (recruitment) occurred.  Specimens with shell lengths less than 2 mm 
were collected in June and August, indicating that larvae were recruiting during those months.  
These findings indicate that spring and summer are the most important periods for spawning, larval 
development, and recruitment, and are therefore the periods during which environmental factors 
could exert the greatest influence on the survival of these stages. 

 
Multivariate analysis (classification and non-metric multidimensional scaling) indicated that 

species composition in large and small clam assemblages was similar among Unwashed and Washed 
sites based on both abundance and biomass.  However, site relationships based on abundance of the 
individual species were significantly different from those based on biomass of the species.  Overall, 
classification and MDS analyses indicated that species composition is similar among Unwashed and 
Washed sites, i.e., that the clam assemblages at Unwashed sites cannot be distinguished from those 
at Washed sites in 2010.   

 
Because of the importance of these clam assemblages as forage items for sea otters, man, and 

a variety of other predators, the most important relationships in addressing the pertinent issues for 
these studies are those between Leukoma and Saxidomus and their response to beach washing and 
environmental factors.  In nearly all instances, abundance of both species was lower at Washed than 
at Unwashed sites.  Moreover, because of the presence of YOY and juvenile specimens, abundance 
of both species was generally higher in the small clam assemblage.  One of the more important 
aspects of these relationships was the dramatic reduction in abundance in Leukoma populations in 
both types of assemblage between 2002 and 2010.  A similar decline did not occur in Saxidomus 
populations during this period. 

 
To assess regional patterns, long-term data sets for abundance of Leukoma and Saxidomus 

were obtained for PWS, Kachemak Bay and Glacier Bay.  Moreover, data for species richness 
observed the small clam assemblage in PWS between 2002 and 2010 were combined from several 
studies to provide perspectives on the effects of beach washing on long-term trends.  Temporal 
patterns in S were similar among Unoiled (only summarized to 1994) and Unwashed sites from 1989 
through 2010.  In contrast, S was significantly lower among Washed sites through 1994 but 
increased substantially to a point where it was similar to S among Unwashed sites in 2002.  On this 
basis, it appears that, on a quantitative basis, the small clam assemblage had largely recovered by 
2002.  However, these quantitative factors do not provide insights into functional factors such as 
species composition, trophic function, biomass, or age/size structure, which provide greater insights 
into recovery status. 

                                                
12 YOY Saxidomus were not sufficiently common for such an analysis. 
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In PWS, populations of Leukoma and Saxidomus at Unwashed sites declined relatively 
regularly from 1990 through 2010.  At Unoiled sites, based on only three or four sites that were 
sampled through only 2000, abundance of Leukoma exhibited a declining trend and Saxidomus was 
unchanged.  In contrast, abundance of both species at Washed sites increased slowly from a level far 
lower than either Unoiled or Unwashed sites.  For Leukoma, abundance was at the same level as was 
observed at the Unoiled and Unwashed sites by 2002, and then it declined to a level similar to that 
observed for Unwashed sites in 2010.  Abundance of Saxidomus increased at a slower rate but 
achieved the same level as was observed at Unwashed sites by 2010.  Thus it appears that abundance 
levels of both species had recovered by 2010.  However, again, abundance by itself does not provide 
insights into functional factors such as species composition, trophic function, biomass, or age/size 
structure, which provide greater insights into recovery status.  The convergence with the curve for 
the Unwashed and Washed sites may indicate that the bivalve assemblages in PWS have entered an 
alternative stable state. 

 
To examine possible interactions between the regional abundance patterns in these clams and 

environmental factors, long-term data sets for sea surface temperature, pH, and phytoplankton 
stocks.  Patterns observed for the environmental factors varied in importance in the degree they 
might be able to account for the observed decline in abundance of Leukoma.  The most important 
seasons for successful reproduction of this species appear to be late spring through mid-summer.  
Seawater temperatures in the region have varied substantially since 1995 but were consistently 
below average in spring between 2006 and 2010.  It appears that the mean spring temperature in 
PWS was below the temperature at which Leukoma has been reported to initiate spawning (8°C) in 
nine of sixteen years (1995 – 2010).  Larval development is slower and time to settlement is 
extended in this temperature range.  Therefore, lower temperatures could be a factor in reduced 
recruitment for Leukoma, a southerly species living at the extreme northern end of its range.  
However, lower temperatures do not explain the decline in the older clams, which are likely more 
tolerant. 

 
The only long-term data for pH are from Seldovia Bay, in Kachemak Bay.  From 2004 

through 2010, pH declined sporadically to levels that could be problematic for species that build 
calcareous shells.  However, pH levels during the spring and summer during those years were 
generally substantially higher than levels that have been shown to induce problems for such species.  
Therefore, it is unlikely that reduced pH is causing problems for either larval or adult Leukoma at 
this time.  

 
Unfortunately, we do not have data from PWS for evaluation.  The data from Seldovia Bay 

appear to be substantially higher than has been reported in areas in Puget Sound where oyster farms 
have reported catastrophic larval die-offs, or from Glacier Bay, where Leukoma has declined 
dramatically since 1998.  Nevertheless, based on the apparent threshold pH level observed causing 
effects in species building calcareous shells or skeletons, it seems unlikely that pH is a factor in the 
observed decline of the littleneck clam, Leukoma, in Kachemak Bay.  Like temperature, it certainly 
does not explain the decline in sub-adults and adults. 

 
Long-term declines in dominant phytoplankton groups (diatoms and dinoflagellates) and 

phytoplankton biomass have been reported in PWS, Cook Inlet, and the Gulf of Alaska from 2000 
through 2011.  Reduced availability of a primary food source could certainly lead to reduced 
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survival of larvae, post-larvae, juveniles, and to a lesser extent, sub-adults and adults.  These 
declines include diatoms, dinoflagellates, possibly nanoplankton, and phytoplankton biomass.  
Abundance of diatoms and dinoflagellates remained stable during spring from 2000 through 2011 
but declined significantly in the summers.  Biomass declined in the spring and summer seasons from 
over that same period.  Since summer appears to be the most important period for larval 
development for Leukoma, it is likely these declines have had an impact on the growth rates and 
survival of the larvae for that species.  However, they do not appear to have affected Saxidomus to 
the same degree.   

 
An overarching pattern in these time series is that abundance of Leukoma appeared to exhibit 

a substantial decline at Unwashed sites in PWS from 1990 through 2010 and over generally the same 
time period in Kachemak Bay and Glacier Bay.  The Kachemak Bay or Glacier Bay sites were not 
exposed to the oil spill or beach washing.  Thus, the patterns of decline in both larger and smaller 
Leukoma, and, to a lesser extent, Saxidomus, appear to be a regional phenomenon that was observed 
in all three regions.  It is possible that reduced larval survival and survival of recruits due to sub-
optimal water temperatures and reduced phytoplankton stocks have combined with attrition due to 
predation and aging in the larger sizes of the Leukoma and Saxidomus populations, producing the 
declines in all size classes of the populations that have been observed across the region.   
 
Sediment Conditions 

Sediments on many of the beaches in western PWS are relatively atypical in terms of their 
sediment heterogeneity in comparison to beach structure and relationships typically described for 
homogeneous beaches.  Differing characteristics include coarse particle size, greater concentrations 
of fines and organics than would be predicted based on particle size relationships in homogeneous 
beaches (mud, sand, or pebbles), and the “organized” manner in which the large surficial rocks are 
imbedded and vertically stratified.  

 
Physico-chemical Aspects of Heterogeneous Sediments 

Physico-chemical characteristics of heterogeneous sediments in PWS varied in many 
respects.  Sediments among Washed sites were significantly coarser than among Unwashed sites.  
That was partially due to the silt/clay fraction being significantly lower at Washed sites (Table 4).  
This was notable throughout the sediment column down to ≈20 cm deep.  In addition, C: N ratios 
among Washed sites were significantly higher than among Unwashed sites, indicating that organic 
materials were “fresher” or comprised more marine materials at Unwashed sites than at Washed 
sites.  In addition, sorting was significantly higher among Unwashed sites than among Washed sites, 
indicating that surficial sediments at Unwashed sites are characterized by greater variability in 
particle size.  

 
Generally, response of sediment characteristics to an exposure gradient supported the 

Alternative Hypothesis “g”, which predicted dissimilarity in the characteristic between Unwashed 
and Washed sites.  Particle size (Mz) showed no response to differences in exposure at Unwashed 
sites but increased significantly with increasing exposure at Washed sites (Fig. 8).  As a corollary, 
silt/clay content showed no response to differences in exposure at Unwashed sites but decreased 
significantly with increasing exposure at Washed sites (Fig. 9).  In contrast to the expected patterns, 
as well as patterns observed in 2002, both TOC and TKN exhibited significant decreases with 
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increasing exposure at Unwashed sites whereas those at Washed sites exhibited no response to 
differences in exposure  (Fig. 10). 

 
Two general patterns regarding heterogeneous beaches in western PWS are important to this 

discussion.  First, although many of the beaches sampled in this study are relatively protected from 
wave action or currents, their sediments are relatively coarse (Figure 3, Table 3).  Second, many 
exhibit substantial organization of the large surficial clasts, which provides protection to the infaunal 
biota and sequesters finer sediments and organics residing below this surface layer of coarser 
particles.   

 
Typically, protected beaches are characterized by fine sediments (e.g., Gray 1981).  

However, the beaches in PWS are quite young in geologic terms, having been recently thrust up into 
the intertidal zone by the 1964 Great Alaska Earthquake.  Prior to the quake, these sediments were 
submerged and probably were characterized by greater proportions of sand or silt/clay, as is typical 
of subtidal sediments in most embayments in western PWS (pers. obs., D. Lees).  Upon emergence 
into the intertidal zone, however, they became exposed to greater wave action and finer sediment 
fractions (e.g., mud and fine sand) were winnowed out.  An example of this process in progress is 
shown in Fig. 70.  As a consequence of hydrodynamic exposure, the uplifted beach in this 
photograph had probably lost, in the 42 years prior to the 2006 photograph, approximately 20 cm of 
fine sediments since it was uplifted in 1964, concentrating the coarser fractions into an uppermost 
coarse armor, and exposing those clamshells.  The process will not be complete until the clam shells, 
a source of instability, have been washed out of the sediment.   

 
Most of these beaches also are remote from substantial sources of fine materials (e.g., 

glaciers, large rivers, or coastal plains).  Consequently, replacement rates of lost fines have 
apparently been slower than the loss rate.  As a result, the beaches have probably become coarser 
than they were when they were elevated.  These are erosional habitats.   

 
Sediment Organization 

When finer sediments are transported out of the bed and off a beach, the upper bed layers of 
sediment become stratified with the coarser fractions at the surface (Petrov 1989).  This process is 
referred to as armoring or, in this report, organization.  This surface stratification is one of the 
defining characteristics of an organized beach.  Also, in cases where wave action was driving the 
process, Petrov showed that coarse bed material (pebbles and cobbles) became more “organized”, 
i.e., the coefficient of rock flatness increased as an “armor” was formed.  While organizing, the 
rocks may also become somewhat imbricated or imbedded.  Organization is complete when coarse 
bed materials (e.g., cobbles, pebbles, and sand) cover the entire bed and protect underlying finer 
sediments and infaunal organisms.  This organization confers stability, sequesters fine sediments, 
and protects the infaunal assemblage below the organized layer.  Concentrations of finer sediments 
generally tend to be appreciably higher several centimeters below the sediment surface on 
heterogeneous beaches.  The statistical significance of increasing content of the fine fraction with 
sediment depth was highest in the upper stratum and lowest in the lower stratum, suggesting that the 
effect of washing was directly related to sediment depth and shows that seawater was injected many 
centimeters into the sediments, flushing fines from the sediments on most Washed beaches.  
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While armoring has been well studied on gravel bars in rivers (e.g., White and Day 1982), it 
was first recognized and described in the marine environment on mid and upper intertidal gravel or 
heterogeneous beaches in PWS by Hayes and Michel (1999, 2001) in studies following the spill.  
They provided qualitative evidence that beach washing disrupted the armor layer but did not 
quantify the phenomenon. 

 

 
 

Figure 70. Example of an intact death assemblage of large bivalves (Saxidomus and Leukoma) in 
Crab Bay showing about 15 articulated pairs of shells.  The 1964 Great Alaska Earthquake uplifted 
this sheltered, moderately organized beach into the mid-intertidal zone.  Wave action has 
subsequently eroded fines and exposed the shells during the organization process.  Fucus plants in 
upper corners provide a comparative size scale. 

 
It is likely that organization is a widespread feature of coarse sediments exposed to wave 

action or strong currents, just as it is in streams and rivers.  Similar armoring has been observed on 
several beaches on the west side of Cook Inlet and subtidally in Kachemak Bay as well as 
intertidally and subtidally in southern California, and intertidally in Scotland and Borneo (pers. obs., 
D. Lees).  Organization appears to provide considerable benefits to deep-burrowing infaunal 
organisms such as hard-shell clams.  As shown in Fig. 71, it appears that organized beaches are more 
suitable for the recruitment of larvae than less organized beaches.  Unless wave action is intense, the 
interstices among the larger clasts in the organized layer remain filled with finer sediments into 
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which larval infaunal animals can settle.  If the recruits survive until they are large enough to burrow 
into the fines below the armored layer, they will be somewhat protected from normal physical 
disturbance of the sediment because the organization provides a stable shield from the wave action.  
On the other hand, if organization is disrupted, that level of protection is lost for a period that 
appears to vary directly with the degree of exposure to wave action and currents (Fig. 25).   

 
In a review of disturbance and recovery of the biota in the sea bed following dredging, 

Newell et al. (1998) discussed numerous studies of coarse sediments (e.g., gravel) in the North Sea 
and, in passing, mention the term “armouring” and comment that such a process “...allows the 
establishment of communities …reflecting the complex relationships between the physical deposits 
and biological activities of the animals themselves."  Further in the discussion, although they cannot 
cite examples, they suggest the processes of consolidation and stabilization are probably 
considerably more important “in controlling the time course of recovery of an equilibrium 
community…” than solely granulometric properties.  Our findings appear to provide strong support 
for their suggestion and, for coarse sediments, indicate a likely mechanism for “controlling the time 
course”.  This is clearly demonstrated in the comparison of the response of YOY and juvenile 
Leukoma in Unwashed and Washed sediments to differences in exposure (Fig. 71).  This contrast 
shows that Washed sites, shown above to be less organized, are significantly less able to retain YOY 
and juvenile Leukoma than similarly exposed Unwashed sites13.  This inability certainly “controls” 
the rate of recovery from disturbance in these heterogeneous sediments. 

 

 
 
Figure 71. Comparisons of relationships between young-of year and smaller Leukoma and 
integrated hydrodynamic exposure scores at Unwashed and Washed sites.  (Modified from Lees and 
Driskell 2007). 

                                                
13 This comparison from the 2002 study is presented here because, due to the major decline in the abundance of Leukoma 
observed in the 2010 study, a similar comparison is not available. 
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The organized layer is also important to the distribution of fines and organics, variables of 
unknown direct relevance to bivalves in this assemblage but certainly indicative of the sediment 
structure, stability, and food resources available for the deposit-feeding assemblage.  Typically, 
concentrations of fines and organics are positively correlated in sediments (Newell 1965; Tyson 
1995).  The nature of these relationships is applicable in this suite of predominantly gravelly 
sediments.  However, the concentrations of organics (TOC and TKN) in the coarse sediments are 
comparable to those observed in fine sands and silts on protected beaches and continental shelves 
and are substantially higher than would be predicted on the basis of the traditional relationships 
between particle size and organics reported for deep water sediments in Alaska (e.g., Anon. 1965; 
Grebmeier et al. 1988; Lees and Driskell 2002; Lees et al. 2002) or elsewhere (e.g., see Tyson 
1995).  Scant literature is available for organics in predominantly gravel sediments.  However, 
concentrations of TOC in these sediments (mean = 1.32 percent in Unwashed sediments and 1.53 
percent in Washed sediments) appear quite comparable to those observed by Thrush (1986) in 
subtidal gravel sediments in Lough Hyne, Ireland.  Thrush’s subtidal sediments, with ~50 percent 
gravel, 35 percent sand, and 8 percent silt/clay, were finer than those encountered in this study (76, 
20, and 3 percent, gravel, sand, and silt/clay, respectively).  They contained, on average, 2.14 percent 
organic matter.  Using a factor of 0.55 for converting total organic matter to TOC (Ramrath et al. 
1999), we estimated that TOC concentration in Thrush’s sediments (~1.2 percent) was very 
comparable to heterogeneous sediments in PWS.   

 
The sediment organization element of this program entailed two major components.  The 

first, an exploratory effort, was to develop a functional organization metric.  The second, to be 
undertaken if the first element was successful, was to apply this metric to the Unwashed and Washed 
sites and assess whether a difference in organization existed between the two categories.  The 
purpose of this application was to assess the validity of the hypothesis that Washed sites were less 
organized than Unwashed sites, i.e. to evaluate if beach washing had disturbed organization of the 
large surficial clasts that had developed on these heterogeneous beaches since the 1964 Great Alaska 
Earthquake. 

 
Another element of the sediment studies indicated that the heterogeneous sediments were 

organized vertically, stratified with coarsest sediments at the surface and finer sediments at lower 
horizons (Fig. 11).  This is primarily the result of the deeper sediments containing much higher 
quantities of sand and silt/clay.  This finding indicates that the substantial quantities of fines flushed 
from the sediments by beach washing, to a depth of at least 20 cm, had not been replaced 20 years 
later. 

 
Development of Organization Metric 

Using a variety of measurements, ranging from a classic geomorphological method (Wolman 
Pebble counts) to an innovative three-dimensional photogrammetric approach, we developed a 
functional organization metric (OM) for intertidal sediments on PWS beaches.  A basic criterion in 
the creation of this metric was that the level of OM could not exhibit a response to the considerable 
differences in particle size among the study sites.  Thus, differences in particle size among sites 
should not exhibit related changes in OM.  This is a crucial requirement if one wishes to compare 
OM among sites with differing particle size, as observed on the beaches in PWS. 
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The metric developed meets this criterion.  Moreover, when applied to sites where the 
photogrammetric approach was applied before and after vigorous manual disturbance of the surface 
of the photoplots, OM indicated substantially degraded organization in all plots after disturbance.  
This exercise provided strong evidence that we were measuring organization and could detect 
differences.   

 
Results and Implications of Organization Study 

A comparison of OM between Unwashed and Washed sites indicated that Washed sites were 
significantly less organized than Unwashed sites.  This finding is especially notable given that this 
study was conducted 20-21 years after the cleanup.  It demonstrates clearly that organization of the 
large clasts on heterogeneous beaches is an inherently slow process.  This is a particularly important 
finding from a biological perspective because of the crucial role organization appears to play in the 
development of the productive long-lived hard-shell clam assemblages and other associated long-
lived infaunal organisms.   

 
Following that finding, OM was contrasted with the integrated hydrodynamic exposure score 

to assess its interactions with exposure.  These comparisons revealed two very important aspects of 
the organization process.  First, OM for Unwashed sites declined regularly with increasing exposure.  
This curve probably represents the ambient levels for OM across the exposure gradient. Second, 
levels of OM at Washed sites at the protected end of the exposure gradient were substantially lower 
than the levels observed for Unwashed sites at the same level of exposure.  However, with increasing 
exposure, OM at Washed sites increased and ultimately converged with the Unwashed exposure 
curve at a point near the highest exposure level.  This indicates that the rate of organization recovery 
is more rapid in more exposed areas.  It appears that organization had recovered in the more exposed 
areas by 2010, which means that recovery of the long-lived clam assemblages may have already 
begun14.  However, it also indicates that recovery of organization and the long-lived clam 
assemblage will require many more years in the more protected areas. 

 
The corollary is that heterogeneous sediments in relatively protected areas may yet require 

several decades to fully recover.  Based on the degree of separation between Unwashed (ambient 
OM) and Washed (disturbed OM) sites in protected areas, recovery of organization in similarly 
disturbed sediments will be delayed for a considerable period beyond 20 years.  This, of course, has 
serious implications for the recovery of the large infaunal organisms such as clams, which are 
important as food for predators such as man, sea otters, and other important organisms.  Based on the 
apparent rates of recovery for washed beaches across an exposure gradient (Fig. 25), it appears that 
recovery to ambient organization levels will require several decades (Fig. 72).  OM for beaches 
located along more exposed coasts in PWS will have a higher decay constant than those located 
along protected sections of coast.  Recovery of bivalve assemblages will start to occur sometime 
during the recovery of organization.  However, because: 1) recruitment of long-lived animals is 
sporadic; 2) recruitment was still significantly depressed at Washed sites 13 years after the clean up 
in PWS; 3) recovery entails development of a diverse age structure; and 4) longevity of some of the 
dominant clam species is greater than 15 years, it is likely that full recovery of these populations 
could require more than 50 years.  Unfortunately, as this study has shown, with climate change and 
other unknown factors, the baseline assemblage may never recover and the ecosystem could assume 

                                                
14 It is important to point out, however, that recovery did not appear to have begun in 2002.   
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an alternative stable state. 
 

Response Implications of Sediment Organization 

These organization-related findings to have important resource management and response 
implications regarding activities with associated anthropogenic disturbance (e.g., oil spills or 
dredging in “gravel” habitats for aggregates) and subsequent recovery of the infaunal biota living 
within the heterogeneous sediments.  Consequently, resource managers and other decision-makers 
involved in cleanups or other activities that would disturb organized heterogeneous sediments 
should, first, acknowledge that disturbance of these sediments has substantial long-term ecological 
costs.  Decisions on whether to wash or otherwise disturb organized heterogeneous sediments should 
consider the value of the bivalve and other megafaunal assemblages and the time that could be 
required for those assemblages to recover, sometimes many decades.  They should carefully weigh 
the costs (injuries) and benefits that would result from the effects of conducting a cleanup against 
those that would accrue from not doing a cleanup.  These cost-benefit analyses may vary 
substantially among areas on a small spatial scale.   
 

 
 
Figure 72. Conceptual model comparing hypothetical recovery of disturbed heterogeneous 
beaches in exposed and protected areas from a disorganized to an organized state.   

 
The costs should include the ecological value of the lost resources to the ecosystem summed 

over the multi-decadal period required for the sediment and biological resources to fully recover 
their functionality.  In the case of a spilled contaminant such as petroleum hydrocarbons, the benefits 
should compare the ecological value the resources protected by cleaning to remove that contaminant 
over the relatively short period that it would take natural processes such as oxidation and microbial 
metabolism to reduce contaminant concentrations to non-toxic levels, i.e., concentrations low 
enough in the clams, etc., that they no longer cause significant physiological effects in predator 
populations, against the cumulative costs of the delayed recovery to pre-spill levels of productivity 
that existed in baseline assemblages.  They should compare this value against the time that the 
predators would be deprived of these valuable food resources and the time it would take the bivalve 
assemblages to return to the resource level that existed before the disturbance.  In the case of 
aggregate extraction, the primary benefit would be the value of the mineral resource itself.  The cost 
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should include the time required for an area exploited for aggregates to return to a level of 
productivity similar to its baseline condition. 

 
Managers should consider that heterogeneous sediments disturbed by cleanup measures such 

as beach washing or tilling will recover more quickly in areas with greater exposure to 
hydrodynamic energy than in more protected areas.  In PWS, it appears that organization of 
heterogeneous sediments at Washed sites in exposed areas occurred within 20 years.  However, the 
corollary is that sediments in protected areas in PWS had not recovered 20 years after beach washing 
and will require many more years to recover.  Because recovery of the bivalve assemblages requires 
that organization of the large surficial clasts has recovered at least partially, it is clear these 
assemblages will not achieve true functional recovery for several more decades.  This lag entails 
considerable ramifications for the variety of predators that depend on these resources for food.    
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Conclusions 

Bivalve Assemblages 

The most important conclusions from the 2010 studies regarding the bivalve assemblages 
relate to contrasts of the nature of those assemblages with those from the 2002 studies.  Generally, 
bivalve abundance declined substantially between 2002 and 2010.  It appears that abundance of the 
littleneck clam, Leukoma, a more southerly species, has been declining since about 1990 whereas 
abundance of the butter clam, Saxidomus, a more northerly species, while declining, has been 
relatively more stable.  An unfortunate conclusion from the 2010 study is that, because of major 
changes in dominance patterns, it is no longer possible to track the recovery trajectory for the clam 
assemblages.  In fact, it appears the bivalve assemblages in PWS, after suffering major injuries from 
the EVOS and the subsequent cleanup, may be evolving from the stable state that existed before the 
1964 Great Alaska Earthquake and before EVOS to an alternative stable state, but in response to 
changes in regional conditions rather than the oil spill or cleanup.  
 

Numerical assemblage characteristics were no richer among Unwashed sites than was 
observed among Washed sites.  Values for N, S, density, H’, and biomass in large and small clam 
assemblages among Unwashed sites were mostly similar to those observed at Washed sites, except 
for biomass in the small clam assemblage, where biomass in Unwashed samples were significantly 
greater than at Washed sites.  These patterns are contrary to those observed in 2002.  It is likely these 
changes are a consequence in the dramatic decline in abundance of many of the clam species.  Most 
important among these was the 94-percent decline in abundance of the littleneck clam, Leukoma, 
which had been a strong dominant in 2002 but declined to a minor species in the 2010 survey.  In the 
large clam assemblage, the small nestler clam, Hiatella, became the strong dominant species, despite 
a large decline in abundance between 2002 and 2010.  Overall abundance of all species except 
Saxidomus declined at least 48 percent; Leukoma declined 95 percent.  In contrast, Saxidomus 
increased 95 percent since 2002.  In the small clam assemblage, the clam numerically dominant in 
2002, Rochefortia, remained dominant among both Unwashed and Washed sites but its abundance 
declined substantially.  Abundance of the littleneck clam, Leukoma, the strongly dominant species in 
2002, declined 94 percent, becoming a minor species by 2010.   

 
Abundance of YOY clams of Leukoma in the small clam assemblage was examined in the 

2002 and 2010 samples to gain insight into periods when spawning, larval development, and 
settlement in the sediments (recruitment) occurred.  Specimens with shell lengths less than 2 mm 
were collected in June and August.  These observations indicate that larvae were recruiting during 
those months, indicating that spring and summer are the most important periods for spawning, larval 
development, and recruitment for these species, and are therefore the periods during which 
environmental factors could exert the greatest influence on the survival of these stages. 

 
Multivariate analysis indicated that species composition in bivalve assemblages was similar 

among Unwashed and Washed sites based on both abundance and biomass, i.e., bivalve assemblages 
at Unwashed sites cannot be distinguished from those at Washed sites in 2010.  However, site 
relationships based on abundance differed significantly from those based on biomass.  

 
These clam assemblages are important forage items for sea otters, man, and a variety of other 
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predators.  The most important of these relationships in addressing the pertinent issues for these 
studies are those between Leukoma and Saxidomus and their response to beach washing and 
environmental factors.  To put the observed declines in bivalve abundance, especially the changes 
for Leukoma and Saxidomus between 2002 and 2010 into perspective, data from several studies were 
combined to provide long-term trends for Leukoma and Saxidomus populations PWS, Kachemak 
Bay, and Glacier Bay.  A common pattern in the time series for PWS, Kachemak Bay, and Glacier 
Bay is that abundance of Leukoma appeared to exhibit a general decline at Unwashed sites in PWS 
from 1990 through 2010 and, over generally the same time period in Kachemak Bay and in Glacier 
Bay.  In contrast, abundance of both species at Washed sites increased slowly from a level far lower 
than either the Unoiled or Unwashed sites and they appear to have partially recovered by 2010.  
Neither Kachemak Bay nor Glacier Bay sites was exposed to the oil spill or beach washing.  Thus, 
the pattern of decline in both larger and smaller Leukoma appears to reflect regional issues in the 
northern Gulf of Alaska.  This suggests that reduced recruitment was part of the phenomenon.  In 
addition, the convergence of the curves for the Unwashed and Washed sites may indicate that the 
bivalve assemblages in PWS have entered an alternative stable state. 

 
Factors that may be influential in the decline of Leukoma include water temperature, pH 

(ocean acidification), and availability of phytoplankton, a major food resource for bivalve larvae, 
post-larvae, and juveniles.  As indicated above, it appears the most important periods for the larvae, 
post-larvae, and juveniles of Leukoma are late spring and early to mid summer.   Mean annual 
temperatures exceeded 8°C in only six of the sixteen years between 1995 and 2010.  This is the 
temperature at which Leukoma, a southerly species living at the extreme northerly end of its range, 
has been shown to spawn.  Annual mean spring temperatures were also generally considerably 
below optimal temperatures for larval growth and rapid progression to settlement.  In contrast, 
annual mean summer water temperatures in PWS were relatively stable and fell into a range that is 
more suitable or optimal for these sensitive forms.   Thus, it is possible that the recruitment period 
would have been truncated to include only summer months for ten of the sixteen years and that time 
to settlement would have been extended.  These factors would result in reduced recruitment from 
1995 through 2001 and again from 2006 through 2010.  Consequently, it is possible that lower 
temperatures in PWS have caused reduced recruitment success and are partially responsible for the 
decline in Leukoma.  However, this explanation pertains only to larvae, post-larvae, and juveniles.  It 
does not explain the decline in sub-adults and adults. 

 
Another potentially operative factor could be declining pH levels, especially in estuaries and 

embayments in the northeastern Pacific.  The only long-term data for this region are from Seldovia 
Bay.  Although pH levels at this site, on Kachemak Bay, declined sporadically into the range that 
could be problematic for larval bivalves and post-larvae, average pH levels for spring and summer, 
the most important periods for larval development and recruitment, ranged from 7.99 to 8.29 and 
were consistently above 8.0 from 2004 through 2010.  In research conducted on shell-forming 
invertebrates, significant effects have not been observed at pH levels above 7.9. 

 
Batten et al. (2013) reported long-term declines in dominant phytoplankton groups (diatoms 

and dinoflagellates) and phytoplankton biomass in PWS, Cook Inlet, and the Gulf of Alaska from 
2000 through 2011.  Reduced availability of a primary food source could definitely lead to reduced 
survival of larvae, post-larvae, juveniles, and to a lesser extent, sub-adults and adults. 
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Changes in plankton abundance appear to differ between seasons.  Abundance of diatoms 
and dinoflagellates appear to have remained stable in the spring from 2000 to 2011 (Figure 68) but 
appear to have declined substantially during the summer over the same period (70 and 90 percent, 
respectively).  Moreover, phytoplankton biomass also appears to have declined significantly (70 
percent) between 2000 and 2011 (Figure. 69).  Since summer appears to be the most important 
period for larval development for Leukoma, it is likely these declines could have had an impact on 
the growth rates, time to settlement, and survival of the larvae for these and other clam species.  
They do not appear to have affected Saxidomus to degree as appears to have occurred for Leukoma.  

 
Reduced abundance of YOY and juvenile Leukoma in the small clam assemblage could 

result from a combination of effects related to temperatures, which appear to be near or below the 
lower temperature tolerances for spawning and larval development in this southern species.  
Moreover, declines in the food resources required to meet the metabolic needs of its larvae, post-
larvae, and juveniles, and increased mortality resulting from their extended residence times in the 
plankton would result in decreases in recruitment in the sediments. 

 
In summary, it appears that reduced temperatures and declines in food resources could be 

important factors in the reduced abundance of Leukoma in PWS and elsewhere.  However, it is 
unclear if these factors could have influenced the decreases in abundance of sub-adult and adult 
observed in this study and elsewhere in the North Gulf of Alaska.  However, lower temperature and 
reduced food supply may also be combining with natural attrition in the larger sizes of the Leukoma 
and Saxidomus due to predation, aging, and other sources of natural mortality to produce the 
declines in all size classes of the populations that have been observed throughout the region.  It 
appears unlikely that a decrease in pH (ocean acidification) is playing a role in these observed 
declines in Leukoma at this time.   

 
Sediment Conditions 

The principal sedimentary areas considered in this program were the physico-chemical 
aspects of the coarse-grained sediments that characterize a considerable proportion of the shoreline 
in western PWS, the concept of organization of the large clasts at the surface of these heterogeneous 
sediments, and the importance and recovery of sediment organization.  An important aspect in all 
analyses was a comparison of the various factors at Unwashed and Washed sites.  

 
Physico-chemical Aspects of Heterogeneous Sediments 

Heterogeneous sediments from Washed sites were significantly different in several respects 
from those from Unwashed sites.  They were coarser, better sorted, had less silt/clay, and had higher 
C: N ratios than Unwashed sites.  However, organic content (TOC and TKN) was similar across 
sites.  Particle size (Mz) was directly correlated with exposure to wave action and currents.  This is 
in contrast to the lack of response observed among Unwashed sites.  As a corollary, silt/clay content 
declined with increasing exposure at Washed sites but exhibited no response at Unwashed sites.  
Oddly, patterns in organic content in response to differences in exposure were opposite to those 
observed in 2002 and our expectations; TOC and TKN declined in response to increasing exposure, 
but, in contrast to expectation, showed no response to increasing exposure at the Washed sites. 

 
Two general patterns regarding heterogeneous beaches in western PWS are important to this 
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discussion.  First, although many of the beaches sampled in this study are relatively protected from 
wave action or currents, their near particle sizes are relatively coarse (Figure 3, Table 3).  
Nevertheless, these heterogeneous sediments contain higher concentrations of sand, silt, clay, and 
organics (TOC and TKN) than would be predicted on the basis of models observed in homogeneous 
sediments.  Second, many exhibit substantial organization of the large surficial clasts, which 
provides protection to the infaunal biota and sequesters finer sediments and organics residing below 
this surface layer of coarser particles.   

 
Sediment Organization 

The sediment organization element of this program entailed two major components.  The 
first, an exploratory effort, focused on developing a functional organization metric.  The second was 
to apply this metric to the Unwashed and Washed sites and assess whether organization differed 
significantly between the two treatment categories.  The purpose of this application was to assess the 
validity of the hypothesis that Washed sites were less organized than Unwashed sites, i.e. to evaluate 
if beach washing had disturbed organization of the large surficial clasts that had developed on these 
heterogeneous beaches since the 1964 Great Alaska Earthquake. 

 
A separate assessment of vertical stratification of the sediments showed that sediments on the 

heterogeneous beaches are vertically stratified (organized).  An important finding of this analysis 
was that silt/clay content was significantly lower in all strata among Washed sites than among 
Unwashed sites, suggesting that flushing by beach washing removed significant quantities of 
silt/clay down to a depth of at least 20 cm in the sediment.  This finding, based on more 
comprehensive data, contradicts the conclusions from the 2002 study, which did not examine 
differences in silt/clay content in different strata. 

 
The development of a quantitative organization metric was an important achievement for this 

study and allowed us to gain considerable insight into the effects of beach washing on the 
heterogeneous sediments in PWS.  Using this metric (OM), we were able to demonstrate that, 21 
years after the cleanup:  

 
1. Washed sites in many areas remained significantly less organized than Unwashed sites, 

accounting for differences in mean grain size across sites;  
2. OM values at Unwashed sites were lower at more exposed sites, i.e., OM at Unwashed sites 

is negatively correlated with increasing exposure levels; this curve probably represents 
ambient levels of OM for different levels of exposure in PWS; 

3. OM values at Washed sites became higher with increasing exposure, i.e., OM at Washed 
sites is positively correlated with increasing exposure levels; this curve probably represents 
the recovery curve for OM for different levels of exposure; and 

4. Washed sites in less exposed areas in PWS will require substantially more time before they 
will achieve the ambient level of organization observed for Unwashed sites at low levels of 
exposure;   

5. Complete recovery of long-lived clam assemblages in more protected areas has not yet 
occurred and may require many more years. 
 
While it is no longer possible to track the recovery trajectory of the bivalve assemblages, it is 
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still possible to track the trajectory in the organized heterogeneous sediments that were disturbed by 
beach washing.  It appears the re-organization process is complete at the more exposed sites but will 
be progressing for many more years at more protected sites.   

 
Response Implications of Sediment Organization 

Resource managers and other decision-makers involved in cleanups or other activities that 
would disturb organized heterogeneous sediments should recognize that disturbance of these 
sediments has substantial long-term ecological costs.  As such, they should weigh the costs (injuries) 
that would result from a cleanup against the benefits that would accrue from doing so. The costs 
should include the ecological value of the lost resources to the ecosystem summed over the multi-
decadal period required for the sediment and biological resources to recover.  In the case of a spilled 
contaminant such as petroleum hydrocarbons, they should compare the benefits provided by the 
ecological value the resources protected by removing that contaminant over the relatively short 
period that would be required for natural processes such as oxidation and microbial metabolism to 
reduce contaminant concentrations to non-toxic levels against the cumulative value of the lost 
resources over the protracted period that would be required for recovery if the heterogeneous habitat 
were disturbed.  In the case of aggregate extraction, the primary benefit would be the value of the 
mineral resource itself and the cost should include how long it would take for an area exploited for 
aggregates to return to a level of productivity similar to its baseline condition.  

 
Resource managers and other decision-makers also should consider that heterogeneous 

sediments disturbed by cleanup measures such as beach washing or tilling will recover more quickly 
in areas with greater exposure to hydrodynamic energy than in more protected areas.  In PWS, it 
appears that organization of heterogeneous sediments at Washed sites in exposed areas occurred 
within 20 years.  Because recovery in the bivalve assemblage requires that organization of the large 
surficial clasts has recovered at least partially, it is clear the assemblages will not achieve true 
functional recovery for several more decades.  This lag entails considerable ramifications for the 
variety of predators that depend on these resources for food.    
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