














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
PGS Fines TOC TKN C/N
Category/Site Period (mm) (%) (%) (%) Ratio
1990 —
NOAA Unoiled 96 20.4 + 0.049 + 37.0 =
Sites 4sites | 1.9+04 1.5 1.5+02| 0.005 6.0
1990 —
96 >5.8 + 15.8 + 0.091 + | 49.7 +
Reference 4 sites >2.8 2.1 3.1+0.6| 0.021 8.0
2002 0.049 + 28.7 =
17 sites 6.8 +0.7|3.1+03|1.1+02| 0.007 5.2
Bay of Isles 2002 8.3 2.4 0.5 0.012 46.2
1990 —
96 0.024 + 63.4 +
Treated 3sites | 3.6+0.3 | 6.1 +1.5]1.2+0.2| 0.004 9.6
2002 10.3 = 0.046 + 26.8 +
23 sites 1.5 29+04 | 1.2+02| 0.006 2.9
Northwest Bay | 1990 - 0.013 = 85.9 +
West Arm 1996 3.9 36+04|1.0+0.1| 0.003 21.4
2002 8.2 1.4 0.4 0.014 28.0
1990 - 0028+ | 445+
Shelter Bay 1996 3.1 98+44|1.0+x02]| 0.012 9.2
2002 13.1 2.6 0.6 0.035 15.7
1990 - 0.030 = 59.7 =
Sleepy Bay 1996 3.9 48+14|1.6+x04 | 0.004 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 (r* = 0.61) for Reference sites and almost none (r* = 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 (SCATSs). 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 er 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; r*=0.30, 0.46, and 0.49) but no significance with the core data. Thus, it appears that

86



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 ef 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 ef 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
Mean + SE | Mean + SE [ Mean + SE | Mean + SE
Taxon Category (No.) (No.) (%) (%)
Hiatella Unoiled 3.5+09 — 3.3+0.8 -
arctica Reference 7.6 £34 9.1 £35 12.8+5.2 21.2+84
Treated 19.2 +7.6 127+6.0 | 62.3+10.6 9.7+4.8
Macoma Unoiled 7.0+£22 - 7.8+2.2 -
balthica Reference 45+23 2.0+0.6 47 +2.2 47+ 1.5
Treated 0.9+0.7 2.0+0.8 7.8+5.5 1.5+0.7
Macoma Unoiled 104+19 - 11.4+£22 -
inquinata Reference 9.1+23 04+04 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 40491 | 22.8+10.1 | 424+39 | 53.1+243
Treated 49 +3.6 527187 | 21.3+94 | 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 +1.9 274 +83
Treated 1.4+0.2 7.0+2.8 7.3+1.5 5322
Saxidomus Unoiled 1.1+04 - 1.4+0.5 -
gigantea Reference 1.8+£04 1.7+£04 1.7+0.3 4.0+0.9
Treated 0.08 £0.06 0.6+0.2 04+03 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 ez 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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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.)



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 m*
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 m® 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.
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