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excavation and core samples at Treated sites but not at Reference sites.  In contrast, exposure and 
% silt never correlated strongly with the clams while TOC was only important for excavation 
samples at Reference sites (discussed above).   
 
Table 19.  Comparison of sediment characteristics at NOAA sites between 1992 – 1996 and 
2002.  C/N ratios are calculated from actual site data for TOC and TKN rather than the averages 
in this table.   
 
  Mean ± SE 

Category/Site Period 
PGS 
(mm) 

Fines  
(%) 

TOC 
(%) 

TKN 
(%) 

C/N 
Ratio 

NOAA Unoiled 
Sites 

1990 – 
96 

4 sites 1.9 ± 0.4 
20.4 ± 

1.5 1.5 ± 0.2 
0.049 ± 
0.005 

37.0 ±  
6.0 

Reference 

1990 – 
96 

4 sites 
>5.8 ± 
>2.8 

15.8 ± 
2.1 3.1 ± 0.6 

0.091 ± 
0.021 

49.7 ±  
8.0 

  
2002 

17 sites 6.8 ± 0.7 3.1 ± 0.3 1.1 ± 0.2 
0.049 ± 
0.007 

28.7 ± 
5.2 

Bay of Isles 2002 8.3 2.4 0.5 0.012 46.2 

Treated 

1990 – 
96 

3 sites 3.6 ±0.3 6.1 ± 1.5 1.2 ± 0.2 
0.024 ± 
0.004 

63.4 ±  
9.6 

  
2002 

23 sites 
10.3 ± 

1.5 2.9 ± 0.4 1.2 ± 0.2 
0.046 ± 
0.006 

26.8 ± 
2.9 

Northwest Bay 
West Arm 

1990 - 
1996 3.9 3.6 ± 0.4 1.0 ± 0.1 

0.013 ± 
0.003 

85.9 ± 
21.4 

  2002 8.2 1.4 0.4 0.014 28.0 

Shelter Bay 
1990 - 
1996 3.1 9.8 ± 4.4 1.0 ± 0.2 

0.028 ± 
0.012 

44.5 ±  
9.2 

  2002 13.1 2.6 0.6 0.035 15.7 

Sleepy Bay 
1990 - 
1996 3.9 4.8 ± 1.4 1.6 ± 0.4 

0.030 ± 
0.004 

59.7 ± 
17.3 

  2002 21.3 2.2 1.2 - - 
 
Relationships Between Dominant Bivalves and Exposure 

The response of biological characteristics to exposure varied consistently by treatment category 
and sample type.  These patterns provide crucial evidence for explaining the differences between 
the bivalve assemblages and sediments at Treated and Reference sites.  Numerical characteristics 
for the bivalve assemblage responded uniformly.  In excavation samples, N exhibited a 
significant positive correlation at Reference sites but a significant negative response at Treated 
sits.  On the other hand, both S and H’ showed no correlation to increased exposure at Reference 
sites but significant negative correlations at Treated sites (Figures 4 through 6).  In contrast, both 
N and S in core samples exhibited a significant negative correlation at Treated sites but a 
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significant negative response at Reference sites (Figures 4 through 6); H’ showed not response in 
either treatment category.   
 
Hard-shell clams from Reference sites exhibited a significant positive correlation with exposure 
in excavation samples, which focus on larger clams, but no relationship at Treated sites (Figure 
9).  In core samples, which focus on smaller clams, both Rochefortia, a commensal species 
probably associated mostly with large burrowers, and Protothaca exhibited significant negative 
correlations with exposure at Treated sites but no response at Reference sites (Figure 10a and 
10b).  Thus, for adult hard-shell clams, increased exposure was a benefit at Reference sites but 
elicited no response at Treated sites.  In contrast, for smaller clams, increased exposure was 
accompanied by significant reductions at Treated sites but no effect was observed at Reference 
sites.  Consequently, young clams did not appear to be recruiting to the adult size classes at 
Treated sites but were recruiting at Reference sites.  These patterns suggest some type of 
structural difference between the two treatment categories and seem to support the hypothesis 
that beach washing disrupted the organization of the armored sediments, resulting in poorer 
protection for small or younger clams at Treated sites.   
 
Relationships Between Bivalves and Sediment Properties 

Although numerous investigators have shown that various aspects of sediment grain size and 
organics exert considerable influence over bivalve species and the general nature of infaunal 
assemblages, relationships between the bivalves and sediment properties were relatively weak in 
this study.  Various investigators have shown that the quantity of fine particulates in the sediment 
can have a strong influence on species composition.  For example, Gray (1981) reported that 
deposit feeders such as Macoma typically need concentrations above 30% for greatest 
development but that abundance of suspension feeder like Protothaca typically decline at 
silt/clay concentrations above 10%.  Silt/clay concentrations on the beaches in this study 
averaged below 3% (Table 5).  Predictably then, these beaches are more favorable for 
populations of suspension feeders such as Protothaca, Rochefortia, Hiatella, and Saxidomus, 
than for deposit feeders such as Macoma spp.  The only taxa that demonstrated significant 
positive correlations with silt/clay were Macoma spp. and Rochefortia (Table 12).  Only younger 
Saxidomus in the core samples expressed a significant negative correlation to silt/clay (Table 12).   
 
All species except Hiatella expressed only significant negative relationships with PGS (Table 
12).  This suggests that most of these species respond differently to silt/clay than to the coarser 
sediment fractions.  That is, they were not attracted by increased concentrations of silt/clay, even 
at the low concentrations typical of these sediments, but they also responded negatively to 
increases in coarser fractions, which, on unarmored beaches, typically reflect increased exposure.  
Hiatella, in contrast, had significant positive correlations with PGS at Treated sites in both core 
and excavation samples.  This could be viewed as reflecting a response to disturbance by this 
pioneer species.  Similar results were seen in the multivariate regressions (Table 14). 
 
Relationships between the bivalve species and organics were somewhat weaker, especially in the 
excavation samples.  In all but two cases, the significant correlations were positive.  Generally, 
relationships were stronger among the Treated sites and for the core samples (Table 12) but no 
species exhibited either strong or consistent patterns.   
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When considered together, we conclude that sediment properties exerted mixed influences on the 
bivalve assemblage in the mixed-soft sediments.  The low concentrations of silt/clay typical of 
these sediments appear to exert a strong influence on species composition of this assemblage, 
resulting in domination by suspension feeders and a subdominant role for deposit feeders.  Grain 
size variables, especially the concentration of silt/clay, do not appear play an especially 
important role in the actual distribution (as contrasted with species composition) of the bivalve 
species among the sites.  Moreover, we conclude that organics do not play a particularly 
important role in the distribution of these bivalves although they may relate secondarily to 
settlement cues or food resources.  The modest correlations observed in the ordinations support 
this interpretation.  Our conclusions regarding grain size variables appear to agree nicely with the 
findings of Newell et al. (1998) that granulometric properties are less important to the long-lived 
bivalves than stability of the sediments.   
/ 
With regard to the numerical characteristics, N and S typically exhibited negative correlations to 
PGS and positive correlations to silt/clay (Table 12; more than 60% significant).  The 
correlations to silt/clay, TOC, and TKN were generally overwhelmingly positive.  N and S 
appeared positively correlated to the organic properties (TOC and TKN) but these relationships 
were only significant in the core samples, especially at Treated sites.  N and S for core samples 
were significantly positively correlated with TKN in both Treated and Reference data sets.  
These findings suggest that the community structure of the bivalve assemblage sampled during 
this study was moderately influenced by sediment properties, especially PGS and TKN, i.e., the 
number of species and individuals found at the sampling sites was most strongly correlated with 
PGS, silt/clay content, and TKN, and more markedly at Treated than at Reference sites.   
 
Multivariate Relationships Among Bivalves and Environmental Variables 

The cluster and ordination results show that we can differentiate among sites on the basis of 
species and substrate groups (e.g., Protothaca-dominated or silt versus non-silt affiliated 
species).  The correlated placements of species in the ordination plots also show that excavation 
samples reflect a distribution pattern different from the core samples for the same species.  This 
suggests the collection methods did sample different populations of individuals, a desired goal of 
the sampling design, i.e., more adults in excavation samples.  Furthermore, in the excavation 
samples, there are differences between the Reference and Treated sites.  Several of the 
environmental variables show significant correlations with species distribution as represented by 
the placement of stations in ordination space, i.e., the multi-species gradient of abundance 
(Tables 15, 17, and 18).  The results from excavation samples at Treated sites support a scenario 
of ongoing beach recovery, e.g., stronger correlations with sand and pebble content.  The core 
data from Treated sites also show strong correlations with sand and pebble content.   
 
The multivariate ordination for the dominant bivalves in the excavation samples showed a very 
strong correlation with TOC (r2 = 0.61) for Reference sites and almost none (r2 = 0.09) with 
Treated sites (Table 17).  These values support the disrupted-armoring hypothesis, i.e., the 
Reference site bivalves with established armor are responding to conditions that accumulate 
TOC while bivalves at Treated sites correlate best with grain size factors while armoring 
progresses.  TOC levels at Treated sites, although similar to Reference site values (Table 5), have 
not yet accumulated in a gradient correlating with species abundance.  Unfortunately, this 
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scenario falters slightly with the core data as neither Reference nor Treated sites ordinations 
correlate with TOC (Table 18); however, the Treated sites do correlate well with grain size as 
they did in the excavation data. 
 
Stepwise regression results (Table 14) show a variety of intriguing associations with various 
variables, some appropriate and some seemingly coincidental, that support an ongoing armor-
recovery scenario.  It is not surprising to see factors such as tidal elevation and pebble content 
being negatively correlated with various species abundances at the combined sites but the 
negative influence of latitude on Hiatella was unexpected, especially since they did not correlate 
in the bivariate analyses.  But latitude correlations do address a concern that the skewed 
distribution of Reference and Treated sites relative to distance from the Gulf of Alaska may bias 
the comparisons.  From the stepwise regressions of Protothaca or Saxidomus, latitude was not 
one of the selected variables, thus suggesting that while it may have an effect, it was less 
important than other factors in correlating with their distributions.  The bivariate analyses may 
show latitudinal correlations but, when evaluated with the other variables, it was not one of the 
better-correlated factors.  The fact that northern and southern sites were relatively evenly 
segregated among the groups in the cluster analysis (Figure 24) seems to support the view that 
asymmetrical distribution of the treatment categories is not an important concern.  Also curious 
was TOC, which positively correlated with N and S in the bivariate analyses for core samples but 
did not appear among the more significant stepwise components. 
 
A result that did lend strong support to the re-armoring concept was the linkage of the hard-shell 
clams at Treated sites to some form of coarse grain size.  Without protection from the armor, 
clams would be subjected to the same turbulence that removes finer grained sediments; 
abundance would be lower where turbulent forces and coarser grains prevail.  Still, it is difficult 
to interpret the overall results knowing the analyses are, to some degree, incomplete.  However, 
telltale patterns in the regression residuals indicate an important factor, probably armoring, is not 
yet accounted for.   
 
Factors Potentially Causing Variation in Findings 

The strength of the disturbance signal from beach washing could be affected by several factors, 
including misclassification of sites based on vague historic information on treatment, variation in 
site exposure, varying rates of recovery among sites, natural fluctuations at recovering sites, and 
the effects of proximity or remoteness to the Gulf of Alaska within PWS (i.e., latitudinal effects).  
While lingering oil is a concern in the spill area, continuing exposure to hydrocarbons seeping 
out of sediments is not considered an important cause of variability at our sites.   
 
As discussed above, documentation of the treatment history for all but the NOAA sites is 
sketchy, based primarily on the recommended treatments within a shoreline segment as provided 
by the shoreline cleanup assessment teams (SCATs).  First, it is not clear that the recommended 
treatment was implemented in all cases.  Moreover, many of these segments are hundreds of 
meters long and it is unclear whether recommended treatment would have been carried out on 
the entire segment or just in certain areas.  Consequently, placing sites in Reference or Treated 
categories involves appreciable potential for error.  Such an error would tend to favor accepting 
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rather than rejecting the null hypothesis, however.  Any untreated (or recovered) Treated sites 
would be noise increasing the variation or reducing the impact signal.   
 
Exposure varied considerably (Table 3) at the sites and potentially could exert substantial 
influence over the rate at which bivalve assemblages recover at Treated sites and the degree to 
which they develop at all sites.  For example, Ganning et al. (1984) has shown that the state of 
recovery at disturbed sites can fluctuate dramatically during the recovery process but within the 
snapshot of a single sampling event such as this study, this would appear as intersite variability.  
Our study is a mixture of snapshots; some of the environmental data are highly transient (e.g., 
temperature and salinity) while population structure and grain size data will fluctuate on longer 
time scales.  Data from the two treatment categories, of course, represent snapshots from two 
different time-series and represent recovery from different disturbance dates.  All sites in this 
study were uplifted varying amounts to their present elevation on 24 March 1964, the date of the 
Great Alaska Earthquake.  For Reference sites, that date is the most important “start” date.  For 
Treated sites, recovery would have restarted following treatment in 1989 and 1990.  Combined 
with differences of exposure and the accompanying differences in rates of re-armoring, these 
differences in duration of recovery could account for a considerable amount of the variability 
observed among the Treated and Reference sites and within the Treated sites.  Basically, 
Reference sites should have a 25-year head start in the recovery and re-armoring processes over 
Treated sites.  
 
Based on Short et al. (2002; 2007), it is obvious that subsurface sediments on numerous beaches 
in PWS retained considerable quantities of oil as late as 2002.  Hydrocarbons seeping from the 
sediments at these sites could act as a negative cue for settling bivalve larvae and therefore delay 
recovery.  Two of Short et al.’s sites that retained relatively unweathered oil were located within 
100 m of two of our Treated sites (LA 16 and Shelter Bay).  Such proximity to a chronic source 
of relatively unweathered hydrocarbons could cause local adverse effects (reduced abundance of 
juveniles as a consequence of negative settlement cues) that increase the variability within the 
Treated sites.  However, at such exposed sites, it is likely that low concentrations of 
hydrocarbons seeping from the sediments would be diluted to extremely low levels before 
reaching our sites.  Since we encountered no sheening to indicate lingering oil in any of our 
sampling excavations, we do not consider exposure to lingering oil an important cause of 
variability in our study.   
 
Finally, we have demonstrated above that numerical characteristics for the bivalve assemblage 
(Table 13) and abundance of Protothaca and Saxidomus exhibit inverse correlations or trends to 
proximity to the Gulf of Alaska.  The strength of the relationships was mixed for N and S but 
stronger for Protothaca (Table 13, Figure 20) and Saxidomus (Table 13).  The patterns observed 
for Protothaca among Reference and Treated sites in the excavation samples appear quite similar 
except that none of the Treated sites near the gulf had abundances nearly as high as two of the 
Reference sites closest to the gulf (Figure 20).  The six sites with more than 40 specimens of 
Protothaca occurred in the southern half of the study area; only one was a Treated site.  Hiatella, 
a pioneer species, did not display any consistent patterns and was poorly correlated with latitude 
in bivariate analyses.  Multivariate ordinations for these three species showed significant 
correlations with latitude for Reference, Treated, and combined sites with the excavation data 
(Table 15; r2 = 0.30, 0.46, and 0.49) but no significance with the core data.  Thus, it appears that 
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species richness of the bivalve assemblages and the density of both Protothaca and Saxidomus in 
suitable sediments declined as a natural response to increasing distance away from the Gulf of 
Alaska.  Such systematic natural variation could mask real differences but, since this appears to 
be operating similarly at Reference and Treated sites (Figure 20), it is not considered an 
important confounding factor.   
 
Response of Sediments to Washing 

HP-HW and HP-WW washing were widely used in heavily or moderately oiled areas.  The 
primary physical effects of this treatment probably included sediment disturbance 
(homogenization and disruption of the armor layer) and removal of quantities of fine sediments 
and organic matter from the sediments.  Although PGS, driven by the coarser fractions at several 
sites with a wide range of exposure (Figure 2), was certainly significantly coarser at Treated sites 
(Tables 4 and 5), we speculate that this difference is related more to the geologic setting and the 
nature of the rock type than to beach washing.   
 
Quantities of silt/clay were generally low at all sites.  Although it is clear from the large silt 
plumes documented in numerous photographs of the cleanup that fines were being washed from 
treated beaches, quantities of silt/clay and organics were not significantly different at Treated and 
Reference sites (Tables 4 and 5).  Thus, the sediment patterns observed in this study generally 
did not appear to support the alternative hypotheses that HP-HW or -WW treatment caused long-
term changes in 1) the sediments, by washing away the fine fractions, or 2) the organics.  Those 
hypotheses were based on patterns observed during the earlier NOAA studies.  Although 
conditions at the resampled NOAA Treated sites remained similar to those observed from 1990 
through 1996, conditions at the Reference and Treated sites selected for this study were 
considerably different (Tables 5 and 19).  An analysis of these conditions (see below in section 
on Comparison of 1990-96 and 2002 Conditions at NOAA Sites) suggests that sediment 
conditions at the 1990-96 NOAA sites probably represented conditions at treated and oiled-but-
untreated beaches in the spill area reasonably well at that time.   
 
Regarding the coarser grain size at Treated sites, we believe it is unlikely that beach washing 
caused any appreciable increase in the coarse fractions that are driving PGS at treated beaches.  
We cannot envision a mechanism associated with beach washing that would cause such an 
increase, especially in the particle size classes that are characteristic of many of the more 
exposed Treated sites (median particle size of >10 mm).  Berm-relocation operations were 
employed on some exposed cobble/boulder beaches but not at the types of beaches or elevations 
that we were sampling.  It seems more likely that environmental (esp. physical and geological) 
factors are implicated.  
 
Responses to Chemical Effects of the EVOS and the Cleanup 

The spill was accompanied by a variety of chemical insults to the various biological assemblages 
and the environment.  Foremost were the acute and chronic effects of exposure to crude oil when 
it stranded on the beaches.  But in addition, the cleanup, including the beach-washing program, 
also exacerbated some of these effects or exposed the biological assemblages to several other 
chemical insults.  
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A purported beneficial chemical effect of beach washing was removal of appreciable quantities 
of hydrocarbons from the sediments, especially its surface.  However, Mearns (1996) concluded 
that, while substantial quantities of organic debris were flushed from the sediments, significant 
quantities of hydrocarbons were also mixed into the sediments.  Moreover, several chemical 
formulations were applied to or injected into sediments, either on a small scale or, in the case of 
the “bioremediation” agents, Inipol and Customblen, over large areas (Mearns 1996).  The 
objective of these applications was to “fertilize” the sediments with inorganic nutrients 
(particularly nitrogen and phosphorus) and thus promote microbial degradation of the 
hydrocarbons.  Application of nutrients such as Customblen was probably generally innocuous.  
However, the application of Inipol, in which the nutrients are dissolved in 2-butoxyethanol, may 
have caused long-term effects.  Unfortunately, no studies were conducted to determine effects on 
epibiota or infauna either before or after application, despite evidence prior to application that 
Inipol: 1) caused negative impacts to mussel larvae (Lees 1992); and 2) poses known 
toxicological hazards (see NIOSH 1990) that required crews applying the substance to wear full-
face respirators and full-coverage personal protection equipment (Ott 2005) and place repellant 
devices on the beaches to discourage visits by humans or vertebrate predators.  Ironically, 
Mearns (1996) estimated that the combined treatments during the spill removed only about 10% 
of the stranded oil from the beaches. 
 
Peterson (2001) summarized several studies demonstrating a variety of effects associated with 
exposure of intertidal and subtidal biota to hydrocarbons and shoreline treatment from the spill.  
One of those studies (Houghton et al. 1997), summarized in the introduction above, observed 
significant negative impacts to growth rates for Protothaca in response to exposure to 
hydrocarbons.  In other specifically relevant studies, Fukuyama et al. (2000) and Trowbridge et 
al. (2001) demonstrated that individuals of Protothaca suffered higher mortality and grew more 
slowly in oiled sediments than at unoiled reference sites.  Several studies have also demonstrated 
that effective treatment mixes variously weathered crude oil into the sediments (e.g., Broman et 
al. 1983).  Moreover, ineffective treatment left pockets of unweathered crude oil in the sediments 
(Short et al. 2002). 
 
Although Short et al. (2002) and Heintz et al. (1999) found it is likely that hydrocarbons remain 
on some beaches and could have an influence on the acceptability of sediments to competent 
larvae in some areas, we do not think this concern applies to our study.  First, residual (lingering) 
oil appears to be spatially patchy and occurs only on particular beaches.  Our study covered a 
broad region of random sites with no intent to occupy known currently oiled beaches.  But more 
importantly, we observed no sheening in our field excavations, which suggests we were likely 
never close to residual oil deposits.  In view of the high rates of dilution resulting from tidal and 
other currents, it seems unlikely that lingering hydrocarbons have exposed clams living at our 
sampling sites to chronic effects in recent years.  It is far more likely they were exposed to 
potentially acute effects during the spill and cleanup but that any continuing effects are due to 
secondary effects of the cleanup (e.g., disruption of the armor layer).   
 
Effects of Shoreline Treatment on Recruitment 

One implicit question addressed in this study was whether altered sediment properties have 
affected recolonization for infaunal assemblages, especially bivalves.  Although this study was 
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not designed to measure recruitment rates of bivalve larvae to treated beaches, this is an 
important aspect of recovery because, as Woodin (1991) stated, “Recruitment is a process of 
fundamental importance because it is the background upon which all subsequent interactions 
with the community take place.”  Numerous studies have demonstrated that sediment properties 
are used as positive or negative cues of suitability by competent infaunal larvae before recruiting 
in sediments.  The question assumes, of course, that treatment did, in fact, alter the sediments in 
the manner observed during the spill cleanup (Mearns 1996) and documented with a posteriori 
data in the NOAA study (Driskell et al. 1996; Houghton et al. 1997).   
 
While some studies indicate that disturbance can lead to higher rates of recruitment (e.g., Jewett 
et al. [1999] discussing recolonization of subtidal sediments following storm activity), Strasser et 
al. (2001) reported that post-settlement factors such as predation, competition, and resuspension 
may be more important to long-term recovery, even when recruitment is elevated.  They 
postulated that one potentially important cause of reduced recruitment success following storm 
disturbance of the sediments was increased susceptibility to resuspension of the recruits by surge 
and currents.  This fits nicely with our suspicions regarding the effect of disruption of the armor 
layer.   
 
Wilson (1955) reported that bacterial films were an important positive cue in recruitment of a 
polychaete.  He found that reduced concentrations of TKN, which reflect lower microbial 
biomass, were accompanied by reduced recruitment.  While our three dominant species exhibited 
significant correlations with TKN (Table 12), the patterns were mixed and certainly do not 
provide convincing evidence that TKN influenced recruitment of these bivalves.   
 
Although several investigators have reported that presence of living clams of the same or 
different species, or sometimes just their shells, act as positive cues to recruits (Ahn et al. 1993; 
Snelgrove et al. 1999), it does not appear that the substantially reduced abundance of hard-shell 
clams at Treated sites has led to reduced recruitment of Protothaca (Figure 11).  Although 
comparisons of abundance for juveniles and adults of Protothaca and Macoma inquinata in this 
study suggest that abundance of juveniles and adults is positively correlated, it is not clear that 
the relationship is affecting recruitment success for either species.  Total Protothaca abundance 
was significantly higher at Reference sites (Figure 12) but the slope of the regression line 
relating juvenile and adult abundance was steeper for Treated sites (Figure 11), suggesting that 
juveniles were recruiting to the population faster at Treated sites.  In fact, it appears that juvenile 
densities were attaining comparable levels at Treated sites as at Reference sites despite 
substantially lower numbers of adults.  However, in view of the reduced abundance of adults at 
Treated sites after 13 years, post-recruitment success may still be an issue.  Disrupted armoring, 
or more specifically, greater sediment instability and the lack of refuge, could lead to higher 
post-recruitment mortality from increased vulnerability to turbulence from significant storm 
events or currents or from reduced protection from predators. 
 
Not unexpectedly, juvenile and adult abundances are not correlated for Hiatella.  Recognized as 
a weedy, pioneer species, juveniles often settle in large numbers on new or disturbed substrata 
(e.g., Gulliksen et al. 1980).  Because of its low density in the core samples, the situation is not 
clear for Saxidomus.  
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Woodin et al. (1995, 1998) reported that process-specific factors such as release of ammonium 
or sulfides from underlying sediments (chronical releases from unsuitable anaerobic sediments) 
could have temporary negative influences on infaunal recruitment patterns in sediments that 
would otherwise be acceptable to recruiting larvae.  All of these types of negative cues were 
undoubtedly set in motion by shoreline treatment activities.  However, it is unlikely that such 
cues would affect long-term recovery phenomena.   
 
In addition to significant differences or strong trends in abundance and species richness between 
Treated and Reference sites, some consistent differences in size structure may also reflect the 
effects of differential post-recruitment success.  For Protothaca, the size classes representing 
animals between ≈5 and 8 years old were about 10% and 12% less abundant in excavation and 
core samples from Treated sites, respectively (Figure 12).  For Saxidomus, size classes 
representing animals from 6 to 11 years old were about 22% less abundant in excavation samples 
from Treated sites (Figure 14a).  For Hiatella, size classes representing animals from 2.5 to 3.5 
years old were about 18% and 23% less abundant at Treated than at Reference sites, respectively 
(Figure 18).  The consistency of this deficit in the middle age classes at Treated sites for three of 
the four dominant species, despite relatively comparable numbers in the younger year classes, 
suggests that post-recruitment survival is poorer at Treated sites than at Reference sites.  This 
pattern also seems to fit well with the hypothesis that some difference in a structural feature, 
presumably armoring, exists between Reference and Treated sites. 
 
Neither Protothaca nor Hiatella appeared to exhibit differences in growth rates between 
treatment categories (as assessed by the relationship between shell length and age [annuli]; 
Figures 13, 15, and 19).  Growth rates for Saxidomus may have been slightly higher at Reference 
than at Treated sites.  However, it appears that environmental conditions affecting growth rates 
do not differ enough between treatment categories exert an important growth effect. 
 
Biological Effects of the Cleanup 

Beach washing involved two components causing mortality of the infaunal assemblages on 
mixed-soft beaches.  First, thermal stress from the high water temperatures associated with HP-
HW (and probably warm-water) washing caused substantial mortality.  Moreover, the high-
pressure water jets directed into the sediments caused considerable physical injury to bivalves 
and other infaunal organisms buried in the sediments (Lees et al. 1996; Mearns 1996).  
 
Biologically, the physical component of the beach-washing program was similar to other 
anthropogenic activities such as dredging or resource harvest in soft sediments.  In the sound, we 
observed broad-scale mortality associated with beach washing (e.g., Lees et al. 1996).  At least 
initially, this reduction in density probably resulted in reduced predation and competition within 
intertidal infaunal assemblages but could have resulted in higher recruitment and post-
recruitment success.  However, as pointed out above, because of the likely effects of the 
disrupted armor layer, it may have resulted in a widespread increase in resuspension (and 
probably mortality) of recruits during storm events. 
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Rate of Recovery 

Effects of anthropogenic activities such as dredging (e.g., Jewett et al. 1999 above) or resource 
harvest have been documented for several infaunal organisms, particularly bivalves and 
burrowing crustaceans.  The general pattern that seems to emerge from these studies (e.g., Kaiser 
et al. 2001; Peterson 1977; Peterson et al. 1987; Piersma et al. 2001; and Wynberg and Branch 
1994) is that recovery is relatively rapid for smaller, more ephemeral infauna, especially in 
sediments that are more exposed (e.g., the razor clam Ensis spp.; Tuck et al. 2000) but much 
slower for the more long-lived target or non-target macrofaunal species (e.g., Newell et al. 
1998).  The bivalve assemblages at the Treated sites in this study appear to exhibit a response 
similar to the latter case.   
 
Newell et al. (1998) also demonstrated that the rate of recovery in disturbed sediments can vary 
inversely with particle size.  Thus, recovery can be rapid in fine sediments, which are typically 
dominated by ephemeral (small, short-lived) species that represent early stages of succession.  In 
contrast, they reported that recovery was slow in coarse sediments, especially relatively 
undisturbed mixed gravel/sand/silt habitats, which are generally dominated by large, long-lived 
animals representing later stages of succession.  These species generally recruit and grow slowly.  
These authors also pointed out that recruitment might take considerably longer at higher latitudes 
because successful recruitment episodes are relatively infrequent.  Indeed, recovery of the 
bivalve assemblage at Treated sites seems to be progressing slowly.   
 
Similarly, Ferns et al. (2000) and Piersma et al. (2001) reported that more complex assemblages 
found in relatively undisturbed sediments recovered more slowly than less complex assemblages.  
Piersma et al. (2001), in an excellent long-term study of the consequences of clam dredging, 
reported it was eight years before sediment properties recovered and that stocks of target and 
non-target bivalves were far from recovered after 10 years.  Recruitment remained considerably 
depressed in dredged areas after 10 years.   
 
Thus, it appears that solid evidence exists elsewhere showing that recovery of injured clam 
assemblages can take over a decade.  In this case, it is unclear how long may be required.  
Thirteen years after the spill, densities of larger hard-shell clam (≥20 mm shell length) on 
Treated beaches are still ≈ 66% lower than on Reference beaches.  Considering that the 
maximum estimate of mortality is about 71%, it is unclear how much progress has been achieved 
to date.  Certainly, recovery of the complex infaunal assemblage characterizing armored mixed-
soft sediments will require not only re-establishment of the long-lived bivalve populations but 
also the return of the other large, long-lived species (e.g., echiurans, sea cucumbers, and 
burrowing shrimp) that dominate these assemblages.  Given the apparent relatively flat recovery 
trajectory since 1989 (Lees et al. 1996) and 1996 (Houghton et al. 1997), it seems reasonable to 
suggest that full functional recovery of the treated beaches to the condition existing before 24 
March 1989 will probably not be achieved for several more decades.   
 
Comparison of 1990-96 and 2002 Conditions at NOAA Sites 

Generally, conditions in sediment and bivalve assemblages at the NOAA sites were somewhat 
similar to those observed during the first six years of the survey (Houghton et al. 1997).  To 
provide a baseline perspective, the comparison of sediments for the 1990 – 96 period and 2002 
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(Table 19) includes data from the unoiled sites surveyed during the NOAA surveys.  During the 
earlier study, sediments at unoiled sites had finer PGS and more silt than either Reference or 
Treated sites (Table 19).  The pattern for fines reflected expected effects of beach washing, i.e., 
the tendency of washing to flush fines from the sediments.  Elevated concentrations of TOC and 
TKN at Reference sites and depressed concentrations at Treated sites appeared to demonstrate 
that the washing process had been effective in reducing concentrations of hydrocarbons in 
treated sediments and that the microbial flora was enhanced by the presence of hydrocarbons.  
Overall, between the 1990 – 1996 period and 2002, it appears that PGS became coarser at the 
NOAA Treated sites and was somewhat (190%) coarser at Treated sites for this study than at the 
NOAA sites during the 1990 – 1996 study.  In contrast, silt/clay concentrations in 2002 were 
substantially lower at NOAA Treated sites than during the earlier study (290%) and at Treated 
sites for this study (52%).  Highest TOC and TKN concentrations were observed at the NOAA 
Reference sites during the early period, probably because the higher concentrations of 
hydrocarbons present in the sediments at that time supported a larger microbial flora.  TOC 
values were substantially lower (65%) at NOAA Reference sites during this survey than in 
earlier study and converged on the levels observed initially at the NOAA Treated sites.  They 
declined 41% at the NOAA Treated sites.  Likewise, TKN values at Reference sites were 
markedly lower (46%) during this survey than at the NOAA Reference sites.  However, they 
didn’t change markedly at the Treated sites from the early study until 2002.  In the early period, 
C/N ratios were lowest at unoiled sites and highest at Treated sites.  The lower C/N values at the 
unoiled sites suggest that organics largely comprise terrestrial and marine macroalgal organic 
matter.  In contrast, the high values at the Reference and Treated sites suggest a strong influence 
of hydrocarbons, which have high C/N ratios.  C/N ratios in both treatment categories had 
decreased appreciably by 2002, exhibiting values slightly lower than those observed at the 
unoiled sites from 1990 – 1996.  This suggests that the influence of hydrocarbons in the 
sediments has declined considerably.   
 
Disruption of armoring is a possible cause for the apparent continued loss of fines at Treated 
sites, especially the NOAA Treated sites.  This view is strengthened by the similarity in loss of 
fines at the Reference (80%) and the Treated sites (62%) between in the earlier study and 2002.  
The increase in PGS at Treated sites (186%) also falls within the 290% average increase 
observed at the resampled NOAA Treated sites.   
 
This comparison of sediment conditions between the 1990 – 1996 period and 2002 provides 
some useful insights into changes that have occurred at the NOAA sites and into the similarity of 
sediments sampled during the NOAA and 2002 sites.  First, it appears that sediment organics 
have become more normal (as defined by the values at the NOAA unoiled reference sites) at both 
NOAA Reference and Treated sites (Table 19).  The 2002 values for TOC, TKN, and C/N at 
these sites are more in line with what was observed at the unoiled reference sites, suggesting 
appreciable recovery.  Next, grain size characteristics have consistently become appreciably 
coarser, especially at the Treated sites; PGS increased and quantities of silt/clay have decreased 
at both NOAA Treated and Reference sites.  The changes suggest that these sites are still 
undergoing the armoring process, another indication of recovery, and that sediment conditions at 
the early NOAA sites were probably reasonably representative of sediment conditions in mixed-
soft beaches in western PWS.  Although sediment conditions were substantially different in 2002 
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than during the earlier study, reasonably similar changes were observed at specific resampled 
sites.   
 
The trends observed in average numbers of bivalve taxa and individuals during the NOAA study 
and in 2002 suggest that little change has occurred at the NOAA sites since 1997 (Figure 33).   
Values for both variables are still lower at Treated sites (oiled & washed in this table) than at 
Reference sites (oiled & unwashed in this table) and are basically unchanged in both categories 
since 1997.  It appears that the substantial decline in numbers of taxa observed at the Reference 
sites between 1991 and 1997 did not continue until 2002.   
 
Even though little change was observed in the biological characteristics at the NOAA sites from 
1997 to 2002, several important changes were observed in species abundance patterns (Table 
20).  During the early period, the most abundant species at both unoiled and Reference sites was 
Rochefortia but Hiatella was most abundant at Treated sites.  All dominant species except 
Hiatella were most abundant at unoiled sites and least abundant at Treated sites.  In contrast, 
abundance of Hiatella was higher at both Reference and Treated sites in the early period than at 
the unoiled sites and higher at Treated sites than at Reference sites in 2002.  These patterns seem 
to support the notion that HP-HW washing caused major injury to M. balthica, M. inquinata, 
Rochefortia, Protothaca, and Saxidomus whereas Hiatella, a pioneer species, benefited from the 
disturbed conditions at the Treated sites.  
 
Among the Treated sites, relative abundance of Hiatella and M. balthica declined 84 and 81%, 
respectively between the earlier period and 2002, while Rochefortia increased 90%.  In relative 
terms, the importance of Protothaca became greater at only at Reference sites in 2002.  Relative 
abundance of Saxidomus remained unchanged at both Reference and Treated sites.   
 
Thus, it appears that the numerical characteristics of the bivalve assemblage in the core samples 
at Treated and Reference sites changed little between 1997 and 2002 but species composition 
and relative abundance patterns changed substantially.  N and S continued to be lower at Treated 
than at Reference sites and were still not markedly changed from the levels observed in 1997 
(Figure 33).  In terms of species composition, however, several important changes occurred.  
Abundance of Hiatella, which had been the dominant species at Treated sites in the earlier 
period, declined somewhat and Rochefortia replaced Hiatella as the dominant by 2002 (Table 
20).  The latter had been dominant at Reference sites in the earlier study and retained that 
position in 2002.  Important changes were observed in the hard-shell clams.  Actual abundance 
increased substantially in both Protothaca and Saxidomus at Treated sites in 2002 (400 and 
650%, respectively).  Nevertheless, their abundance at Treated sites remained substantially 
below that observed at Reference sites (41 and 65%, respectively, in the core samples).   
 
Effectiveness of HP-HW or -WW Washing 

Several investigators have commented on either the ineffectiveness of high-pressure hot- or 
warm-water washing of beaches or the injury caused by this process.  Mearns (1996) estimated 
that, while the process was visually effective, it removed only about 10% (from 4 – 19%) of the 
stranded oil.  Short et al. (2002 and in review) have demonstrated that a substantial amount of oil 
still remains in the sediments of cleaned beaches in western PWS.  Moreover, several 
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Figure 33. Combined data for average numbers of bivalve taxa and individuals by 
treatment category from NOAA (1989 – 1997) and current (2002) studies.   
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Table 20. Average and relative abundance (dominance) of dominant bivalves in core samples 
at unoiled, Reference, and Treated sites in 1990 – 96 (NOAA sites) and 2002 (this study).   
 

  Average Abundance Relative Abundance 
  1990 - 97 2002 1990 - 97 2002 

Taxon Category 
Mean ± SE 

(No.) 
Mean ± SE 

(No.) 
Mean ± SE 

(%) 
Mean ± SE 

(%) 
Hiatella  Unoiled 3.5 ± 0.9 – 3.3± 0.8 – 
  arctica Reference 7.6 ± 3.4 9.1 ± 3.5 12.8± 5.2 21.2 ± 8.4 
  Treated 19.2 ± 7.6 12.7 ± 6.0 62.3 ± 10.6 9.7 ± 4.8 
Macoma  Unoiled 7.0 ± 2.2 – 7.8 ± 2.2 – 
  balthica Reference 4.5 ± 2.3 2.0 ± 0.6 4.7 ± 2.2 4.7 ± 1.5 
  Treated 0.9 ± 0.7 2.0 ± 0.8 7.8 ± 5.5 1.5 ± 0.7 
Macoma  Unoiled 10.4 ± 1.9 – 11.4 ± 2.2 – 
  inquinata Reference 9.1 ± 2.3 0.4 ± 0.4 13.0 ± 1.7 0.8 ± 0.8 
  Treated 0.04 ±0.04 0.5 ± 0.3 0.3 ± 0.3 0.3 ± 0.2 
Rochefortia  Unoiled 94.1 ± 31.2 – 61.0 ± 4.1 – 
  tumida Reference 40.4 ± 9.1 22.8 ± 10.1 42.4 ± 3.9 53.1 ± 24.3 
  Treated 4.9 ± 3.6 52.7 ± 18.7 21.3 ± 9.4 40.5 ± 14.7 
Protothaca  Unoiled 16.9 ± 4.7 – 13.2 ± 1.5 – 
  staminea Reference 15.0 ± 2.2 11.8 ± 3.5 19.8 ± 1.9 27.4 ± 8.3 
  Treated 1.4 ± 0.2 7.0 ± 2.8 7.3 ± 1.5 5.3 ± 2.2 
Saxidomus  Unoiled 1.1 ± 0.4 – 1.4 ± 0.5 – 
  gigantea Reference 1.8 ± 0.4 1.7 ± 0.4 1.7 ± 0.3 4.0 ± 0.9 
  Treated 0.08 ± 0.06 0.6 ± 0.2 0.4 ± 0.3 0.5 ± 0.1 

 
investigators have demonstrated that the process causes long-term injury to the epibiota (Broman 
et al. 1983; Houghton et al. 1996, 1997) and the infauna (Driskell et al. 1996; Lees et al. 1996).  
In the sediments, HP-HW washing causes direct loss of bivalves and other important long-lived 
invertebrates.  Although the loss of fines and organics could create a negative feedback loop by 
reducing recruitment, our data do not provide support for this hypothesis.  Instead, the findings 
of this study strongly suggest that washing had two effects.  The direct effect was to cause 
considerable mortality of the bivalve populations living in the sediments at the time of the 
cleanup.  The secondary effect was a long-term indirect consequence that probably has been 
considerably more important than the initial acute injury because it has impeded recovery for 
over 13 years.  In areas where armored sediments were disrupted, the loss of organization in the 
armor layer has probably resulted in reduced survival of recruits for hard-shell and probably 
other species that are dominant members of the climax assemblage.  Nevertheless, whatever the 
mechanisms, the fact remains that in 2002, densities of hard-shell clams in excavation samples 
from Treated sites remained over 65% lower than at Reference sites and over 40% lower in core 
samples.  Such an injury must be considered a serious impact.   
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Based on these findings, it is logical to conclude that HP-HW or any other type of vigorous 
washing are poor ways to deal with mixed-soft beaches that support long-lived complex infaunal 
assemblages.  It was not especially effective at actually removing oil from the environment 
(Mearns 1996) and was responsible for major mortality in bivalve and other infaunal 
assemblages (Driskell et al. 1996; Lees et al. 1996).  However, Fukuyama et al. (2000) and 
Trowbridge et al. (2001) have also shown that continued exposure to oiled sediments resulted in 
increased mortality and slower growth in Protothaca.  Moreover, considerable evidence has 
accrued that higher trophic levels were damaged by residual oil in the environment even after the 
beaches were cleaned (Peterson 2001; Integral Consulting 2006).  Thus, it appears that once oil 
is on the beach, neither major alternative (cleaning or not cleaning) provides a wholly 
satisfactory solution.  The only satisfactory solution is to keep oil off the beaches.   
 
Conceptual Model of Consequences of Beach Washing and Armor Recovery Process 

The hypothetical sequence in sediment organization and the hard-shell clam assemblage that we 
contend followed beach washing in PWS is illustrated in the pictorial time-series shown below 
(Figure 34).  The sediment was armored and organized prior to beach washing, clam density was 
moderate and the size structure of the clam population was diverse (Figure 34a).  Following 
beach washing, the organization of the armored sediments on Treated beaches was substantially 
disrupted, density of clams was reduced substantially (e.g., Lees et al. 1990), and the remaining 
clams were mostly large individuals that lived deeply enough in the sediments to avoid being 
flushed out or thermally stressed by the washing (Figure 34b).  The organization of the cobbles 
and pebbles was disrupted and considerably more fine sediments were exposed at the surface.  
Fine sediments and newly recruited clams, no longer protected by the armored layer and 
therefore more susceptible to resuspension, were washed away by any appreciable wave action 
or strong tidal currents and mostly swept out of the area.  Following washing, the system 
commenced recovery.  Coarser fractions of the sediment responded to water motion by 
reorganizing, especially as the exposed finer sediments were eroded (Figures 34c – e).  This 
reorganization consisted of three major actions.  First, the export of fine sediments probably 
resulted in a some reduction in sediment thickness.  In combination with the water motion, this 
caused the coarser fractions to concentrate at the surface of the sediment (Petrov 1989; Hayes 
and Michel 1999, 2001) and reoriented the rocks to create a more streamlined (flattened) surface, 
as described by Petrov (1989).  As the rocks reoriented, they began to imbricate or shingle, and 
increasingly protect the open patches of finer sediments.  Also, with increasing organization 
providing greater protection, the clam assemblage commenced recovery, with density increasing 
and the size structure becoming more diverse as juveniles recruited to the sediments and post-
recruitment survival improved.  The recovery rate probably varied widely among areas in 
accordance with differences in exposure; the more exposed an area (within limits), the more 
rapidly re-organization occurred and the sooner population density and diverse size structure of 
clam assemblages could become re-established.  It is likely the resulting variation led to and 
accounts for considerable variability in the degree of recovery observed at the sites where we 
sampled 13 years after the spill.   
 
A bedrock layer was included in these figures solely to demonstrate the concept of loss in 
sediment thickness through dispersion and erosion of the finer fractions.  In fact, we did not 
encounter a bedrock foundation at any of our sampling sites, where we excavated sediments to a 
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a. Armored substratum and clam 
assemblage prior to beach cleaning. 

 

 
c. Substratum and clam assemblage early 

in the recovery process following beach 
cleaning. 

 
e. Substratum and clam assemblage near 

the end of the recovery process 
following beach cleaning. 

 
 

b. Disorganized substratum and damaged 
clam assemblage immediately following 
beach cleaning. 

 
d. Substratum and clam assemblage 

later in the recovery process 
following beach cleaning. 

 
Key to figures: 

   
This symbol represents various sizes of 
clams residing in the sediment or 
resuspended in the water column. 

   Represents fine particles in 
sediment or water column. 
 

Figure 34. Time-series diagrams showing hypothesized sequence of sediment organization 
and clam assemblage starting before beach treatment and progressing through the restoration 
process for sediments (armoring) and clams.  (Figures adapted from Hayes and Michel 1999.) 
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depth of 15 cm.  That such erosion occurs can be observed at numerous locations in PWS where 
the shells of living buried clams that were uplifted by the 1964 earthquake are now substantially 
exposed above the present surface of the sediment.  Many of the large specimens of Saxidomus 
in Figure 27 were living buried at least 15 cm deep in the sediment in northern Crab Bay, Evans 
Island, at the time of the earthquake.  Their intact, still-articulated shells graphically attest to the 
amount of sediment loss that has occurred due to dispersion and erosion in this location during 
the armoring process.  
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Summary 

Earlier NOAA studies reported long-term effects of cleaning oiled mixed-soft beaches in western 
Prince William Sound with HP-HW or –WW washing including: 1) very large reductions in 
population densities of long-lived species in existing infaunal assemblages, especially bivalves; 
and 2) removal of fines and organics, which substantially changed sediment quality (Lees 1992; 
Driskell et al. 1996; Lees et al. 1996; Houghton et al. 1997).  We hypothesized these factors 
could delay recovery of the infaunal assemblages.  Based on samples collected in 2002, we 
found a striking number of differences between the treatment populations and their correlated 
responses to population characteristics and single environmental variables.  Using multivariate 
regressions, several of the environmental factors appear to correlate significantly with species 
abundance but the suite of factors appears to be missing a variable.  Ordinations suggest similar 
pattern; aspects of the abundance data distinguish Treated and Reference populations and show 
significant but not “causally convincing” correlations with the environmental factors.  However, 
most results are consistent with the hypothesis that these patterns are related to disruption in the 
organization of sediment armoring at Treated sites.   
 
Sediments 

Sediments at both Reference and Treated sites were classified mainly as gravels and pebbles but 
overall, sediments were significantly coarser in the Treated category.  Because this difference 
involves particle sizes that should not be influenced by beach washing (>3 cm), we concluded 
that beach washing was not the cause of this difference.  Although particle size correlated 
directly with exposure at Treated sites, since the range of exposure extended only slightly higher 
for Treated sites (see, for example, Figures 2 and 3), we speculate that the higher particle size is 
simply variability in geologic conditions, e.g., differences in the types of rock at the sites.  
Quantities of silt/clay were low in both treatment categories (average ≈3.0%) but considerably 
higher than would be predicted by inverse relationships traditionally reported between coarse and 
fine fractions.  Neither the silt/clay nor the organic fractions differed significantly between 
Treated and Reference sites.  C/N ratios have decreased since 1996 and now indicate that the 
major sources of organic matter in these sediments are benthic marine plants from nearby 
intertidal and subtidal substrata and terrestrial plant debris from adjacent shorelines.  This 
decrease also suggests that petroleum hydrocarbons are no longer a significant component in the 
sediments on the sampled beaches.  Although no chemistry samples were taken in the field, lack 
of observable sheening in sampling pits suggests the sediments were essentially clean (J. R. 
Payne, pers comm.)  Consequently, although sediment properties appear to exert moderate 
influence on the bivalves, they do not appear to be an important factor in the lagging recovery of 
bivalves at Treated sites.  
 
Exposure appears to play a role in the sediments but primarily at Treated beaches, where median 
grain size exhibited a positive correlation to exposure (Figure 2) but the silt/clay fraction and the 
organics all responded negatively (Figure 3).  These responses are strong evidence for the beach 
armoring concept reported by Hayes and Michel (1999, 2001) for mixed-soft or “gravel” beaches 
in Prince William Sound.  Under this concept, finer sediment fractions at the surface of the 
sediment are winnowed away while the surficial pebbles and cobbles become more concentrated 
at the surface of the sediment so that they form an armor layer.  This surficial layer then provides 
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some protection to the underlying sediments and sequesters fines and organics while also 
improving recruitment success and survival of long-lived burrowing organisms such as clams.  
As the armor layer becomes more “organized” (imbricated) due to exposure to wave action and 
strong currents, the degree of protection increases.  This process appears to explain why the 
expected relationships observed between fines, organic matter, or infaunal assemblages and 
relatively homogeneous mud, sand, or gravel substrata do not pertain in the heterogeneous 
mixtures of cobble, gravel, sand, and fines, i.e., mixed-soft sediments, observed in southcentral 
Alaska.  Typically, organic matter and infaunal abundance, species richness, and biomass are 
negatively correlated with grain size, meaning that coarse sediments such as gravel should 
contain very low concentrations of fine sediments and organics and an impoverished biota.  
However, mixed-soft substrata in PWS are characterized by quantities of organics similar to 
those observed in stable mud and sand substrata on the shallow to mid-depth continental shelf or 
in embayments and, like those sediments, the infaunal assemblages are dominated by large, long-
lived organisms.  In fact, standing stocks of infaunal organisms are generally substantially higher 
in the armored sediments than in intertidal or offshore homogeneous sediments.  Reports of 
similar habitats and the infauna are starting to emerge from the North Sea and the United 
Kingdom but discussions of a fauna associated with armored sediments are uncommon.   
 
Based on this understanding of armored beaches, we posit that disruption of the organization of 
the armor layer by beach washing at Treated sites is at least partially responsible for the positive 
correlation observed between PGS and exposure and largely responsible for the negative 
correlation between the fines and organics and exposure.  More importantly, we also believe this 
disruption is responsible for the lag in recovery observed in the bivalve assemblage, especially 
for hard-shell clams (see below).   
 
Bivalve Assemblage 

We used two types of samples to examine the bivalve assemblage.  Samples from 0.0625 m2 
plots sieved through a 6.35-mm screen were used to provide insight into the abundance of larger 
size classes of clams.  Samples from 0.009 m2 cores sieved through 1.0-mm sieves were used to 
provide insight into the abundance of younger and smaller size classes of clams.  Protothaca, 
Hiatella, Macoma inquinata, and Saxidomus dominated in both excavation and core samples.  A 
tiny nestling clam, Rochefortia, was an additional dominant in the core samples.   
 
As we predicted from the findings of the NOAA study, both N and S for the excavation samples 
were significantly higher at Reference than at Treated sites.  H’ exhibited a strong trend toward 
higher values at Reference sites.  For core samples, we assumed that the bivalve assemblage at 
Treated sites would be at an early stage of recovery and therefore predicted that S would be 
lower but, because pioneer species and younger individuals would be more abundant at Treated 
than at Reference sites, N would be higher.  In fact, N and S exhibited strong but non-significant 
trends conforming to the postulated patterns.  Species diversity indices were either significantly 
lower at Treated sites or exhibited a strong trend in that direction.   
 
Differences observed in the dominant bivalves inhabiting core samples from Reference and 
Treated sites during the earlier NOAA studies still remained in 2002.  In order of abundance, 
Protothaca, Hiatella, Macoma inquinata, and Saxidomus dominated the bivalve assemblage 
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sampled with the excavation samples.  The large, long-lived Protothaca and Saxidomus were 
significantly less abundant (66%) at Treated than at Reference sites.   
 
As was observed in the earlier NOAA study, the pioneering Hiatella was more abundant at 
Treated than at Reference sites in the core samples but the difference was no longer significant.  
It seems clear, however, that the alternative hypothesis based on core samples during the NOAA 
study was incorrect for Hiatella in the excavation samples.  In fact, the species exhibited a strong 
trend toward higher abundance at Reference sites in the excavation samples (p = 0.17).  Closer 
examination of size data indicated that the Hiatella specimens in the core samples were 
predominantly juveniles that would not be retained in excavation samples whereas mainly adult 
Hiatella were retained in the our excavation samples.  Thus, while juvenile Hiatella in the core 
samples exhibited a weak trend toward higher abundance at Treated sites, the excavation samples 
showed a strong trend toward fewer adults at Treated sites.  
 
The bivalve assemblage in core samples was dominated, in order of abundance, by Rochefortia, 
Protothaca, Hiatella, juvenile Modiolus, Macoma balthica, and Saxidomus.  Saxidomus was 
significantly more abundant at Reference than at Treated sites and Protothaca exhibited a strong 
similar trend.  Hiatella and Rochefortia were substantially more abundant at Treated than at 
Reference sites.  The Reference sites, with greater abundance of large, long-lived bivalves, 
appeared to represent a later stage of succession than the Treated sites.  However, none of the 
bivalves assemblages observed during this study were nearly as well developed as the death 
assemblages observed in uplifted sediments representing pre-1964 earthquake conditions in 
PWS.   
 
A comparison of responses to exposure provides insights into armoring effects.  In the 
excavation samples, hard-shell clams at Reference sites exhibited a significant positive 
correlation with exposure (suggesting that increased exposure enhances abundance) whereas they 
were uncorrelated at Treated sites (Figure 9).  In contrast, abundance of the smaller clam 
component (from the core samples) declined significantly at Treated sites in response to 
increased exposure whereas that component was unaffected by exposure at the Reference sites 
(Figure 10).  Considering that the abundance of juvenile clams is generally similar at Reference 
and Treated sites (Figure 11), this suggests that, while exposure was causing little injury to 
populations of smaller clams at Reference sites, it was causing considerable mortality for that 
size class of clams at Treated sites.  We believe that, in both the excavation and core samples, we 
are seeing a consequence of disrupted organization of the armor layer.  For the smaller clam 
component at Treated sites, because they are less sheltered from disturbance during storm events 
and less protected from predation, they are suffering higher mortality than are those at Reference 
sites.  Consequently, recruitment to adult size classes is slower at Treated sites.  In contrast, at 
the better armored Reference sites, increased protection results in greater recruitment to adult 
size classes due to both a safer refuge and an enhanced food supply since increased wave action 
or currents lead to better access to plankton and more frequent resuspension of organics into the 
water column.  
 
Although abundance for each of the dominant species varied considerably between treatment 
categories, size structure did not differ appreciably, with one exception.  In each species, the 
relative abundance of part of the size structure was lower at Treated than at Reference sites.  For 
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the size classes representing 5- to 8-year-old Protothaca, these differences were 10 and 12% for 
excavation and core samples, respectively.  For 6- to 11-year-old Saxidomus, this difference was 
22% for excavation samples.  For the shorter-lived Hiatella, the difference for 2.5- to 3.5-year-
old animals was 18 and 23%, respectively, for excavation and core samples.  We suspect these 
consistent deficits in the size structure may indicate differences in post-recruitment success and 
the subsequent loss of recruitment to adult size classes.  In the hard-shell clams, that deficit 
appeared to develop during a “window” about 5 to 11 years before 2002, or from about 1991 to 
1997.   
 
Abundance of the major large, long-lived bivalves (Protothaca and Saxidomus) exhibited inverse 
correlations with distance from the Gulf of Alaska.  This phenomenon introduces systematic 
variability and could possibly mask some effects.  However, Protothaca exhibited a strikingly 
similar response at Reference and Treated sites.  Moreover, multivariate analysis did not indicate 
that distance from the gulf was an important factor.  Total number of individuals per site (N) also 
exhibited a negative correlation in excavation samples but not in core samples.  In both 
Protothaca and N, abundance was low at the northern sites but higher at the southern sites.  Also, 
Protothaca and N were substantially lower at similarly located Treated and Reference sites.  
Hiatella, the pioneer species, did not show this response to distance from the gulf.   
 
The differences in the bivalve assemblages between Reference and Treated sites represent 
functional or structural differences.  Numerically, large, long-lived clams in core samples were 
40% less abundant at Treated than at Reference sites while small, short-lived clams were 98% 
more abundant.  This pattern is more striking in the excavation samples, which provide better 
insight into the larger sizes of clams.  In these samples, the hard-shell clams at Treated sites were 
66% less abundant that at Reference sites.  Based on the size of the various clams, we can infer 
from these differences that bivalve biomass available as prey for nearshore vertebrate and 
invertebrate predators remained considerably lower at Treated sites than at Reference sites in 
2002. 
 
To examine whether recruitment rates have been affected by site treatment, we compared 
numbers of juveniles and juvenile/adult ratios between the treatment categories.  Successful 
recruitment (recovery) depends upon sources of larvae, appropriate cues for settlement, and 
proper conditions for survival and growth.  Cues for settlement can depend upon several species-
specific factors including presence of adults, microbial preconditioning, or other specific 
physico-chemical stimuli.  The density of Protothaca juveniles was only marginally greater at 
Reference sites.  However, the ratio of juveniles to adults was higher at Treated sites (Figure 11).  
This evidence suggests that although the supply of recruits is similar, higher post-recruitment 
mortality results in significantly lower abundance of adults at Treated sites.  Conditions 
promoting post-recruitment survival and growth include empty physical space in an acceptable 
sediment matrix, appropriate food sources in adequate quantities, and protection from predation 
and disturbance.  We strongly suspect that disruption of the armor layer by beach washing has 
been a major factor leading to the apparent increase in post-recruitment mortality at Treated 
sites.  Reduced organization of the armor layer can lead to increased predation on juveniles and, 
very importantly, their resuspension during storm events.   
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Correlations between numbers of juveniles and adults for hard-shell clams were highly 
significant in both treatment categories.  In contrast, numbers of juvenile and adult Hiatella were 
not correlated, reflecting a requisite characteristic for a pioneer species that must colonize areas 
where adults are absent.  In fact, Hiatella exhibited a strong trend toward more juveniles per site 
at Treated than at Reference sites, suggesting a positive response to disturbance by this 
opportunistic pioneer species.  Numbers of juvenile and adult Macoma inquinata in the 
excavation samples were significantly correlated and juvenile/adult ratios were also higher for 
Treated than for Reference sites.  The fact that juvenile/adult ratios for all three species were 
higher at Treated sites but, in the case of Protothaca and Saxidomus, the density of adults 
remained substantially lower at Treated sites, suggests that post-recruitment phenomena were 
reducing juvenile survival.  
 
Abundance of the dominant species and the numerical characteristics for the bivalve assemblage 
appear to exhibit numerous significant correlations with sediment properties.  This appears true 
for the data set as a whole, implying generality within this bivalve assemblage, and within the 
core and excavation sample types.  The typical responses observed in the dominant species and 
the numerical characteristics for the bivalve assemblage were decreases in abundance or number 
of species in response to increased PGS and increases in N or S in response to increased silt/clay, 
TOC, and TKN.   
 
From the bivariate comparisons, within both the excavation and core sample types, the Treated 
sites appear to exhibit stronger patterns than the Reference sites.  Furthermore, the patterns were 
more pronounced in the core data.  Since the core samples were collected to examine the effects 
on young and newly recruiting clams, seeing more and stronger correlations at the Treated sites 
implies that the postulated effects were more intense on recruitment and the juveniles.  Based on 
the general lack of differences in sediment properties measured between Reference and Treated 
sites, it does not appear that the standard sediment factors exert an important influence on the 
lagging recovery at the Treated sites.  The multivariate results suggest that some process related 
to grain size affects species abundance at Treated sites but the correlating factor is not well 
expressed in the available environmental data.   
 
Conditions observed in the sediments and bivalve assemblage in 2002 are consistent with the 
patterns observed during the NOAA study.  The NOAA data provided a generally accurate 
representation of conditions on Treated or oiled-but-unwashed soft beaches in western PWS, 
although conditions at the three treated NOAA sites were more impoverished than were Treated 
sites overall.  It appears that changes have occurred since 1996.  Sediments at Treated sites 
appear to have gotten coarser (Table 19) and fines, TOC, and TKN at both Treated and 
Reference sites have declined with the organics approaching the level observed at the unoiled 
NOAA sites.  Reductions in C/N ratios suggest that marine plants and terrestrial vegetation were 
now the predominant sources of organic matter and that EVOS hydrocarbons (high in carbon but 
low in nitrogen) were no longer elevating C/N ratios.  While the bivalve assemblage at Treated 
sites showed signs of recovery, abundance of the most important bivalves, Protothaca and 
Saxidomus, remained significantly below that observed at Reference sites and at unoiled NOAA 
sites (Table 20).  In contrast, abundance of the pioneer species Hiatella, considerably elevated 
above unoiled sites at both Reference and Treated sites, is declining to levels closer to that 
observed at unoiled NOAA sites.   
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Conclusions 

Treated sites had not recovered from the effects of HP-HW or HP-WW beach washing by 2002.  
The bivalve assemblages continued to differ considerably in numerous respects between the 
Treated and Reference sites.  The preponderance of evidence suggests that, on average, the 
bivalve assemblages at Treated sites differed substantially from those at Reference sites in 2002 
and the types of differences are consistent with the hypothesis that the Treated sites had been 
subjected to considerable disturbance from which they had not yet recovered.  Paramount among 
these differences is that, after 13 years, hard-shell clams (Protothaca and Saxidomus) in 
excavation and core samples were 66% and 44% less abundant, respectively, at Treated sites 
than at Reference sites.  Other areas of difference included species richness and diversity, overall 
and species-specific abundance, size structure, and species and functional composition.  Most 
evidence is consistent with a hypothesis that recovery has been prolonged because of effects 
resulting from disrupted organization of an armored layer at the surface of the mixed-soft 
sediments. 
 
Unfortunately, we did not directly measure armoring.  We instead have a pattern of evidence that 
supports, to various degrees, the disrupted-armor hypothesis.  In view of the differences in 
exposure among the sites and the appreciable uncertainty associated with assigning treatment 
categories to sites, we would expect to see considerable variability among the sites within each 
treatment group and in the state of recovery among treated sites.  We do see considerable 
variability but many differences are still significant or exhibit strong trends.  Furthermore, in 
view of the generally shorter durations of recovery reported by other investigators examining 
disturbance effects in bivalve assemblages, we would not expect to see such large differences 
between treated and untreated areas after 13 years.   
 
Comparison to densities observed during the NOAA study indicates that the trajectory of 
recovery is relatively flat.  Given the apparent recovery since 1996, full functional recovery to 
the condition existing on 24 March 1989 will probably not be achieved for several more decades.   
 
Another important conclusion is that the sediment type that characterizes the unconsolidated 
beaches in western PWS differs distinctively from traditionally described beaches in the manner 
in which inorganic and organic fractions and the biota interact.  The models describing these 
armored mixed-soft sediments differ sharply from those describing homogeneous sediments on 
sand and mud beaches and shallow to mid-depths on the continental shelf.  Relative to the 
findings of this study and lagging clam recovery, the most significant factor is likely the manner 
in which the coarse fraction comprising the armor layer that protects the underlying sediments, 
organics, and biota from physical disturbance becomes organized to provide a safer haven to the 
biota from disturbance by wave action and strong currents, and from predation.  Although this 
coastal geomorphological process is apparently described for marine beaches only in Alaska, 
based on personal observations and reviewed literature, it probably is widespread globally in 
intertidal and subtidal habitats. 



105 

Acknowledgements 

The authors wish to thank the Exxon Valdez Oil Spill Trustee Council for funding Project 
Number 04574, which supported this program.  We are grateful to Carrie Holba and the staff at 
the Alaska Resource Library & Information Services (ARLIS) for assistance in finding valuable 
information within the voluminous records relating to the spill.  We are appreciative of the 
efforts of Dr. Sarah Gerkin and Kathleen McMillen Lees as field assistants for digging in the 
sandy “bony” beaches during the long rainy days and nights in August 2002.  The professional 
and friendly support of our pilot Terry Kennedy and the staff at Cordova Air during the aerial 
reconnaissance and David and Annette Janka on the M/V Auklet during the field survey was 
instrumental in the success of the field efforts.  We thank them for “bringing us back alive.”  We 
would also like to thank Dr. Jon Houghton (Pentec Environmental), a partner in the early EVOS 
studies, for his enthusiasm and inspiration during the early years, discussions on the potential 
effects of beach cleaning, and review of the report, and Dr. Alan Mearns and Gary Shigenaka at 
NOAA BAT for their faith in our hypotheses and for funding the early phases of this program.  
We wish to thank Dr. Les Williams (Integral Consulting, Inc.) for his review of exposure issues, 
which served to stimulate an important series of analyses that refocused the interpretation of 
these data.  We are grateful to Drs. Jacqui Michel and Miles O. Hayes for their help in increasing 
our understanding the armoring process.  Finally, we wish to thank Dr. Robert Spies and two 
anonymous reviewers for their painstaking, insightful reviews of the report.   



106 

References 

Ahn, I. Y., R. Malouf, and G. Lopez.  1993.  Enhanced larval settlement of the hard clam 
Mercenaria mercenaria by the gem clam Gemma gemma.  Mar. Ecol. Prog. Ser. 99(1-2): 
51-59. 

Alongi, D. M., and P. Christoffersen.  1992.  Benthic infauna and organism-sediment relations in 
a shallow, tropical coastal area - Influence of outwelled mangrove detritus and physical 
disturbance.  Marine Ecology - Progress Series 81(3): 229-245. 

Anonymous.  1965.  An Oceanographic and Biological Survey of the southern California 
Mainland Shelf.  California State Water Quality Control Board.  Completed December 28, 
1963.  Publ. No. 27.  232 pp., 15 appendix tables. 

Baxter, R.  1971.  Earthquake effects on clams of Prince William Sound.  The Great Alaska 
Earthquake of 1964, Biology: 238-245.  National Academy of Sciences, Washington, D. C.  

Belbin, L.  1991.  Semi-strong hybrid scaling, a new ordination algorithm.  J. Vegetation Sci. 
2(4): 491-496.   

Bernem, K. H. V.  1982.  Effect of experimental crude oil contamination on abundance, 
mortality, and resettlement of representative mud flat organisms in the mesohaline area of 
the Elbe estuary.  Neth. J. Sea Research 16: 538-546. 

Blank, S., C. Seiter, and P. Bruce.  2001.  Resampling Stats in Excel, Version 2.  Resampling 
Stats, Inc, Arlington, Virginia.  172 pp. 

Broman, D., B. Ganning, and C. Lindblad.  1983.  Effects of high pressure, hot water shore 
cleaning after oil spills on shore ecosystems in the northern Baltic proper.  Mar. Environ. 
Res. 10: 173-187. 

Burone, L., P. Muniz, A. M. S. Pires-Vanin, and M. Rodrigues.  2003.  Spatial distribution of 
organic matter in the surface sediments of Ubatuba Bay (Southeastern Brazil).  Ann. 
Brazilian Acad. Sci. 75(1): 77-90. 

Cammen, L. M.  1982.  Effect of particle size on organic content and microbial abundance within 
four marine sediments.  Mar. Ecol. Prog. Ser. 9: 273-280. 

Chew, K. K., and L. P. Ma.  1987.  Common Littleneck Clam.  Species Profiles: Life Histories 
and Environmental Requirements of Coastal /Fishes and Invertebrates (Pacific Northwest). 
Coastal Ecology Group, Waterways Experiment Station, U.S. Army Corps of Engineers and 
U.S. Dept. of the Interior, Fish and Wildlife Service.  TR EL-82-4.  Vicksburg, MS and 
Washington, D.C.  22 pp. 

Colwell, R. K.  2005.  EstimateS: Statistical estimation of species richness and shared species 
from samples. University of Connecticut, USA.  Persistent URL, 
<purl.oclc.org/estimates>. 

CSIRO.  2000.  Chapter 7.  Organic carbon and nitrogen in sediments.  Huon Estuary Study — 
environmental research for integrated catchment management and aquaculture.  Final report 
to Fisheries Research and Development Corporation.  Project number 96/284, June 2000.  C. 
H. E. S. Team.  Hobart, Tasmania, Prepared by CSIRO Huon Estuary Study Team, Division 
of Marine Research. 

Driskell, W. B., A. K. Fukuyama, J. P. Houghton, D. C. Lees, A. Mearns, and G. Shigenaka.  
1996.  Recovery of Prince William Sound intertidal infauna from Exxon Valdez oiling and 
shoreline treatments, 1989 through 1992, pp 362-378.  IN: Proceedings of the Exxon Valdez 
oil spill symposium, S. D. Rice, R. B. Spies, D. A. Wolfe and B. A. Wright, eds.  American 
Fisheries Society Symposium 18.  Bethesda, MD. 



107 

EPA.  1992.  Framework for Ecological Risk Assessment. Risk Assessment Forum.  U.S. 
Environmental Protection Agency.  Washington, D.C. 

Ferns, P. N., D. M. Rostron, and H. Y. Siman.  2000.  Effects of mechanical cockle harvesting on 
intertidal communities.  J. Appl. Ecol. 37(3): 464-474. 

Fukuyama, A. K., G. Shigenaka, and R. Z. Hoff.  2000.  Effects of residual Exxon Valdez oil on 
intertidal Protothaca staminea: Mortality, growth, and bioaccumulation of hydrocarbons in 
transplanted clams.  Mar. Pollut. Bull. 40(11): 1042-1050. 

Ganning, B., D. J. Reish, and D. Straughan.  1984.  Recovery and restoration of rocky shores, 
sandy beaches, tidal flats, and shallow subtidal bottoms impacted by oil spills, pp 7-35.  IN: 
Restoration of Habitats Impacted by Oil Spills.  J. J. Cairns and J. A. L. Buikema, eds.  
Butterworth Publishers, Boston, MA, U.S.A. 

Grassle, J. F., P. Snelgrove, and C. A. Butman.  1992.  Larval habitat choice in still water and 
flume flow by the opportunistic bivalve Mulinia lateralis.  Neth. J. Sea Res. 30: 33-44. 

Gray, J. S.  1981.  The Ecology of Marine Sediments: An Introduction to the Structure and 
Function of Benthic Communities, Cambridge University Press.  185 pp. 

Grebmeier, J. M., C. P. McRoy, and H. M. Feder.  1988. Pelagic-benthic coupling on the shelf of 
the northern Bering and Chukchi Seas.  I. Food supply source and benthic biomass.  Mar. 
Ecol. Prog. Ser. 48: 57-67. 

Gross, M.G. 1967.  Organic carbon in surface sediment from the northeast Pacific Ocean.  Intern. 
Jour. Oceanol. Limnol 1:46-54 

Grubbs, F. E.  1969.  Procedures for detecting outlying observations in samples.  Technometrics 
11: 1-21. 

Gulliksen, B., T. Haug, and K. Sandnes.  1980.  Benthic macrofauna on new and old lava 
grounds at Jan Mayen.  Sarsia 65(2): 137-148. 

Hall, S. J.  1994.  Physical disturbance and marine benthic communities: Life in unconsolidated 
sediments.  Oceanogr. Mar. Biol. Ann. Rev. 32: 179-239. 

Hall, S. J., M. R. Robertson, D. J. Basford, and R. Fryer.  1993a.  Pit-digging by the crab Cancer 
pagurus - A test for long-term, large-scale effects on infaunal community structure.  J. 
Anim. Ecol. 62(1): 59-66. 

Hall, S. J., M. R. Robertson, D. J. Basford, and S. D. Heaney.  1993b.  The possible effects of 
fishing disturbance in the northern North Sea: An analysis of spatial patterns in community 
structure around a wreck.  Neth. J. Sea Res. 31(2): 201-208. 

Hanna, G. D.  1971.  Introduction, pp. 15-34.  IN: Biological Effects of the Earthquake as 
Observed in 1965. The Great Alaska Earthquake of 1964, Biology.  National Academy of 
Sciences, Washington, D. C. 

Harrison, O.  1991.  An overview of the Exxon Valdez oil spill, pp. 313-320.  IN: 1991 
International Oil Spill Conference, San Diego, CA, American Petroleum Institute. 

Hayes, M.O., and J. Michel.  1999.  Factors determining the long-term persistence of Exxon 
Valdez oil in gravel beaches.  Mar. Poll. Bull. 38: 92-101. 

Hayes, M.O., and J. Michel.  2001.  A primer for response to oil spills on gravel beaches, pp. 
1275-1279.  IN: 2001 International Oil Spill Conference, API Publ., American Petroleum 
Institute, Wash., D.C.,  

Heintz, R. A., J. W. Short, and S. D. Rice.  1999.  Sensitivity of fish embryos to weathered crude 
oil: Part II.  Increased mortality of pink salmon (Oncorhynchus gorbuscha) embryos 
incubating downstream from weathered Exxon Valdez crude oil.  Environ. Toxicol. Chem. 
18(3): 494-503. 



108 

Houghton, J. P.  1973.  Intertidal ecology of Kiket Island, Washington, with emphasis on age and 
growth of Protothaca staminea and Saxidomus giganteus (Lamellibranchia: Veneridae), 
University of Washington, College of Fisheries. 

Houghton, J. P., D. C. Lees, W. B. Driskell, S. C. Lindstrom, and A. J. Mearns.  1996.  Recovery 
of Prince William Sound intertidal epibiota from Exxon Valdez oiling and shoreline 
treatments, 1989 through 1992, pp 379-411.  IN: Proceedings of the Exxon Valdez oil spill 
symposium, S. D. Rice, R. B. Spies, D. A. Wolfe and B. A. Wright, eds.  American 
Fisheries Society Symposium 18.  Bethesda, MD. 

Houghton, J. P., R. Gilmour, D. C. Lees, W. B. Driskell, and S. C. Lindstrom.  1997.  Long-term 
recovery (1989-1996) of Prince William Sound littoral biota following the Exxon Valdez oil 
spill and subsequent shoreline treatment.  Seattle, WA, National Oceanic and Atmospheric 
Administration, Ocean Assessment Division: 132 pp, Appendix A - D. 

Jewett, S. C., H. M. Feder, and A. Blanchard.  1999.  Assessment of the benthic environment 
following offshore placer gold mining in the northeastern Bering Sea.  Mar. Environ. Res. 
48(2): 91-122. 

Johannes, R. E., and M. Satomi.  1966.  Composition and nutritive value of fecal pellets of a 
marine crustacean.  Limnol. Oceanogr. 11: 191-197. 

Integral Consulting, Inc.  2006.  Information synthesis and recovery recommendations for 
resources and services injured by the Exxon Valdez oil spill, Exxon Valdez Oil Spill 
Restoration Project Final Report (Restoration Project 060783), Integral Consulting, Inc., 
Mercer Island, Washington. 

Kaiser, M. J., G. Broad, and S. J. Hall.  2001.  Disturbance of intertidal soft-sediment benthic 
communities by cockle hand raking.  J. Sea Res. 45(2): 119-130. 

Krebs, C. J.  1998.  Ecological Methodology.  2nd Ed.  Addison-Welsey Educational Publishers, 
Inc., Menlo Park, CA.  620 pp. 

Lees, D. C., J. P. Houghton, and W. B. Driskell.  1990.  An evaluation of biological effects of 
exposure to Corexit 9580 M2 in the biota of the intertidal and shallow subtidal zones - Final 
Data Report for EXXON Company, USA.  Dames & Moore Technical Report Series - The 
EXXON Valdez Oil Spill Studies, Dames & Moore, Seattle, Washington. 

Lees, D. C.  1992.  What Southern California Can Learn From the Exxon Valdez Oil Spill 
Experience, pp 105-126.  IN: Perspectives on the Marine Environment: Symposium on the 
Marine Environment of Southern California, Univ. of So. California, Los Angeles, CA, Sea 
Grant Program, University of Southern California. 

Lees, D. C., J. P. Houghton, and W. B. Driskell.  1996.  Short-term effects of several types of 
shoreline treatment on rocky intertidal biota in Prince William Sound, pp 329-348.  IN: 
Proceedings of the Exxon Valdez oil spill symposium, S. D. Rice, R. B. Spies, D. A. Wolfe 
and B. A. Wright, eds.  American Fisheries Society Symposium 18.  Bethesda, MD. 

Lees, D. C., W. B. Driskell, J. R. Payne, and M. O. Hayes.  2001.  Intertidal reconnaissance 
survey in middle and upper Cook Inlet.  Draft report.  Cook Inlet Regional Citizens 
Advisory Council.  November 2001.  299 pp + Appendices 

Long, E. R., D. D. MacDonald, S. L. Smith, and F. D. Calder.  1995.  Incidence of adverse 
biological effects within ranges of chemical concentration in marine and estuarine 
sediments.  Environ. Mgt. 19(1): 81-97. 

MacFarlane, G. R., and D. J. Booth.  2001.  Estuarine macrobenthic community structure in the 
Hawkesbury River, Australia: Relationships with sediment physicochemical and 
anthropogenic parameters.  Environ. Monit. Assess. 72(1): 51-78. 



109 

MacGinitie, G. E.  1955.  Distribution and ecology of the marine invertebrates of Point Barrow, 
Alaska.  Smithsonian Institution, Washington, D.C.  201 pp. 

McGreer, E. R.  1983.  Growth and reproduction of Macoma balthica (L.) on a mud flat in the 
Fraser River estuary, British Columbia.  Can. J. Zool. 61: 887-894. 

Mearns, A. J.  1996.  Exxon Valdez shoreline treatment and operations: Implications for 
response, assessment, monitoring, and research, pp. 309-328.  IN: Proceedings of the 
Exxon Valdez oil spill symposium, S. D. Rice, R. B. Spies, D. A. Wolfe and B. A. 
Wright, eds.  American Fisheries Society Symposium 18.  Bethesda, MD.  

Morris, R. H., D. P. Abbott, and E. C. Haderlie.  1980.  Intertidal Invertebrates of California.  
Stanford University Press, Stanford, CA.  690 pp. 

Newell, R. C.  1965.  The role of detritus in the nutrition of two marine deposit feeders, the 
prosobranch Hydrobia ulvae and the bivalve Macoma balthica.  Proc. Zool. Soc. Lond. 144: 
25-45. 

Newell, R. C., L. J. Seiderer, and D. R. Hitchcock.  1998.  The impact of dredging works in 
coastal waters: A review of the sensitivity to disturbance and subsequent recovery of 
biological resources on the sea bed.  Oceanogr. Mar. Biol. Ann. Rev. 36: 127-178. 

NIOSH.  1990.  NIOSH Pocket Guide to Chemical Hazards.  Washington, D.C., U. S. Dept. of 
Health and Human Services, Public Health Service, Centers for Disease Control, National 
Inst. of Occup. Safety and Health.  245 pp 

Ockelmann, K. W., and K. Muus.  1978.  The biology, ecology and behaviour of the bivalve 
Mysella bidentata (Montagu).  Ophelia 17(1): 1-93. 

Ott, R.  2005.  Sound Truth and Corporate Myth$.  Dragonfly Sisters Press, Cordova, Alaska.  
561 pp. 

Pearson, W. H., D. L. Woodruff, P. C. Sugarman, and B. L. Olla.  1981.  Effects of oiled 
sediment on predation on the littleneck clam, Protothaca staminea, by the dungeness 
crab, Cancer magister.  Estuarine, Coastal and Shelf Science 13: 445-454. 

Peterson, C. H.  1977.  Competitive organization of the soft-bottom macrobenthic communities 
of southern California lagoons.  Mar. Biol. 43: 343-359. 

Peterson, C. H.  2001.  The ''Exxon Valdez'' oil spill in Alaska: Acute, indirect and chronic effects 
on the ecosystem, pp 1-103.  IN: Advances in Marine Biology 39, A. J. Southward, P. A. 
Tyler, C. M. Young and L. A. Fuiman, eds.  Academic Press Inc. San Diego, CA. 

Peterson, C. H., and S. V. Andre.  1980.  An experimental analysis of interspecific competition 
among marine filter feeders in a soft-sediment environment.  Ecology 61(1): 129-139. 

Peterson, C. H., H. C. Summerson, and S. R. Fegley.  1987.  Ecological consequences of 
mechanical harvesting of clams.  Fish. Bull. 85(2): 281-298. 

Petrov, V. A.  1989.  The differentiation of material on gravel beaches.  Oceanology 29(2): 208-
212. 

Piersma, T., A. Koolhaas, A. Dekinga, J. J. Beukema, R. Dekker, and K. Essink.  2001.  Long-
term indirect effects of mechanical cockle-dredging on intertidal bivalve stocks in the 
Wadden Sea.  J. Appl. Ecol. 38(5): 976-990. 

Plumb, R. A. H.  1981.  Procedures for handling and chemical analysis of sediment and water 
samples.  For U. S. Environmental Protection Agency and US Army Corps of Engineers, 
Tech. Rep. EPA/CE-81-1. 

Ramrath, A., B. Zolitschka, A. Wulf, and J. F. W. Negendank.  1999.  Late Pleistocene climatic 
variations as recorded in two Italian maar lakes (Lago di Mezzano, Lago Grande di 
Monticchio).  Quatern. Sci. Rev. 18: 977-992. 



110 

Renaud, P. E., D. A. Syster, and W. G. Ambrose.  1999.  Recruitment patterns of continental 
shelf benthos off North Carolina, USA: effects of sediment enrichment and impact on 
community structure.  J. Exp. Mar. Biol. Ecol. 237(1): 89-106. 

Romankevich, E. A.  1984.  Geochemistry of Organic Matter in the Ocean.  Springer-Verlag.  
Berlin.  334 pp.  

Russell-Hunter, W. D.  1970.  Aquatic Productivity: An Introduction to Some Basic Aspects of 
Biological Oceanography and Limnology.  Collier-McMillan, London.  306 pp. 

Sanders, H. L.  1968.  Marine benthic diversity: a comparative study.  Amer. Nat. 102: 243-282. 
Short, J. W., M. R. Lindeberg, P. M. Harris, J. Maselko, and S. D. Rice.  2002.  Vertical oil 

distribution within the intertidal zone 12 Years after the Exxon Valdez oil spill in Prince 
William Sound, Alaska, pp 57-72.  IN: 25th Arctic and Marine Oil Spill Program (AMOP) 
Technical Seminar.  Environment Canada.  Ottawa, ON, Canada. 

Short, J. W., G. V. Irvine, D. H. Mann, J. M. Maselko, J. J. Pella, M. R. Lindeberg, J. R. Payne, 
W. B. Driskell, and S. D. Rice.  2007.  Slightly weathered Exxon Valdez oil persists in Gulf 
of Alaska beach sediments after 16 years.  Environ. Sci. Technol. 41(4):1245 - 1250. 

Snelgrove, P. V. R., J. Grant, and C. A. Pilditch.  1999.  Habitat selection and adult-larvae 
interactions in settling larvae of soft-shell clam Mya arenaria.  Mar. Ecol. Prog. Ser. 182: 
149-159. 

Snelgrove, P. V. R., J. F. Grassle, and R. F. Petrecca.  1992.  The role of food patches in 
maintaining high deep-sea diversity.  Limnol.  Oceanogr. 37: 1543-1550. 

Snelgrove, P. V. R., J. P. Grassle, and C. A. Butman.  1998.  Sediment choice by settling larvae 
of the bivalve, Spisula solidissima (Dillwyn), in flow and still water.  J. Exp. Mar. Biol. 
Ecol. 231(2): 171-190. 

Sokal, R. R., and F. J. Rohlf.  1969.  Biometry: The principles and practice of statistics in 
biological research.  W. H. Freeman and Co.  San Francisco.  776 pp. 

Strasser, M., A. Hertlein, and K. Reise.  2001.  Differential recruitment of bivalve species in the 
northern Wadden Sea after the severe winter of 1995/96 and of subsequent milder winters.  
Helgoland.  Mar. Res. 55(3): 182-189. 

Thrush, S. F.  1986.  Spatial heterogeneity in subtidal gravel generated by the pit-digging 
activities of Cancer pagurus.  Mar.  Ecol. Prog. Ser. 30: 221-227. 

Thrush, S. F., R. D. Pridmore, J. E. Hewitt, and V. J. Cummings.  1992.  Adult infauna as 
facilitators of colonization on intertidal sandflats.  J. exper. mar. Biol. Ecol. 159(2): 253-
265. 

Trowbridge, C., T.T. Baker, and J.D. Johnson.  2001.  Effects of hydrocarbons on bivalves 
following the Exxon Valdez Oil Spill, Exxon Valdez Oil Spill State/Federal Natural Resource 
Damage Assessment Final Report (Fish/Shellfish Study 13), Alaska Department of Fish and 
Game, Division of Commercial Fisheries, Anchorage, Alaska. 

Tuck, I. D., N. Bailey, M. Harding, G. Sangster, T. Howell, N. Graham, and M. Breen.  2000.  
The impact of water jet dredging for razor clams, Ensis spp., in a shallow sandy subtidal 
environment.  J. Sea Res. 43(1): 65-81. 

Tyson, R. V.  1995.  Sedimentary Organic Matter: Organic facies and palynofacies.  Chapman & 
Hall, London. 615 pp. 

Valiela, I.  1995.  Marine Ecological Processes.  2nd Edition.  Springer-Verlag, New York.  686 
pp.  



111 

White, W.R., and T. J. Day.  1982.  Transport of graded gravel bed material, pp. 181-223.  In: 
Gravel-Bed Rivers, R. D. Hey, J. C. Bathurst, and C. R. Thomas, eds.  John Wiley and Sons, 
New York. 

Wilson, D. P.  1937.  The influence of the substratum on the metamorphosis of Notomastus 
larvae.  J. Mar. Biol. Assess. U.K. 22: 227-243. 

Wilson, D. P.  1948.  The relation of the substratum to the metamorphosis of Ophelia larvae.  J. 
Mar. Biol. Assess. U.K. 28: 723-760. 

Wilson, D. P.  1955.  The role of micro-organisms in the settlement of Ophelia bicornis Savigny.  
J. Mar. Biol. Assess. U.K. 34: 531-543. 

Woodin, S. A.  1985.  Effects of defecation by arenicolid polychaete adults on spionid 
polychaete juveniles in field experiments: Selective settlement or differential mortality.  J. 
Exp. Mar. Biol. Ecol. 87: 119-132. 

Woodin, S. A.  1991.  Recruitment of infauna: Positive or negative cues?  Amer. Zool. 31: 797-
807. 

Woodin, S. A., S. M. Lindsay, and D. S. Wethey.  1995.  Process-specific recruitment cues in 
marine sedimentary systems.  Biol. Bull. 189: 49-58. 

Woodin, S. A., and R. Marinelli.  1991.  Biogenic habitat modification in marine sediments: The 
importance of species composition and activity, pp.231-250.  IN: The Environmental Impact 
of Burrowing Animals and Animal Burrows, Zoological Society, London. 

Woodin, S. A., R. I. Marinelli, and S. M. Lindsay.  1998.  Process-specific cues for recruitment 
in sedimentary environments: Geochemical signals?  J. Mar. Res. 56: 535-558. 

Woodin, S. A., R. L. Marinelli, and D. E. Lincoln.  1993.  Allelochemical inhibition of 
recruitment in a sedimentary assemblage.  J. Chem. Ecol. 19(3): 517-530. 

Woodin, S. A., M. D. Walla, and D. E. Lincoln.  1987.  Occurrence of brominated compounds in 
soft-bottom benthic organisms.  J. Exper. Mar. Biol. Ecol. 107: 209-217. 

Wynberg, R. P., and G. M. Branch.  1994.  Disturbance associated with bait-collection for 
sandprawns (Callianassa kraussi) and mudprawns (Upogebia africana): long-term effects 
on the biota of intertidal sandflats.  Jour. Mar. Res. 52(3): 523-558. 




