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assemblages were identified using non-metric multidimensional scaling and SIMPER
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associated with each assemblage were determined. Percent silt-clay was the most useful
environmental variable for distinguishing bivalve assemblages by habitat, with major
differences between sandy and silty areas. Within predominantly sandy habitats, changes

from one bivalve assemblage to another were associated with small differences in the



remaining percentage of silt-clay in the sediment, whereas within predominantly silty
habitats, changes in assemblage were associated with changes in depth, rather than exact
percent silt-clay. Sediment was also associated, to varying extent, with the distributions
of the most abundant bivalve species observed — Axinopsida serricata, Nutricola lordi,
Ennucula tenuis, Macoma carlottensis, and Acila castrensis. While Axinopsida serricata
was a soft-sediment generalist, Nutricola lordi was a specialist, restricted to very sandy
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These results can be used to inform the selection of appropriate control sites for assessing
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1. INTRODUCTION

1.1 Background

The life cycle of most benthic invertebrates is comprised of a pelagic larval stage,
followed by benthic juvenile and adult stages (Thorson 1950). The importance of
sediment for benthic species begins early on in the life cycle. Pelagic larvae use a variety
of mechanisms in order to navigate to potentially favorable sediment (whether defined by
grain size or surface complexity) for settlement, including negative phototaxis, positive
geotaxis, and pressure (depth) sensitivity (Gray 1974).

For larvae which actively select habitat upon which to settle (e.g. Woodin 1986,
Butman 1987), larvae may reject the sediment based on negative settlement cues or
accept the sediment as suitable habitat based on positive cues (Woodin 1991). Positive
settlement cues include: presence of biofilms (Hadfield 2011); presence of certain
chemicals (Pawlik 1992, Alfaro et al. 2011), sometimes released by adult conspecifics
and dissolved in the water column (Tamburri et al. 1996); and increased carbonate
saturation state of surface sediments (Green et al. 2013), among others. While there is a
large body of literature supporting active habitat selection by larvae, active selection does
not necessarily exclude passive deposition as a common settlement mechanism, albeit
one working on a separate spatial and temporal scale (Butman 1987). For instance, active
selection can be a function of conditions faced by larvae: Butman et al. (1988) found that
the bivalve Mercenaria mercenaria displays active substrate selection in still water, but
no substrate preference in a flume flow, possibly because larvae were more easily
resuspended in the flow and therefore behaved more like passive particles. Furthermore,
even if habitat is favorable for bivalve larvae, successful settlement is not guaranteed. As
noted, flow conditions can affect larval choice of habitat and settlement (Snelgrove et al.
1993, Abelson and Denny 1997, Snelgrove et al. 1998) and in some cases, larvae may be
caught by feeding currents of adult bivalves and filtered from the water column (Troost et

al. 2008), which can remove a high percentage of potential recruits (Porri et al. 2008).



Sediment selection, successful settlement, and survival of larvae is also related to
species’ feeding guild. While suspension feeders filter particulate matter from the water
column, deposit feeders ingest sediment and the organic matter it contains (Dame 2011);
in general, suspension feeders tend to be found in sandy sediments, while deposit feeders
are more abundant in silt/clay/mud sediments (Rhoades and Young 1970). Rhoades and
Young (1970) noted that deposit feeders reworked the top centimeters of sediment,
producing an unstable, easily resuspended, habitat and hypothesized that the
uncompacted surface subsequently inhibited suspension feeders by (1) clogging filtering
structures and (2) burying newly settled larvae (Rhoades and Young 1970). While the
exclusion of suspension feeders from soft mud areas may be due to the unstable,
reworked sediment, Sanders (1958) hypothesized that deposit feeders were most often
observed in fine sediments because clay environments tend to be organic-rich and
therefore provide a rich food source for deposit feeders.

In addition to being an important settlement factor, sediment type also affects
post-settlement activities. For example, Nel et al. (2001) found grain size and sediment
sorting affected burrowing time for the bivalves Donax serra and Donax sordidus, with
fastest burrowing time observed in fine/medium sediment and burrowing time of Donax
serra faster in well-sorted sediments than moderately sorted sediments. The relationship
between burrowing and sediment can be size-dependent: Huz et al. (2002) found that for
Donax trunculus, smaller individuals burrowed faster in medium/coarse sands whereas
larger individuals burrowed faster in fine/medium sands. Furthermore, for some species,
sediment type and burrowing is related to growth and survival: Huz et al. (2002) found
that metabolism and growth rate of Donax trunculus were highest in medium/coarse
sediment and de Goeij and Luttikhuizen (1998) noted that deeper buried Macoma
balthica displayed smaller body mass and decreased survival compared to shallower
buried individuals.

Although sediment is an important environmental factor associated with bivalve

distribution, sediment characteristics are not the only abiotic, environmental factors



encountered by benthic infauna. Bivalves are poikilotherms, or “cold blooded” animals,
so their body temperatures are greatly influenced by the temperature of the surrounding
environment (Dame 2011) which consists not only of sediment, but also the overlying
water column. Most marine bivalves are found within a temperature range of -3°C to
44°C (Vernberg and Vernberg 1972) and can become acclimated to new temperature
conditions (Crisp and Ritz 1967), such as those that might occur with seasonal changes
(Dame 2011).

In general, larval and reproductive stages tend to be the most sensitive to
temperature (Dame 2011). The effect of temperature on growth rate is best represented by
a performance curve (Butler 1953, see also Odum et al. 1979): increases in temperature
are associated with increased growth up to an optimal temperature, above which
decreased growth rate occurs. The same is true for development rate: higher temperatures
correspond to quicker development time of planktonic larvae (Hoegh-Guldberg and
Pearse 1995), but higher temperatures can also lead to a decline in instantaneous survival
rates of larvae (Drent 2002). Once populations are established, temperature can affect
further recruitment via decreased reproductive output and an earlier onset of spawning
(Philippart et al. 2003).

Stress responses to increased temperature can also be reflected in metabolism
(e.g. Anestis et al. 2007) and respiration (e.g. Dye 1979). Responses to heat stress are
species-specific. For example, Kennedy and Mihursky (1972) found that among the
bivalves Macoma balthica, Mulinia lateralis, and Mya arenaria, respiration rates of
Macoma balthica were the least impacted by high or low temperature stress.
Furthermore, within a species, responses to increased temperature differed between “old”
and “young” age classes, with “older” Mya arenaria displaying greater sensitivity to
increased temperatures (Kennedy and Mihursky 1972). Stress responses can also
manifest as changes in behavior such as changes in valve opening and closure (Anestis et
al. 2007), burrowing rate (Savage 1976), and lateral cilia beat frequency (Jargensen and
Ockelmann 1991).



Changes in physiological functioning and behavior in bivalves can result from
low dissolved oxygen (DO) as well as changes in temperature. The defined threshold for
hypoxic conditions is 1.4 ml/L of oxygen (Rabalais et al. 2010), but the exact “low”
threshold where effects are observed varies by species (Rosenberg et al. 1991). Early life
stages can be affected by low DO (Imabayashi 1986), with effect of DO on survival of
settled individuals dependent upon the redox state of the sediment (Nilsson and
Rosenberg 1994). Post-settlement, low concentrations of DO are associated with changes
in metabolism and decreased burial depth of bivalves (Lee et al. 2012), although some
species’ burrowing behavior is quite robust to changes in DO (Savage 1976). For species
such as Macoma balthica, which manifest behavioral changes in response to low DO,
decreased burial depth can result in increased predation pressure (Long et al. 2008).
Physiological changes can also occur: shell deformation in Macoma balthica is
associated with low DO concentrations (Sokotowski et al. 2008).

The environmental variables discussed above — sediment (grain size, percent fine
sediment, organic content), temperature, and dissolved oxygen — affect the settlement,
growth, and survival of bivalves and therefore influence the spatial distribution and
abundance patterns of bivalve species. The same suite of environmental variables is also
used to describe and differentiate whole benthic assemblages. For instance, multiple
studies (Weston 1988, Hoey et al. 2004, Jayaraj et al. 2008, Labrune et al. 2008) have
found significant associations between macrofaunal composition of soft-bottom benthic
communities and sediment characteristics (percent silt-clay, organic carbon, grain size).
Other studies (Cerame-Vivas and Gray 1966, Cimberg et al. 1993, Carroll and Ambrose
2012) have found that benthic assemblages are associated with water temperature and
dissolved oxygen. Still other surveys (Hyland et al. 1991, Oug 1998, Bergen et al. 2001)
have noted that differences in benthic assemblages are most related to differences in
depth.

As with species and assemblage level analysis, biodiversity and species richness
patterns are often discussed in terms of environmental factors. Latitude is often used as



the predictive factor since it incorporates a variety of environmental and physical
variables. Latitudinal trends in species diversity (richness) are in general well
documented and well accepted, with diversity highest at the tropics and decreasing
towards the poles (Fischer 1960, Gaston 1996, Willig et al. 2003, Hillebrand 2004).
However, marine infauna present a taxonomic area where this gradient is not as widely
described. Thorson (1957) argued that the latitudinal gradient was not reflected in marine
infauna because of the burrowing nature of species in soft bottom habitats: unlike
epifauna, infauna were sheltered from large scale latitudinal variations in environmental
variables and infaunal species richness was therefore independent of latitude. A decade
later, Sanders (1968) concluded that species richness in marine soft sediments displayed
gradients in relation to both latitude and depth, with greater richness in the tropics and
deep-sea areas compared to polar and shallow areas, respectively. More recently, Roy et
al. (2000) found that marine bivalves, including infaunal bivalves, display a strong
latitudinal gradient in species richness, with greater richness in the tropics.

1.2 Research goals

This thesis seeks to address precisely which physical, environmental factors are
most associated with the spatial distribution of infaunal bivalve assemblages and selected
individual bivalve species along the continental shelf of the Pacific Northwest. To that
end, this research has two main goals: (1) describe the spatial variation of bivalve
assemblages along the shelf and define typical habitat associated with the assemblages,
and (2) assess species-specific relationships with potentially influential environmental
variables and characterize variability in species abundance attributable to environmental
factors. Additionally, latitudinal trends in bivalve richness are briefly discussed.

| hypothesize that the observed spatial variation in bivalves — at both the
assemblage and species level — along the continental shelf is largely due to differences in
sediment characteristics. | anticipate that, on a species level, differences in temperature
and DO will assist in explaining differences in abundance not adequately accounted for



by differences in sediment characteristics. Additionally, the amount of variability
unexplained by environmental factors should indicate the extent to which biotic factors
(not addressed here) play a role. In terms of bivalve richness, some natural variations
within the latitudinal range sampled are expected, with diversity of bivalves anticipated

to be higher at southern sites than northern sites.



2. MATERIALS AND METHODS

2.1. Data collection

2.1.1. BOEM 2010 regional survey

In 2010, the Bureau of Ocean Energy Management (BOEM) funded benthic
surveys conducted by the Northwest National Marine Renewable Energy Center
(NNMREC) Benthic Lab at the Oregon State University Hatfield Marine Science Center.
The 118 BOEM sample stations were grouped into six distinct sites from northern
California to Washington. From south to north, the sites were identified by their closest
onshore town or other distinguishing feature: North San Andreas Fault (NSAF, n=21),
Eureka (n=20), Siltcoos (n=19), Newport (n=22), Nehalem (n=22), and Grays Harbor
(n=14) (Figure 1). Sites were stratified by depth bin and stations were randomly assigned
within each depth bin. Therefore, the depth most common across the six sites, based on
bathymetry, received the most stations. The sites were sampled between August 24 and
October 18, 2010.

At each station, a CTD cast collected data about salinity, fluorescence,
temperature, and dissolved oxygen (DO). Although data was collected for the entire
water column, only temperature and DO values from as close as possible to the sediment
interface were used for further analysis. Benthic cores of 0.1 m? were retrieved using a
Gray-O’Hare box core. Two subsamples of sediment — from the top and middle sections
of the core — were collected and later used to determine percent silt-clay of sediment and
median grain size (MGS). The mid-core sample was also used to determine percent total
organic carbon (TOC) and total nitrogen. The remainder of the core was then sieved
through a 1.0 mm mesh and retained macrofauna were preserved in 5% formalin. Upon
return to the laboratory, fauna were transferred to 70% ethanol. Only organisms which
were living at the time of the core (i.e. the live assemblage) were considered for this

thesis. In the laboratory, specimens were sorted into live and dead assemblages (whole



organism versus shell hash) and live assemblage specimens were then sorted by phylum,
and identified to the lowest possible taxon, which was usually species level.

For grain size analysis, a portion (30 g) of the sediment subsample was washed
with a 30% hydrogen peroxide (H20-) solution in order to remove organic material and
deflocculated with a 0.05% sodium hexametaphosphate (SHMP) solution. Subsamples
were then run through a Beckman Coulter LS 13 320 Laser Diffraction Particle Size
Analyzer, using the Fraunhofer optical model. The Wentworth scale (Wentworth 1922)
was used when describing grain size categories. A Carlo Erba NA1500 analyzer was used
for TOC and nitrogen analysis. Acetanilide was used as the standard reference material
with known percentages of carbon and nitrogen (71.09% and 10.34%, respectively).
Analysis was conducted following the methods of Verardo et al. (1990). Total nitrogen
values were obtained, but were barely above detection levels and so are not discussed
further here.

The CTD used during the 2010 BOEM survey was not equipped with a pH meter.
In certain cases, pH may be calculated from water column variables; however, there is
not currently a robust equation to calculate pH for Pacific Northwest shelf waters without
using aragonite saturation data (Laurie Juranek, personal communication). Since the
necessary data was not collected, pH values were not calculated for the BOEM stations

and pH is not discussed further here.

2.1.2. BOEM 2012 additional survey sites

In 2012, BOEM funded sampling of two additional sites to fill in latitudinal gaps:
Coquille (n=15) and Cape Perpetua (n=20) (Figure 1). These sites were sampled using
the same methods described above with one difference: in 2012, only one sediment
subsample (from the middle of the core) was used to determine percent silt-clay and
median grain size. The two sites in 2012 were sampled between August 30 and October

5, which is considered the same sampling “season” as the 2010 survey.



Because there isn’t equivalent 2010 data for these two sites, data from Coquille
and Cape Perpetua are used here strictly as qualitative checks of conclusions based on the
2010 data. For example, data from these sites was not included in PRIMER analysis or
species models (described below) because there was no way to account for the potential
temporal change in communities between 2010 and 2012; using the data would have
induced uncertainty in the output. However, because Coquille and Cape Perpetua
represent sediment types which were undersampled during the 2010 survey, the data are
used to qualitatively corroborate observed trends for species found primarily in these
habitats. Therefore, taxonomic composition (community level and bivalve level) along
with physical dimensions of sites are reported. In results, figures, and tables, Coquille and
Cape Perpetua sites are marked with an asterisk (*) to emphasize the temporal difference

between these sites and the six sites from 2010.

2.2. Data analysis and visualization

2.2.1 Comparison among sites

Community level taxonomic composition for each site was calculated by
summing the number of taxa within major phyla groups and dividing by the total number
of taxa, resulting in relative proportion of major phyla. Similarly, the taxonomic
composition of bivalves (relative proportions of different bivalve species) was
determined by summing the total number of each species and dividing by the total
number of bivalves collected at a site. Average bivalve abundance (per 0.1 m?) and total
number of bivalve species were noted for each site and the most abundant species were
identified. Average bivalve richness (over all stations at a site) was also noted. Shannon’s
H’ diversity index (Shannon 1948) and Pielou’s J’ evenness index (Pielou 1966) were
calculated for each station using the ecological statistical software PRIMER 6 (Clarke
and Gorley 2006); averages and standard deviations of each index were reported for each

site.
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Community-level and bivalve-level taxonomic composition were compared
among the eight sites, as was bivalve richness and measures of diversity. Average
physical and environmental characteristics were determined for each site. Student’s t-
tests were used to determine whether percent silt-clay differed between top core and mid-

core sediment subsamples at each of the six 2010 sites.

2.2.2. Comparison among stations

Comparison of species presence/absence and abundance among stations was used
to determine and characterize the relationship between certain bivalve species and
assemblages and particular variables, such as depth, latitude, and sediment type. Within a
sediment type (i.e. sand, silt), species presence and abundance was also used to assess the
degree to which bivalve assemblages in one site were applicable to another site with
similar sediment characteristics. The ecological statistical software PRIMER 6 (Clarke
and Gorley 2006) was used to conduct analyses on the bivalve data from the six 2010
sample sites. Bivalve abundance data were square root transformed to deal with the
skewed nature of biological count data.

BIO-ENV analysis (Clarke and Ainsworth 1993) — also referred to as BEST
(Biota and/or Environment Matching) analysis — was used to determine which
environmental factors displayed the best correlations with observed abundances for all
bivalve species together. The idea behind BIO-ENV is similar to multiple regression,
wherein samples with similar environmental variables would be expected to have similar
species compositions. Given the biotic data (in this case, bivalve abundances), BIO-ENV
examines all possible combinations of abiotic variables to determine which combination
has the highest correlation with the biotic data. More specifically: given a biotic matrix
(here, a Bray-Curtis similarity resemblance matrix), and an abiotic matrix (using
Euclidean distance) the Spearman rank correlation is maximized. The candidate abiotic
variables were: latitude, longitude, depth, temperature, DO, salinity, percent silt-clay

(mid-core), MGS (mid-core), TOC, total nitrogen, fluorescence, and indices of Pacific
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Decadal Oscillation (PDO), Multivariate ENSO Index (MEI), and Northern Oscillation
Index (NOI).

The Bray-Curtis similarity resemblance matrix was also used to create a non-
metric multi-dimensional scaled (nMDS) plot (Clarke 1993) of significant groups of
stations based on bivalve species presence/absence and abundance (i.e. bivalve
assemblages). Similarly, CLUSTER analysis (Clarke 1993) used group averages of the
resemblance matrix to create clusters represented in a dendrogram, which provided
another way to look at the relative similarity between bivalve assemblages at individual
stations and between significant groups of stations. The similarity profile (SIMPROF)
routine (Clarke and Warwick 2001) was run concurrently with the CLUSTER analysis to
identify the significant groups of stations.

In order to determine which bivalve species were most characteristic of the
significant groupings (i.e. unique bivalve assemblages), bivalve abundance data were
analyzed for similarity/dissimilarity using SIMPER (Clarke 1993) one-way analysis (via
the Bray-Curtis resemblance matrix with a cut off of 80% for contributions). The
resulting output contained significant groups of stations, average similarity of each group
and dissimilarity between groups, and average abundance of species characteristic of
each assemblage. Physical variables of stations within significant groups were assessed in
order to determine environmental characteristics associated with each unigue bivalve

assemblage.

2.2.3. Dominant bivalve species

2.2.3.1. Exploratory analysis

The five most abundant bivalve species across the six BOEM 2010 sites were:
Axinopsida serricata, Nutricola lordi, Ennucula tenuis, Macoma carlottensis, and Acila
castrensis (Figure 2). Frequency of occurrence histograms — for the 2010 sites only —

were used to identify patterns of species presence/absence in regards to fairly permanent
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physical characteristics of sites (depth, latitude, and percent silt-clay of sediment?).
Scatterplots of species abundance versus environmental variable of interest (also, using
only the 2010 data) were used to identify any patterns in species abundance. Plots were
constructed using basic R plotting and the ggplot2 package (Wickham 2009) in the
statistical software R (R Core Team 2013). Generalist/specialist tendencies of species
were noted. The two additional sites from 2012 were used to check observed trends based
on the six 2010 sites.

2.2.3.2. Species’ models

For each of the five most abundant species, | wanted to construct abundance
models (abundance as response, environmental variables as predictors). In conjunction
with the exploratory analysis described above, these models could assist in determining
which environmental factors were most associated with species distribution along the
continental shelf. Prior to model construction, preliminary analyses, detailed below, were

conducted so that models produced later were as robust as possible.

2.2.3.2.1. Explanatory variables of interest

Preliminary analysis identified the following environmental variables? as most
associated with species’ abundance trends: latitude, longitude, depth, temperature, DO,
silt-clay, MGS, and TOC. There was a large amount of missing temperature and DO data
for the Nehalem site. Nehalem data were therefore approximated: based on the depth of
the station with the missing values, the temperature and DO values from the nearest
(depth-wise) station were used in place of the missing values. Longitude was also

included as a variable of interest at the species level because preliminary analyses

L At the time of this analysis, data from the top-core sediment subsamples were unavailable. Consequently,
for this section all references to silt-clay refer to percent silt-clay from the mid-core data. Additionally,
TOC data were determined from mid-core samples and in light of the strong correlation between TOC and
percent silt-clay, use of the TOC data necessitates the use of the mid-core silt-clay data.

2 For this section, all references to silt-clay and TOC refer to the mid-core silt-clay and TOC data.



13

indicated a strong correlation between longitude and patterns in assemblage distribution.
Although longitude can be considered a proxy for depth (i.e. distance offshore), longitude
may also provide additional information — about abundance variability in regards to the
morphological characteristics of the shelf — in addition to that provided by depth.

The relationship between environmental variables and abundance was not always
linear: based on preliminary analyses, species’ relationship with individual variables was
sometimes better modeled by a quadratic, rather than a linear, equation. Therefore,
squared terms were also of interest in order to capture possible optima in environmental

variables for species abundance.

2.2.3.2.2. Correlation matrix of explanatory variables

It was anticipated that the variables - latitude, longitude, depth, temperature, DO,
silt-clay, MGS, and TOC - could display strong correlations with one another (Figure 3).
To assess the potential for multicollinearity, a correlation matrix of the linear terms of
these variables was constructed using the statistical software R (R Core Team 2013).
Significance of correlations was determined using Pearson’s r correlation coefficients, via
the “rcorr” routine from the “Hmisc” package (Harrell 2013) in R.

Nearly all variables were significantly correlated with one another (Table 1).
Latitude was significantly correlated (p<0.01) with all variables except DO. The sediment
variables of silt-clay, MGS, and TOC were each significantly correlated (p<0.01) with all
variables except longitude.

2.2.3.2.3. Principal component analysis

Principle component analysis (PCA) was conducted as a potential way to handle
the multicollinearity in the dataset. PCA takes a set of correlated variables — here, the
explanatory variables — and converts them into a set of new, uncorrelated variables,
represented by linear combinations of the original variables (Ramsey and Schafer 2013).

PCA was run using the built-in “princomp” routine in R (R Core Team 2013) using only
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the linear terms of variables of interest — latitude, longitude, depth, temperature, DO, silt-
clay, MGS, and TOC. Prior to analysis, variables were standardized and rows with
missing values were removed. Analysis was then run on the remaining 110 samples.

The first three principle components (PCs) explained approximately 94% of the
variability observed in the data (Table 2). The three PCs emphasized different
explanatory variables (Table 3).

Based on the sign of the PC coefficients, the first PC (PC1) appeared to be a
contrast between the weighted average of MGS and latitude and the weighted average of
longitude, depth, temperature, DO, silt-clay, and TOC. However, the absolute value of
the coefficients for longitude, DO, and depth were smaller than the similarly weighted
coefficients for latitude, temperature, silt-clay, MGS and TOC. Therefore, PC1 suggested
a contrast between the average of latitude and MGS and the average of temperature, silt-
clay, and TOC.

Based on sign of coefficients, PC2 appeared to be a contrast between the weighted
average of longitude, depth, and MGS and the weighted average of latitude, temperature,
DO, silt-clay, and TOC. For PC2, temperature, MGS, and TOC could potentially be
dropped from empirical analysis, based on their relatively small coefficients.
Additionally, the coefficients for silt-clay, latitude, and depth were smaller than the more
similarly weighted coefficients for longitude and DO. Therefore, based on both sign and
weight, PC2 suggested a contrast between longitude and DO.

Finally, PC3 appeared to be a contrast between the weighted average of latitude,
depth, silt-clay, and TOC and the weighted average of longitude, temperature, DO, and
MGS. For PC3, latitude, DO, silt-clay, MGS, and TOC could be dropped from empirical
analysis, due to their relatively small coefficients. The remaining similarly weighted
coefficients for PC3 suggested a contrast between depth and the average of longitude and

temperature.



15

Overall, PC1 heavily weighted sediment terms, PC2 most heavily weighted DO,
and PC3 emphasized longitude, depth, and temperature. Therefore, PC1 could be

considered a sediment component while PC2 and PC3 were physical/water components.

2.2.3.2.4. Variance inflation factor

As an alternative to PCA, explanatory variables could be dropped until
multicollinearity was no longer a serious problem for the remaining explanatory
variables. To quantify multicollinearity, the variance inflation factor (VIF) (Marquardt
1970) was calculated for all variables of interest for inclusion into species’ models:
latitude, depth, temperature, DO, silt-clay, MGS, and TOC (as well as the squares of
each), and longitude. Unlike PCA, VIF takes the response variable into consideration
(Ramsey and Schafer 2013).

Prior to analysis, variables were centered in order to reduce correlation between
linear and squared terms of the same variable. Negative binomial “full” models were
constructed with species abundance as response and all possible environmental variables
as explanatory variables. VIF values were then calculated for each variable in the model,
via the “vif” function from the “HH” package in R (Heiberger 2013). Although most
rules of thumb prefer a VIF cut-off of 10 (e.g. Marquardt 1970), for this dataset, VIF
values below 20 were determined to be acceptable (Virginia Lesser, personal
communication). Full models displayed VIF values much larger than 20, so variables
which were strongly correlated with others (from the correlation matrix) and displayed
high VIF values were removed from the model. A new model was constructed using the
remaining variables and VIF of those variables was calculated. The process was repeated
until all variables displayed acceptable VIF values.

VIF of variables were similar across species, so only results for the Axinopsida
serricata negative binomial model are reported as an example (Table 4).When all
variables were included, silt-clay, MGS, and latitude displayed the largest VIF values,
indicating serious multicollinearity. Since latitude was highly correlated with nearly all
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other variables (Table 1), it was removed first in order to reduce multicollinearity. With
latitude removed, the sediment variables of silt-clay, MGS, and TOC displayed the
highest VIF values. Removing TOC alone did not substantially improve the VIF values
for silt-clay and MGS. Ultimately, for VIF values to be meet the acceptable threshold,
only one sediment characteristic could remain. Using silt-clay as the one sediment
variable instead of MGS resulted in slightly better VIF values for all variables (Table 4).

2.2.3.3. Negative binomial generalized linear models

Rather than use the PCs in principal component regression, | decided to use a
subset of variables (based on VIF analysis: no latitude or TOC and only one sediment
variable) to construct the species abundance models. | chose to use silt-clay as the
sediment variable for the models of Axinopsida serricata, Ennucula tenuis, Macoma
carlottensis, and Acila castrensis. Alternatively, since Nutricola lordi was found
exclusively in sandy areas, | chose to use MGS as the sediment variable for that species
rather than silt-clay.

Since species distribution was overdispersed, a negative binomial distribution was
assumed rather than a Poisson distribution. Models were created using untransformed
abundance data. Stations with missing values were removed prior to modeling; analysis
was conducted on the remaining 110 stations with no missing environmental variables of
interest.

Starting with a “full” model including all nine variables — depth, temperature, DO,
silt-clay, and their squares, as well as longitude — a stepwise selection procedure in R was
used to select a single best model for each species. The selection procedure used was the
“stepAIC” function in the MASS package (Venables and Ripley 2002) in R, which tests
single term deletions in an automated fashion. For each term in the model, an AIC value
is given, corresponding to the AIC the model would have if that term were dropped. This
continues automatically until removing no further terms results in a model with the
lowest AIC.
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Although the default of the “stepAIC” function is to test deletions by AIC, | used
BIC as the selection criterion instead of AIC. BIC imposes a stricter penalty for large
numbers of variables in a model than AIC: whereas the penalty term for BIC is
p * log(n) (Schwarz 1978) — where p is the number of estimated variables in the model
and n is the sample size — the penalty term for AIC is only 2p (Akaike 1974). The
“stepAIC” function was therefore adjusted (using k=log(110) rather than the default k=2)
so that BIC values were used as model selection criteria instead of AIC values.

The function “stepAIC” will remove linear terms while leaving the corresponding
squared terms in the model. This was problematic, since it was desired to find a final
model in which linear terms were always present if the corresponding squared term was
included. In the case where the “stepAIC” function selected a final model which did not
meet this criteria, the selection process was conducted by hand, using the “dropterm”
function, also from the MASS package (Venables and Ripley 2002) in R. Unlike the
“stepAIC” function, which continues running automatically with no further input from
the user, the “dropterm” function runs one deletion, then stops. The user then manually
creates a new model, by dropping the desired term. In the event that the lowest BIC
resulted when a linear term would be dropped but its squared form remained, the next
lowest BIC term was dropped instead.

A residual plot was constructed for each species’ final model using the built-in

“plot” function in R (R Core Team 2013).
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Figure 2. The five most abundant bivalve species from the 2010 BOEM survey.
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Table 1. Correlation matrix of environmental variables of interest. Significance is denoted by stars: p<0.05 (*),

p<0.01 (**).
Latitude Longitude Depth Temperature DO Silt-clay M?dia.n TOC
grain size
Latitude 1
Longitude -0.410** 1
Depth -0.476** 0.188* 1
Temperature -0.921** 0.406** 0.169 1

DO -0.164 -0.429**  -0.348**  0.364** 1

Silt-clay -0.862** 0.024 651" 0.751** 0.376** 1

Median grain size  0.780** -0.033 -0.587**  -0.628** -0.303**  -0.914** i |

TOC -0.711** -0.041 0.674**  0.555** 0.266**  0.894**  -0.881** 1
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Table 2. Standard deviation, proportion of variance, and cumulative proportion of variance explained for each of

the principal components.

PC1 PC3 PC4 PC5 PC6 PC7 PC8
Standard deviation 2.147 1.303 1.097 0.447 0.371 0.310 0.212 0.114
Proportion of Variance  0.576 0.212 0.150 0.025 0.017 0.012 0.006 0.002
Cumulative Proportion  0.576 0.788 0.939 0.964 0.981 0.993 0.998 1.000
Table 3. Coefficients for each environmental variable by principal component.

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8
Latitude 0.427 -0.120 0.252 -0.330 0.155 -0.206 -0.005 0.752
Longitude -0.087 0.561 -0.517 -0.572 0.176 -0.139 0.182 -0.012
Depth -0.277 0.396 0.512 -0.275 -0.488 0.412 0.030 0.142
Temperature -0.378 -0.026 -0.497 0.247 -0.308 0.026 -0.384 0.553
DO -0.141 -0.703 -0.195 -0.577 -0.228 0.201 0.097 -0.116
Silt-clay -0.457 -0.115 0.059 0.219 0.125 -0.124 0.792 0.263
MGS 0.431 0.062 -0.169 0.112 -0.732 -0.351 0.324 -0.072
TOC -0.420 -0.052 0.301 -0.186 -0.091 -0.768 -0.279 -0.145
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Table 4. Variance inflation factor (VIF) for each variable using negative binomial models for Axinopsida serricata.

VIF values and patterns were similar for the other species of interest.

Terms in model Latitude Latitude’ Longitude Depth Depth’ Temp Temp’ DO DO’ Ssilt-clay Silt-clay’ MGS MGS’ TOC TOC’
All terms 57.30 4.86 4.70 1048 192 3302 6.25 7.78 355 22929 690 20349 2534 3636 4.01
Latitude removed 4.17 9.85 1.92 11.50 2.69 5.27 2.85 200.48 6.64 18842 2365 3197 3.65

Latitude removed;
MGS as sediment 3.69 6.30 1.36 9.36 2.15 4.57 247 18.02 3.67
variable

Latitude removed;
Silt-clay as sediment 3.88 6.28 1.36 10.00 2.34 4.28 2.73 15.53 2.07
variable

€
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3. RESULTS

3.1. Summary of total benthic community of sites

The two sites sampled in 2012 are denoted with an asterisk (*) after the site name
to distinguish them from the six sites sampled in 2010.

3.1.1. North San Andreas Fault (NSAF)

The dominant phylum at NSAF was Annelida, which comprised nearly 41% of
the sampled benthic community (Figure 4). Molluscs made up 32.6% of taxa, with
bivalves comprising 97% of all molluscs, for a total bivalve percentage of 31.6%.
Sixteen bivalve species were observed at NSAF and the site displayed the most even
bivalve composition on average (Table 5). The most abundant bivalve species was
Axinopsida serricata, which made up 49% of all bivalves observed at NSAF stations
(Figure 5). Acila castrensis, the next most abundant bivalve, comprised nearly 21% of
observed bivalves. On average, the site had a bivalve density of 15 bivalves per 0.1 m?,
the lowest of all sites.

3.1.2. Eureka

The dominant phylum at Eureka was Mollusca (52%), with bivalves comprising
over 47% of all taxa (Figure 4). Annelida was the next most abundant phylum, making up
37% of all taxa. For Eureka, 19 species of bivalves were observed. Axinopsida serricata
was the dominant species, comprising 59% of all observed bivalves (Figure 5). The
second most abundant species was Ennucula tenuis, which made up 22% of observed
bivalves. Eureka had an average bivalve density of approximately 67 bivalves per 0.1 m?
(Table 5).
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3.1.3. Coquille”

The dominant phylum at Coquille was Mollusca (69%), followed by Annelida
(23%) (Figure 4). Bivalves alone comprised over 65% of all taxa. A total of 15 bivalve
species were observed at Coquille, with Axinopsida serricata the most abundant (68%),
followed by Acila castrensis (15%) (Figure 5). Coquille had an average bivalve density
of 81 bivalves per 0.1 m? (Table 5).

3.1.4. Siltcoos

The dominant phylum at Siltcoos was Mollusca (69%), followed by Annelida
(20.5%) (Figure 4). Bivalves comprised 60% of total taxa. Twenty bivalve species were
observed across the Siltcoos stations; the site displayed the highest average bivalve
diversity (Table 5). The dominant species was Axinopsida serricata, which made up 53%
of observed bivalves (Figure 5). The next most abundant species were Macoma
carlottensis (16%) and Acila castrensis (12%). Siltcoos had an average bivalve density of

just over 88 bivalves per 0.1 m?.

3.1.5. Cape Perpetua”

The dominant phylum at Cape Perpetua was Mollusca (59%), followed by
Annelida (30%) (Figure 4). Bivalves made up 54% of all observed taxa. There were 12
bivalve species observed at Cape Perpetua, dominated by Nutricola lordi (58%) and
Axinopsida serricata (27%) (Figure 5). Cape Perpetua had an average bivalve density of
62 bivalves per 0.1 m? (Table 5).

3.1.6. Newport

The dominant phylum by far at Newport was Mollusca (almost 79%), with
bivalves making up 71% of total taxa (Figure 4). The next most abundant phyla were
Annelida (10%) and Crustacea (9%). Although 10 species of bivalves were observed at
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Newport — the lowest bivalve richness across all sites — the site was dominated by only
two species: Nutricola lordi (nearly 63% of bivalves) and Axinopsida serricata (34%)
(Figure 5). The other 8 species made up less than 3% of all observed bivalves for
Newport. Consequently, the site displayed the lowest average bivalve diversity (Table 5).
Newport did, however, display the greatest average bivalve density, with approximately
116 bivalves per 0.1 m?,

3.1.7. Nehalem

The dominant phylum for Nehalem was Annelida (45%), followed closely by
Mollusca (38%) (Figure 4). Bivalves comprised 25% of total observed taxa. Nehalem had
a total of 18 bivalve species, dominated by Axinopsida serricata (42% of observed
bivalves) and Ennucula tenuis (24%) (Figure 5). Nehalem had an average of

approximately 28 bivalves per 0.1 m? (Table 5).

3.1.8. Grays Harbor

The dominant phylum for Grays Harbor was Annelida (53%) (Figure 4). Molluscs
comprised 35% of taxa, with bivalves alone making up nearly 33% of observed taxa. A
total of 24 bivalve species were observed across the Grays Harbor stations, the highest
bivalve species richness of all the sites; however, the site also displayed the lowest
measure of evenness (Table 5). Axinopsida serricata comprised nearly 57% of observed
bivalves, followed by Nutricola lordi (19%) (Figure 5). Grays Harbor had an average

bivalve density of nearly 57 bivalves per 0.1 m2.

3.2. Summary of differences among sites

3.2.1. Physical and environmental variables

Of the six 2010 sites, NSAF was the site furthest south (northern California)

whereas Grays Harbor was the northernmost site (Washington) (Figure 1). NSAF and
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Siltcoos were, on average, the deepest sites, while Newport and Grays Harbor were the
shallowest sites (Table 6). Average penetration depth of core varied across sites, although
all cores captured at least the top seven centimeters of sediment. Since presence of the
small infaunal bivalves of interest was deemed unlikely to increase with core depth, no
further analysis was conducted regarding penetration depth.

Average temperature and DO did show variations among sites: NSAF was the
warmest site while Grays Harbor was the coolest, on average; Eureka had the highest DO
while NSAF had the lowest DO of the six 2010 sites. When all eight sites were
considered together, Cape Perpetua displayed the lowest DO (below the hypoxic
threshold). Although in theory cold water contains higher DO than warm water, the
opposite relationship was observed here, with DO increasing with higher temperatures
(Figure 3).

Regardless of whether sediment was sampled from the top of the core or the
middle of the core, Eureka had the highest percent of silt-clay in the sediment, followed
by NSAF (Table 6, Figure 6, 7). In contrast, sediment at Nehalem and Newport was
almost entirely sand. Along with filling in latitudinal gaps, Coquille and Cape Perpetua
represented further sampling of sediment types: 36% silt-clay and <1% silt-clay,
respectively. Coquille and Grays Harbor displayed the greatest interquartile ranges for
mid-core percent silt-clay of sediment, due to the presence of gravel at some stations
along with sand and silt-clay (Figure 7).

Two of the six 2010 sites displayed significant differences in percent silt-clay
between the top core and mid-core sediment subsamples: at Nehalem, there was a
significantly smaller percent silt-clay in the mid-core than the top core (t-test,
p<<0.0001); conversely, Eureka had significantly more silt-clay in the mid-core (t-test,
p=0.005), due primarily to samples at two stations. The other four sites did not display
significant differences (NSAF: p=0.165, Siltcoos: p=0.505, Newport: p=0.612, Grays
Harbor: p=0.122).
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3.2.2. Bivalve assemblages of sites

The six 2010 BOEM sites displayed variations in relative and absolute bivalve
abundance as well as particular bivalve species present. Newport contained the greatest
relative abundance, compared to other phyla, of molluscs (and bivalves), followed by
Siltcoos (Figure 4). Grays Harbor contained the greatest number of bivalve species
(richness), while Newport contained the least (Table 5). In general, bivalve assemblages
at each site were dominated by a single species, with a large portion of the remaining
bivalves split between two or three other species. Beyond these abundant four or so
species, other bivalves were present in low abundances, often with only one specimen per
species. Newport was the exception to this trend, with 97% of bivalves coming from only
two species. Similarly, all sites except Newport displayed a relatively high (compared to
other bivalve species for the site) and similar abundance of Axinopsida serricata.
Although Newport had the lowest number of bivalve species, that site also displayed the
greatest average abundance of bivalves (Figure 8).

In regards to the two 2012 sites, the bivalve assemblage at Cape Perpetua was
very similar to Newport while the assemblage at Coquille was more similar to those at
Siltcoos and Eureka (Figure 5). In terms of total bivalve abundance, Coquille and Cape
Perpetua had similar average abundances, although Coquille had a larger range of
abundances (Figure 8). Considering all three sand sites (Cape Perpetua, Newport, and

Nehalem), Newport displayed the highest average bivalve abundance.

3.3.3. Bivalve relationship with sediment

The average silt-clay percent of mid-core sediment observed for the six 2010 sites
ranged from 0.05% (Newport) to 82% (Eureka). The bivalve assemblages from the three
southern silty sites (NSAF, Eureka, Siltcoos) were fairly similar to one another
(Figure 5), although NSAF contained far fewer total bivalves than Eureka and Siltcoos
(Figure 8). There was a large difference in average bivalve abundance observed between

sites with similar sediments off Newport (average 0.05% silt-clay top core and mid-core)
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and Nehalem (average 3.91% top-core, 1.48% silt-clay mid-core). Not only was there a
difference in total bivalve abundance, but there was also a pronounced difference in the
bivalve species breakdown between these two sites: Newport was dominated (97% of all
bivalves) by only two species, whereas Nehalem was more reflective of the trend
observed in the other sites (two species constituting the majority of bivalves, and the
remainder split among a host of other species). Despite these differences, both Newport
and Nehalem bivalve communities were made up by a large proportion of the species

Axinopsida serricata.

3.3.4. BIO-ENV analysis

The combination of environmental variables with the best correlation to all
observed bivalves consisted of longitude, depth, and MGS (correlation = 0.473). Out of
the top ten correlations, depth and MGS were included in all ten and longitude was

included in nine.

3.3. Comparison among stations (bivalve assemblages)

3.3.1. nMDS and CLUSTER analysis

Five Grays Harbor stations included gravel in the sediment and contained few, if
any, bivalves. Since these stations comprised a unique habitat type, not sampled
elsewhere in 2010, they were removed from subsequent analysis, to better facilitate
interpretation of the assemblages in soft-sediment habitat ranging from sand to silt.

Based on the nMDS analysis of the remaining 113 stations sampled in 2010
(Figure 9), although most stations grouped with others at their site — i.e. most Eureka
stations tended to fall within the same group due to similar abundances of certain
bivalves — some stations with similar physical characteristics spawned multiple
significant groups. For example, not all Nehalem stations were included in a single group,

but showed up in multiple significant groups with dissimilar sediment and latitude. This
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can also be observed from the cluster analysis dendrogram (Figure 10), where the y-axis

gives a measure of how similar groups are to one another.

3.3.2. SIMPER analysis

A total of 113 stations (following removal of five Grays Harbor gravel stations)
formed eight distinct groups (i.e. unique bivalve assemblages) (Table 7). Group B
(Newport group) contained the most stations, followed closely by Group H
(NSAF/Siltcoos group). Conversely, Group A was comprised of a single NSAF station,
and was therefore excluded from further similarity/dissimilarity analysis. Even though
this NSAF station shared physical characteristics with other stations, it failed to group
with any others due to the absence of common bivalve species and the presence of rare
bivalve species.

Differences in sediment and depth explain most of the groupings and therefore
differences in bivalve assemblages. Within the sandy sites, Newport-dominated Group B
had the lowest average percent silt-clay of sediment and was the only group where
Nutricola lordi was a characteristic species. Approximately half of the Nehalem stations,
which were only slightly siltier than the Newport stations, formed a unique group (Group
G). Grays Harbor stations grouped with either Newport (Group B), Nehalem (Group G),
or by themselves (Group D, with the highest characteristic abundance of Axinopsida
serricata), depending on percent silt-clay of the sediment at the particular station.

Within the silty sites, the shallow silty stations of Eureka — a depth/sediment
combination not observed elsewhere — formed a single group (Group C) characterized by
a relatively high abundance of Axinopsida serricata. All Siltcoos stations displayed
similar sediment types, but differences in depth best explain the grouping: Group E was
comprised of shallower Siltcoos stations, while the remaining, deeper, Siltcoos stations
grouped with NSAF stations (Group H), which were siltier but of a similar depth. Finally,
stations in Group F contained the largest range of sediment types and depths, and the

characteristic species were all common, abundant species. The Nehalem stations in this
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mixed group tended to be shallower than those in the Nehalem-dominated group (Group
G) and contain fewer Ennucula tenuis and more Axinopsida serricata. As a result, these

shallow, sandy Nehalem stations displayed bivalve assemblages more like the deep, silty
stations of Eureka and NSAF and were grouped accordingly.

Groups H and B — the NSAF/Siltcoos group and the Newport dominated group —
had the largest average dissimilarity (77.5%) due to the near absence of Nutricola lordi in
Group H as well as a lower average abundance of Axinopsida serricata compared to
Group B. In fact, the Newport-dominated very sandy Group B was quite dissimilar from
all other groups (Figure 9, 10), indicating that >1% silt-clay in sediment was enough to
differentiate those bivalve assemblages from the one observed in the <1% silt-clay
stations of Newport. In contrast, Groups E and D — which were made up of shallow
Siltcoos stations and Grays Harbor stations, respectively — had the smallest (43.2%)
average dissimilarity: the two groups displayed the two highest average abundances of
Axinopsida serricata and somewhat similar abundances of Acila castrensis and Ennucula

tenuis.

3.4. Dominant species

3.4.1. Exploratory analysis

The R? values discussed below refer to the relationship of untransformed
abundance with the indicated environmental variable.

Shepard’s ternary diagram (Shepard 1954) is often used to distinguish and
describe types of sand-silt-clay sediment. However, this classical sediment breakdown is
less useful here since sediment analysis did not distinguish silt from clay, but rather
grouped the two types together, in contrast to sand. Furthermore, based on the sample
sites selected, the 118 stations® sampled in the BOEM 2010 survey fell into five

3 The five gravel Grays Harbor stations were included in analysis, since they contain a percentage of sand
and/or silt-clay. Stations with gravel tended to include few, if any, of the species under consideration, but
were included for the sake of completeness.
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approximate sediment groups (which differ from Shepard’s) based on percent silt-clay*:
very sandy (0-6%), mostly sand (7-39%), an approximate sand/silt split (40-60%), mostly
silty (61-80%), and very silty (81-100%) (Figure 11). For the purposes of these results
and later discussion, these categories will be referred to, rather than the Shepard’s

sediment classifications.

3.4.1.1. Axinopsida serricata

Out of the 118 stations in the 2010 survey, 109 contained at least one specimen of
Axinopsida serricata. Although there were some differences in abundance, Axinopsida
serricata was found at nearly all stations and therefore displayed frequency of
occurrences which would be expected of a species with little or no habitat restrictions in
regards to depth, latitude, or percent silt-clay of sediment (Figure 11). The highest
average abundance was observed at Siltcoos due to stations with over 100 Axinopsida
serricata per 0.1 m2. The species displayed similar abundances across Grays Harbor,
Eureka, and Newport; the lowest average abundances were observed in Nehalem and
NSAF (Figure 12).

Axinopsida serricata abundance did not display any distinct trends in regards to
the individual environmental variables assessed. Although some relationships were
significant, all were very weak and explained negligible amounts of variability (Table 8).
Abundances were slightly lower below 120 meters (Figure 12); however, given the
relatively small number of stations below this depth, and the very weak relationship, this
is likely a product of sampling bias. As in the 2010 data, there was no clear trend of
Axinopsida serricata abundance with environmental variables in the two additional sites
sampled in 2012.

In general, the only places Axinopsida serricata was not found were the few

gravel stations of Grays Harbor and Coquille. However, gravel stations in general

4 At the time of this analysis, results from the top-core sediment subsamples were unavailable.
Consequently, for this section all sediment discussion refers to the mid-core data.
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contained relatively few, if any, bivalves — gravel habitat, unlike soft-sediment habitat,
did not support high abundances of bivalves of any species observed in the BOEM

SUrveys.

3.4.1.2. Nutricola lordi

Nutricola lordi was present at only 34 stations in the 2010 survey and was
therefore underrepresented at deeper (85-135 meters) depths and generally restricted to
very sandy stations (Figure 13). These patterns are a reflection of the fact that Nutricola
lordi was found almost exclusively at the Newport site (Figure 13, 14), which was sandy
and shallower than 80 meters (Table 6). Because of its limited distribution, Nutricola
lordi displayed relatively strong relationships with depth, MGS, percent silt-clay, and
TOC (Table 8).

Nutricola lordi was also observed in relatively high abundances at a few (4 in
total) stations at Nehalem and Grays Harbor. These stations all fell within the depth range
observed at Newport and are only slightly siltier (i.e. >0% silt-clay) than Newport. Aside
from a few instances, Nutricola lordi was rarely observed at stations with more than 1%
silt-clay. This was corroborated by data from the 2012 BOEM sites: like Newport, Cape
Perpetua was composed of over 99% sand and Nutricola lordi was the dominant bivalve
species. Nutricola lordi abundance did show variation in regards to MGS between the
nearly pure sand sites of Newport and Cape Perpetua: the sand grains at Cape Perpetua
were much larger than at Newport (Table 6) and the average abundance of Nutricola

lordi at Cape Perpetua was approximately half the average abundance at Newport.

3.4.1.3 Ennucula tenuis

Ennucula tenuis was present at 65 stations in the 2010 survey. This species was
underrepresented in both the shallowest portion of stations and the deepest, as well as
very sandy and mostly silty stations (Figure 15). The frequency of occurrence histogram

for latitude showed no clear pattern: Ennucula tenuis displayed a lower frequency of



34

occurrence than expected (if there were no latitudinal habitat restrictions) at NSAF,
Newport, and Grays Harbor, and it was observed most often at Eureka, Nehalem, and
Siltcoos (Figure 15). This pattern, or lack thereof, can be partially explained in terms of
sediment and depth, given that Newport was the sandiest site and NSAF was the deepest
on average. Ennucula tenuis was essentially absent at Newport; conversely, the highest
abundances were observed at Eureka (Figure 16).

Although relationships with depth and sediment type were weak (Table 8), some
patterns of Ennucula tenuis with these variables could be determined: Ennucula tenuis
was generally found in areas shallower than 110 meters and within that depth range, it
was mainly observed in non-sandy areas. More specifically, shallower than 110 meters,
Ennucula tenuis was observed in sandy (but with >1% silt-clay), sand/silt split, and very
silty stations, but was absent in essentially pure sand (<1% silt-clay) or mostly silty
stations (Figure 15, 16). Given that only a few stations fall within 4-40% silt-clay, it is
difficult to interpret anything useful about Ennucula tenuis within this sediment range.
The lack of Ennucula tenuis observed in mostly silty stations was likely because these
stations were often deeper than 110 meters. Conversely, no such depth trend explained
the absence in sand stations: stations of a similar depth to Newport (which was <1% silt-
clay), but at least 1% silt-clay, tended to contain at least low abundances of Ennucula
tenuis. The two additional sites sampled in 2012 support these patterns: Ennucula tenuis
was not present at Cape Perpetua (like Newport, <1% silt-clay) and only rarely present at
Coquille (average of 36% silt-clay).

The one exception to the weak relationship of abundance with environmental
variables was the relationship with DO (Table 8), where Ennucula tenuis abundance

tended to increase with increasing DO (Figure 16).

3.4.1.4. Macoma carlottensis

A total of 70 stations contained at least one specimen of Macoma carlottensis.
The frequency of occurrence graphs for Macoma carlottensis displayed a similar overall
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pattern as would be expected of a species without depth or sediment restriction; however,
the species was underrepresented in shallow, very sandy stations (Figure 17). Although
Macoma carlottensis was found at stations over a wide range of latitudes, the highest
abundances were observed at Siltcoos (100-130 meters, sand/silt split) (Figure 18). A few
Grays Harbor stations (55-80 meters, very to mostly sandy sediment) also contained high
abundances of Macoma carlottensis.

In general, the relationships of Macoma carlottensis abundance with
environmental variables were fairly weak (even significant relationships explained
relatively low amounts of variability), with a few exceptions (Table 8). Macoma
carlottensis displayed the strongest relationship with the square of silt-clay, indicating a
possible silt-clay optimum: Macoma carlottensis abundance peaked at Siltcoos (average
52% silt-clay), was an order of magnitude lower at Grays Harbor (average 13% silt-clay),
was very low at NSAF (average 70% silt-clay), Newport (0.05%), and Nehalem (1.5%),
and essentially absent at Eureka (average 82% silt-clay) (Figure 18). This trend of
abundance with sediment was also observed in the 2012 data: Macoma carlottensis was
essentially absent at the sandy Cape Perpetua site but at Coquille, abundance patterns
were similar to those observed in the 2010 data (increasing abundance towards mixed
sand/silt-clay sediment, then decreasing abundance, with none in very silty sediment).

As noted, Macoma carlottensis was observed primarily at Siltcoos, which was a
relatively deep site, and was essentially absent at Eureka, which spanned the greatest
depth range. However, because Macoma carlottensis was found at the same depths as the
Eureka stations at other sites, it is unlikely the spatial pattern observed is because the

species is depth limited.

3.4.1.5 Acila castrensis

A total of 71 stations contained at least one Acila castrensis. Compared to the
pattern expected of a species with no physical habitat restrictions, Acila castrensis was
underrepresented at shallow (50-80 meters) stations and therefore Newport and Grays



36

Harbor stations, which fall primarily in this depth range (Figure 19). These stations were
also generally sandier so Acila castrensis was also underrepresented in the sandiest
stations. Although the highest abundances of this species were observed at the Siltcoos
site, it was found in low abundances across a wide range of depth, latitude, and sediment,
although it was most rare at Newport (Figure 20).

In general, the relations of abundance of Acila castrensis with environmental
variables were better explained by quadratic relationships than a linear ones (Table 8);
however, with the exception of TOC, relationships were still very weak and failed to
explain a high proportion of variability. Some of the lack of fit was due to the large
spread of data: a quadratic fit was better than a linear fit for Acila castrensis abundance in
relation to depth due to half a dozen high abundances, found between 100 and 120 meters
depth, which were in contrast to most stations which contained only low abundances of
Acila castrensis (Figure 20, Table 8). Likewise, the highest abundances of Acila
castrensis were observed in sand/silt split and mostly silt stations; a curve proved a better
fit than a linear relationship (Table 8). The same general sediment trend was observed
from the two 2012 sites, with Acila castrensis absent or present in only low abundances

in sand and higher abundances in sand/silt and mostly silty sediment.

3.4.2. Species models

A negative binomial model could not be developed for Nutricola lordi
(Appendix). Models were able to be developed for the other four species (Table 9).

The model for Axinopsida serricata contained seven terms total, including
intercept. All possible terms were included except the square of depth and both DO
terms. However, although DO was excluded from the final model, it was correlated with
temperature (which was included in the model) so DO cannot entirely be ruled out as a
possible variable of influence. Of the variables included in the final model, only the linear
forms of temperature and silt-clay were not significant. They were included, however,

because squares of both those variables were significant (temperature?: p=0.008;
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silt-clay?: p<<0.001).

The model for Ennucula tenuis was the largest, with nine terms total, including
intercept. The final model included all possible variables. Only depth was not significant
(p=0.76), although there was suggestive evidence that longitude was also not significant
(p=0.055). All other environmental variables were significant (at least p<0.01). There
was some suggestion of an optimal depth for Ennucula tenuis — although depth alone was
not significant, the square of depth was highly significant.

The model for Macoma carlottensis contained six terms, including intercept. The
model was comprised of: temperature, DO, DO?, silt-clay, and silt-clay?. Only DO was
not significant (p=0.55). The square of silt-clay in the Macoma carlottensis model
(p=5.87e-14) was the most significant variable out of all variables in all models, which
corroborates the suggestion of a sediment optimum observed in the scatterplot of
Macoma carlottensis abundance vs. silt-clay. Although physical variables (longitude,
depth) were excluded from the model, longitude and depth could still potentially function
as influential factors: although correlations were not strong enough to cause serious
multicollinearity, longitude was significantly correlated with both temperature and DO
(which were included in the model) and depth was significantly correlated with DO.

Finally, the model for Acila castrensis contained only five terms total, including
intercept. The included environmental variables were depth, silt-clay, and their squares;
all were significant (p<0.001). Longitude was not included in the final model; however,
since longitude and depth are themselves significantly correlated, it is not possible to
definitely conclude that depth, rather than longitude, is the primary physical variable of
importance. Likewise, although the absence of water column variables (temperature, DO)
from the model suggests that they are less influential on Acila castrensis distribution than
depth and silt-clay, DO was significantly correlated with both depth and temperature, so
potential water column impacts cannot be entirely ruled out.

Overall, the residual plots (Appendix) suggest that none of the models are a very
good fit for their respective species abundance data. The plot for Axinopsida serricata is
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closest to what would be expected of a well-fitting model, with a random scatter of
points; however, the points were not centered around zero. For the other species, the
residual plots displayed clustering with some suggestion of heteroscedasticity. For
Ennucula tenuis, Macoma carlottensis, and Acila castrensis, abundance data were
apparently clustered to such an extent by non-assessed variables as to inhibit the creation
of a single model using the variables discussed here. Along with potentially influential
“missing” environmental variables, clustering in these species could be due to biotic
factors — such as limited dispersal ability or presence of conspecifics as a positive
settlement cue — which would manifest as clumped or patchy distribution of adults. That
IS, species distribution may be non-random not only in terms of the environment (i.e.
preference for certain sediment type), but also in terms of biotic interactions. As such,

environmental, abiotic models would not be a good fit for the abundance data.
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Table 5. Summary of bivalve richness, diversity, and evenness (average with standard
deviation where appropriate) across all eight sampled BOEM sites. An
asterisk (*) denotes the two sites sampled in 2012.

Slte bival\;:eo:iac'hness bivall\\:::e :?cgheness Shannors Plelow's.}

NSAF 16 4.1+1.7 1.064 +0.392 0.789+0.163
Eureka 19 6:9+2:1 1.183 +0.327 0.654 £0.158
Coquille* 15 5.1%£2.5 0.966 + 0.468 0.677 £0.220
Siltcoos 20 81x21 1.387 £0.232 0.678 £0.106
Cape Perpetua*® 12 £ L s 0.747 £0.247 0.624 +£0.200
Newport 10 3.5+1.0 0.647 £0.164 0.547 £0.169
Nehalem 18 54+23 1.135+0.436 0.695+0.163
Grays Harbor 24 5%3.5 0.809 + 0.694 0.470+0.317

14%



Table 6. Averages and standard deviation of environmental variables for each site. An asterisk (*) denotes the two

sites sampled in 2012. For Grays Harbor, gravel stations were not included in TOC analysis. TOC data
was unavailable for Coquille and Cape Perpetua at the time of writing.

Site NSAF Eureka Coquille*® Siltcoos Cape Perpetua* Newport Nehalem Grays Harbor
Latitude 39704012  40.89+003  43.07+002 4358+002 4425+003 44.67:003 4569+003  46.96+0.02
longitude  -123.92+0.06 -12430+004 -12457+0.03 -124.38:0.05 -124.25 +0.04 -12420+004 -124.09+0.04 -124.45+0.04
Depth(m)  11643:9.44 77.60+21.34 100.83+20.00 11489+12.10 69.39+7.35 6652:696 82.05:13.59  67.86+8.88
Coredepth (cm) 27.32:608  20.13+593  1643+7.54 2450+538  1033+152  7.59:169  10.11+3.04  7.88+4.42
Tem’;fg;ture 9.02+0.10  896+0.18  807+008  7.86+035  7.84+0.04  808:025  7.46+020  7.32+0.06
DO (ml/L) 147£008  291:030 246036  217:033  134:017  185:044  162:046  182+0.12
salinity (psu)  33.94:002  3373:0.11 32.99:235 33.90£006 3379:002 3371:0.10 33.77:0.13  33.72£0.05
Fluorescence  -0.03:0.01  0.04:005  021:004  006:003  018:002  096:030  088:019  074+0.06
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Table 6 (Continued). Averages and standard deviation of environmental variables for each site. An asterisk (*)

denotes the two sites sampled in 2012. For Grays Harbor, gravel stations were not included in TOC
analysis. TOC data was unavailable for Coquille and Cape Perpetua at the time of writing.

Site NSAF Eureka Coquille* Siltcoos Cape Perpetua* Newport Nehalem Grays Harbor
Topeore ) 9911403 7847 +21.61 NA 53.54 + 12.37 NA 0.04 +0.14 391 +178  7.18 +825
Silt-Clay (%)
;:::'(’;:) 2801 +14.03 21.53 +21.61 NA 46.46 + 12.37 NA 99.96 +0.14 96.09 +1.78 77.32 +24.66
Top core
i 0 0 NA 0 NA 0 0 15.50 +26.92
T
MZ';?:‘:) 4061 +2327 35.44 +25.13 NA 58.26 + 20.88 NA 273.54 +56.15 211.81 +30.30 225.11 +102.95
s:::'gl'::'(;) 7025+12.87 82.41+1550 36.02+2661 52.18+7.83  053+045  0.05%0.15 1.48+055  12.91+15.35
';"a':::’; 2975+12.87 17.59+1550 57.92+2475 47.82+7.83 99.47+045 99.95+0.15 9852+0.55  64.22 +37.48
itEcen 0 0 6.64 +9.41 0 0 0 0 22.87 +36.56
Gravel (%)
:g;";::) 4083+1476 26.39+17.08 79.43+5453 60.42+12.55 431.67+80.09 273.44+58.59 217.28+26.83 223.69 + 102.40
':';’:(‘;T 084+0.16 083025 NA 0.91+0.20 NA 0074004  021+0.10 0.26+0.23

1%
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Table 7. SIMPER analysis results for bivalve groups. Group designations are the same as in Figures 9

and 10.

Depth (m) Mid coressilt-clay (%)  Top core silt-clay (%)

Site (number of  Average Characteristic species
Group A A P 01w) Range (average * Range (average * Range (average *
i s et standard deviation) standard deviation) standard deviation)
Axinopsida serricata (7.02)
C Eureka (14) 62.86%  Ennucula tenuis (4.20) 52-70(65.6 +£9.43) 44-95.5(79.0+17.5) 25-93.8(72.7 £23.6)
juvenile Macoma species (1.70)
Eureka (5
Nuer}:ealaer(n )(7) Axinopsida serricata (3.95)
F NSAF (5) 61.83% Ennucula tenuis (1.36) 63-127(95.4+23.0) 1.28-93.5(45.6+39.2) 2.5-100 (48.0 +38.5)
Siltcoos (1) Acila castrensis (1.01)
Eureka (1
Nl;r:alaer:\ )(2) Axinopsida serricata (1.89)
H NSAF (15) 49.88% Acila castrensis (1.40) 73-133(115.3+14.9) 1.34-88.1(61.6 + 4.49) 3.4-90.8(61.8 +24.7)
Siltcoos (7) Macoma carlottensis (1.67)
G Harbor (3
ENEHARON(E) ., Nutricola lordi (7.30)
B Nehalem (2) 61.08% 3 i i 50-77(65.7+ 6.64) 0-2.35(0.176 + 0.488) 0-2.20(0.287 +0.587)
Newport (22) Axinopsida serricata (5.15)
w
Axinopsida serricata (8.46)
G Harbor (1 M lottensis (3.81
E _rays e 68.84% c_,coma caro, ensis ) 78-127(105.3+12.8) 23-62.7(49.3+3.02) 26.5-74.8(54.9+14.9)
Siltcoos (11) Acila castrensis (3.58)
Ennucula tenuis (2.80)
., Axinopsida serricata (10.49)
D Grays Harbor (3) 77.19% 7 60-63(61.3+1.53) 4.31-12.4(8.75+4.10) 4.20-9.20(7.08 + 2.60)
Macoma carlottensis (2.73)
Ennucula tenuis (3.11)
g CravsHarbor(2) ., ., Axinopsida serricata (2.74) 79-104(91.7+8.04) 1.08-27.9 (4.84+7.94) 1.50 - 18.0 (5.85 +5.01)
Nehalem (11) =" Macoma carlottensis (1.03) e ' T ' e
Acila castrensis (1.15)
A NSAF station 100 Only one station, so no similarity 122 92.1 80.2

1%



Table 8. R? values for linear and quadratic regression of species abundance (from
2010 sites) on environmental variables. Significance for whole
equation is denoted by stars: p<0.05 (*), p<0.01 (**), p<0.001 (***).

: Axinopsida  Nutricola Ennucula Macoma Acila
Parameter Fit < . g : 5
serricata lordi tenuis carlottensis castrensis
Latitude Linear 0.007 0.044* 0.021 0.012 0.005
Quadratic 0.086** 0.084** 0.055* 0.106** 0.054*
Depth (m) Linear 0.082** 0:128*** 0.034* 0.139%** 0.057**
Quadratic 0.082** 0.158%** 0.065* 0.146%** 0.116***
MGS (pum) Linear 0.003 0.204*** 0.071 0.049* 0.043*
Quadratic 0.062* 0:204%%* 0.072* 0.069* 0.046
Mid-
g Linear ~ 0.002 0.139%**  0072**  0.009 0.019
silt-clay (%)
Quadratic 0.037 0:172%** 0.080** 0.329*** 0:128***
TOC %) Linear 0.0000 0:185%** 0.041* 0.097*** 0:167***
Quadratic 0.079* 0.255*** 0.095** 0.106** 0.432***
Tem':fé)amre Linear ~ 0.004 0.019 0.059* 0.127*** 0
Quadratic 0.02 DA71*** 0A21%* 0.149*** 0.017
DO (ml/L) Linear 0.083** 0.019 0.286*** 0.0000 0.005

Quadratic 0.092** 0.028 0.348*** 0.168*** 0.014
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Figure 11. Frequency occurrence histograms of Axinopsida serricata presence based on depth, latitude, and percent
silt-clay of sediment. One Newport station, where depth was not recorded, was removed from total

stations for the depth histogram.
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Figure 12. Scatterplots of Axinopsida serricata abundance in relation to environmental variables.
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Figure 15. Frequency occurrence histograms of Ennucula tenuis presence based on depth, latitude, and percent
silt-clay of sediment. One Newport station, where depth was not recorded, was removed from total

stations for the depth histogram.
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Figure 16. Scatterplots of Ennucula tenuis abundance in relation to environmental variables.

99



Frequency

Frequency

All stations, n=117 All stations, n=118 All stations, n=118

> 3
o o
=4 c
(Y] Q)
b= | 3
jo o
@ ()
& &
Depth (m) Latitude Silt-clay (%)
Macoma carlottensis present, n=69 Macoma carlottensis present, n=70 Macoma carlottensis present, n=70
oy oy
= c
[ Q)
= =
o o
(3] ()
I &

Silt-clay (%)

Depth (m)

Latitude

Figure 17. Frequency occurrence histograms of Macoma carlottensis presence based on depth, latitude, and percent
silt-clay of sediment. One Newport station, where depth was not recorded, was removed from total

stations for the depth histogram.

LS



Abundance

Abundance

Abundance

Abundance
Abundance

- - - - - s % s semmiminene see s s = . . S0 s ee wees senem meree o e

Latitude Longitude Depth (m)

Abundance
Abundance

Median grain size {(um) Silt-clay (%) Total organic carbon (%)

Macoma carlottensis

Abundance

Temperature (°C) Dissolved oxygen (ml/L)

Figure 18. Scatterplots of Macoma carlottensis abundance in relation to environmental variables.

89



Frequency

Frequency

All stations, n=117 All stations, n=118 All stations, n=118

g g
% (7]
= =
g g
&£ o
Depth (m) Latitude Silt-clay (%)
Acila castrensis present, n=71 Acila castrensis present, n=71 Acila castrensis present, n=71
z )
< =
[ [T
=] b=
o o
(3] (5
fre fir

Depth (m) Latitude Silt-clay (%)
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stations for the depth histogram.

65



Abundance

Abundance

Abundance

@ L
2 2
= =
; 2 2
¢ = =
3
I : | .
. ) t . oe?; ¥ . . 3, & ) ..,
'H i 3 i E 3 LIS R R S O CII S S S L B0 PR PR S i A

Latitude Longitude Depth (m)

Abundance
Abundance

2 X . .
0 T T ¥ il e Bl e e

-

Median grain size (pm) Silt-clay (%) Total organic carbon (%)

Abundance

el ye el LA T o o Sl e ey RO gl G G

Temperature (°C) Dissolved oxygen (ml/L)

Figure 20. Scatterplots of Acila castrensis abundance in relation to environmental variables.

? oz .v’~n' S =i e T e R E

09



Table 9. Negative binomial models for the most abundant bivalve species. Significance is denoted by stars:
p<0.05(*), p<0.01(*-k), p<0_001(***).

Species  Theta BIC (Intercept) Longitude Depth Depth’ Temp Temp® DO DO’ Silt-clay silt-clay’
Axinopsida | 133 9336 s 42737°**  21990° -0.0313%** 01524  -0.9038** 00099  -0.0006***
serricata
Std. Err. 0.2820 08802  0.0071 0.3502 0.3401 0.0081  0.0001
Ennucula
o 0976 4708  Est.  10986* 28966  -0.0039  -0.0018%** -2.1382°** 21105** 15734%* 15767*** 0.0376%* -0.0007***
Std. Err. 0.4794 15090 00127 00003 06122 06592 05103 04443 00137  0.0002
Macoma ;o050 4264 Est.  25575%%% -0.7259%* 01524  -1.5077** 0.0164** -0.0013***
carlottensis
Std. Err. 0.2274 0.2568 02519 05102  0.0050  0.0002
Acila
1497 4012 Est.  2.4837*** 0.0286*** -0.0021*** 0.0159*** -0.0008***
castrensis
std. Err. 0.2679 00076  0.0003 0.0045  0.0002
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4. DISCUSSION

4.1. Sediment type and bivalve assemblages

Although sediment was expected to be a major influence on bivalve presence and
abundance, it did not hold true that all sites with similar sediment characteristics
contained the same bivalve assemblages. The southern sites (NSAF, Eureka, and
Siltcoos) tended to have sediment which was, on average, at least 50% silt-clay; these
sites did look similar in their average bivalve assemblages. However, stations in these
sites generally fell into one of three bivalve assemblage groups: shallow, very silty
stations (Eureka); mid-depth, sand/silt mix stations (Siltcoos); and deep stations with
sand/silt mix to mostly silty sediment (Siltcoos and NSAF). It appears that, at least for
characteristic bivalve assemblages within relatively silty areas, differences in distribution
were more representative of differences in depth than differences in actual percent silt-
clay.

Within the very sandy sites (Newport, Nehalem), there were also large differences
in bivalve assemblages between sites. Although Newport and Nehalem displayed similar
sediment characteristics (<4% silt-clay top core, <1.5% silt-clay mid-core), and were also
extremely similar in regards to all other examined environmental variables, they
displayed very different bivalve assemblages. The additional sandy site sampled in 2012
corroborates the importance of even small amounts of silt-clay in sandy sediment: both
the sediment (<1% silt-clay) and bivalve assemblage (dominated by Nutricola lordi) at
Cape Perpetua were more similar to Newport than to Nehalem. Ultimately, within sandy
areas, differences in observed bivalve assemblages were reflective of differences in actual
percent silt-clay of sediment. The difference in sediment did not need to be large — here, a
change from 0% to less than 4% silt-clay was associated with a complete change in

bivalve assemblage.
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4.2. Latitude and bivalve richness

Although the latitudinal range covered in the BOEM surveys wasn’t exceptionally
large, it did cover a substantial portion of the US west coast continental shelf. As such, it
was expected that if any trend was observed, it would be that bivalve richness (number of
bivalve species) would be highest at the southernmost site and decrease northward.
However, for the 2010 data, bivalve richness actually showed a general increase from
south to north, with the exception of Newport, which had very low richness. In fact, the
northernmost site (Grays Harbor) contained the greatest number of bivalve species.

Interestingly, Roy et al. (2000) found that for bivalves in general, and infaunal
bivalves in particular, although the general trend is decreasing richness towards the pole,
there is actually a slight increase in richness between 45 and 50 degrees north. Grays
Harbor falls within this range, so it is possible that the richness of this site is not due
solely to the diversity of habitats sampled (including the only gravel stations), but rather
in line with larger scale patterns of infaunal bivalve richness. High richness in this
latitudinal area could be due an overlap of arctic and temperate marine ecoregions (e.g.
Spalding et al. 2007): bivalve species usually found in the Alaskan/Arctic ecoregions
could have traveled south into the Oregon/Washington ecoregion. Although, if
overlapping ecoregions was the cause for increased richness, the ecoregion-adjacent sites
of NSAF and Eureka would be expected to have relatively high richness, which was not
the case.

When the two 2012 sites are considered with the six 2010 sites, the original
pattern becomes less clear, although Grays Harbor still contained the highest bivalve
richness. Richness at Cape Perpetua was relatively low, like Newport, not surprising
since both sites contained similar sediment and bivalve assemblages. Coquille displayed
much lower richness than Siltcoos, which was the closest site in terms of latitude. This
could be due to the presence of gravel stations at Coquille, which generally contained
fewer bivalves than sand/silt stations and fewer bivalves compared to the Grays Harbor

gravel stations in particular.
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4.4. Dominant bivalve species

Abiotic models did not fit well for the most abundant bivalve species. Axinopsida
serricata was found in high abundance throughout the survey range, and seems to be a
habitat generalist, so an environmental model of habitat variables was not able to
effectively describe patterns in abundance. Models for Ennucula tenuis, Macoma
carlottensis, and Acila castrensis displayed poor fit due to pre-existing clustering in the
abundance data which could not be adequately explained by the examined environmental
variables. For these three species, broad habitat limitations/preferences appear to exist,
but biotic interactions or unexamined abiotic interactions are likely influential in
structuring abundance patterns within generally favorable habitat. In the following
discussion, | focus on the associations of species’ abundance with environmental
variables to the extent that such associations appear to exist and are useful in describing
distribution patterns. This thesis is limited to the analysis of abiotic factors, but fully
acknowledges that for the majority of the most abundant bivalve species, biotic or
unexamined abiotic interactions are necessary components in adequately describing

spatial patterns of species abundance.

4.4.1. Axinopsida serricata

Axinopsida serricata was the most abundant bivalve observed across all 118
BOEM stations sampled in 2010. It was the dominant bivalve species at every site except
Newport, with the highest average abundance observed at Siltcoos. The species was
found at nearly every station and displayed no apparent habitat restrictions in regards to
any of the individual environmental variables considered.

As would be expected of a widespread, abundant species, Axinopsida serricata
was a characteristic species for every unique bivalve assemblage, except the assemblage
found at a single NSAF station. In fact, although characteristic abundance varied from

assemblage to assemblage, Axinopsida serricata was the most abundant characteristic
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bivalve for every assemblage except the Newport assemblage (for which Nutricola lordi
was the most abundant characteristic bivalve).

Axinopsida serricata appears to be a habitat generalist, with few or no restrictions
in regards to examined environmental variables. Although the abundance data for this
species wasn’t as clustered as it was for the other species, the residual plot of the negative
binomial model suggested that the mean of the residuals was slightly below zero (a well-
fitting model should produce a residual plot with points randomly scattered but centered
around zero). Therefore, the model was not the best fit for the Axinopsida serricata
abundance data. As would be expected of a generalist species, environmental variables
were inadequate to properly model abundance patterns of the species. Since abiotic,
environmental factors do not appear to limit abundance within the survey range, it is
likely that other factors, such as food availability or abundance of predators, would more
accurately model and describe abundance patterns for Axinopsida serricata.

Axinopsida serricata is a suspension feeder (Dufour 2005, Macdonald et al. 2010)
and therefore might be expected to be found primarily in sand. However, since many
species can switch feeding guilds (Snelgrove and Butman 1994) and multiple feeding
guilds can utilize the same food source (Kamermans 1994), a strict suspension
feeder/sand versus deposit feeder/silt split is unlikely and overlap between feeding guilds
in a habitat is certainly possible (Snelgrove and Butman 1994). Therefore, being a
suspension feeder does not necessarily mean that Axinopsida serricata should be
restricted to sandy areas.

Although Axinopsida serricata is determined here to be a habitat generalist, this
conclusion applies only to the spatial extent covered in these surveys. Essentially the
entire range of soft-sediment habitat was sampled (100% sand to 100% silt), so referring
to Axinopsida serricata as a soft-sediment habitat generalist is appropriate. (Although the
focus of this thesis is on soft-sediment habitats, it should be noted that Axinopsida
serricata was rarely observed in areas with gravel, possibly because its small size and
delicate shell make it too fragile for non-soft-sediment habitats.) Stations shallower than
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50 meters or deeper than 133 meters were not sampled, so this survey cannot speak to
possible depth limitation outside this depth range.

Fortunately, previous research about the spatial distribution of this species
corroborates the characterization of Axinopsida serricata as a (soft-sediment) habitat
generalist. Lie (1968) noted that the distribution of Axinopsida serricata couldn’t be
explained by either depth or sediment type in the Puget Sound — the species was found in
all areas sampled. Likewise, Lie and Kisker (1970) found that Axinopsida serricata was
present in all three described benthic infaunal communities (deep water mud-bottom,
intermediate depth sand-bottom, and shallow water sand-bottom) on the continental shelf
off Washington. These described communities covered a greater depth range than did the
BOEM sites, suggesting depth limitation for Axinopsida serricata is unlikely.

Latitudinal restrictions, however, remain a possibility. Although a relatively large
range of coastline was covered in the BOEM surveys, sites generally fell within the
Oregon/Washington/Vancouver Coast ecoregion. A 2003 survey by the Environmental
Protection Agency (EPA) of the continental shelf for the entire US West Coast (Nelson et
al. 2008) suggested a latitudinal pattern of increasing abundance poleward for Axinopsida
serricata, which is most apparent outside the latitudinal range covered by the BOEM
surveys. In the EPA survey, Axinopsida serricata displayed lower abundances in the
Southern California Bight/Northern California ecoregions and higher abundances in the
Oregon/Washington/VVancouver Coast ecoregion, with the highest abundances observed
north of the Grays Harbor site sampled during the BOEM survey. In the BOEM surveys,
although Axinopsida serricata abundance did not display a strong association with
latitude, the species did exhibit relatively low abundances at the southernmost site of
NSAF, which could be a reflection of the transition from the

Oregon/Washington/Vancouver Coast ecoregion to the Northern California ecoregion.
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4.4.2. Nutricola lordi

Nutricola lordi was observed primarily at Newport, with both the highest relative
abundance and highest absolute abundance observed at that site. This species was
especially unique because despite its limited range, it was the second most abundant
bivalve across all six 2010 sites. Compared to the other abundant species considered,
Nutricola lordi appeared to be the most specialized in terms of habitat.

Although Nutricola lordi was observed primarily at a mid-latitude site (Newport),
the SIMPER results support the conclusion that Nutricola lordi is restricted by sediment
type (<1-2% silt-clay), rather than latitude in particular: the Newport SIMPER group (i.e.
the bivalve assemblage dominated by Nutricola lordi) also included two Nehalem
stations and three Grays Harbor stations which were different in latitude but very similar
in sediment type. The SIMPER assemblage results also support the conclusion that it is
sediment, rather than depth, which was most influential: Grays Harbor stations of a
similar depth to Newport, but with different sediment, were not included in the Newport-
dominated Nutricola lordi assemblage group.

The very different bivalve assemblages at Newport and Nehalem provide support
for the theory that Nutricola lordi is restricted by sediment to very sandy (<1-2% silt-
clay) areas. Nutricola lordi was very abundant at Newport but essentially absent at
Nehalem even though the sites were very similar in terms of environmental variables,
with only a small difference in sediment type: Newport had an average of 0.05% silt-clay
(top core and mid-core) and Nehalem sediment averages ranged from 1.48% (mid-core)
to 3.91% (top core) silt-clay. Based on the differences in overall bivalve assemblages and
Nutricola lordi abundance between the two sites, Nutricola lordi seems limited to sandy
sediment with essentially no silt-clay (generally less than 1-2% silt-clay).

This theory is further corroborated by data from the regional survey conducted by
the EPA in 2003 (Nelson et al. 2008). In that survey, Nutricola lordi was found at only a
few stations, which were spread across a range of latitudes and other environmental

variables. Percent silt was the only meaningful common factor among stations: as in the
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BOEM survey, Nutricola lordi was observed only in stations with very low silt (nearly
100% sand).

Because nearly all high abundances of Nutricola lordi were observed in <1% silt-
clay, differences in MGS better reflect actual differences in abundance within these very
sandy areas. For instance, within the Newport stations with 0% silt-clay, there was a
difference of over 150 pm between the smallest and largest MGS. The differences in
MGS within Newport and Cape Perpetua, and between these two sites, suggest a
potential optimal sand grain size for Nutricola lordi: the highest abundances were
observed in stations with 250-300 um MGS, and there was a general trend of decreased
abundance above 400 um. Thus, the larger MGS at Cape Perpetua can explain the lower
average abundance of Nutricola lordi at that site compared to Newport. It seems that
while silt-clay is an indicator of presence/absence of Nutricola lordi, MGS is the best
environmental predictor of Nutricola lordi abundance within very sandy (<1% silt-clay)
areas.

The habitat limitation of Nutricola lordi may be related to its feeding guild.
Suspension feeders are generally assumed to be generalists in regards to food (likely
because many are sessile) whereas deposit feeders are more specialized (likely because
they are often more mobile) (Levinton 1972, Olafsson 1986). Consequently, as Olafsson
(1986) put it: “while deposit-feeder population densities should be closely related to
variables concerned with food availability, i.e. density-dependent regulation, suspension-
feeder populations should be more related to physical characteristics of the sediment-
water interface, i.e. non-density dependence.” Since Nutricola lordi functions as a
suspension feeder (Macdonald et al. 2010), it is not unexpected that its abundance would
be strongly associated with abiotic, environmental parameters. (Although clearly, the
association is not universal — both Axinopsida serricata and Nutricola lordi are
suspension feeders, but appear to be habitat generalist and specialist species,

respectively.)
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Although sediment type seems to be influential on the distribution of Nutricola
lordi, the reproductive strategy of this species could also contribute to the limited spatial
range of this species observed in the BOEM survey. Although there is little direct
information about the life history of Nutricola lordi, closely related species have been
studied in more detail and can provide information about likely characteristics of
Nutricola lordi. For example, a well-studied bivalve in the same family, Gemma gemma,
has no pelagic stage, but rather broods its young, skipping an independent larval stage
and being released as fully-shelled infaunal juveniles (Sellmer 1967). Consequently,
dispersal is a result of juvenile and adult movement via passive bedload and suspended
load transport, which is reflected in local abundances (Commito et al. 1995). Likewise,
two species in the same genus as Nutricola lordi — Nutricola tantilla and Nutricola
confusa — are also brooding bivalves (Geraghty et al. 2008), so dispersal is entirely due to
juvenile and adult travel. Therefore, it is likely that Nutricola lordi also lacks a pelagic
larval stage, in which case, limited range would be expected.

Since these conclusions are based on observational data, sediment preference
experiments would be required to demonstrate a causal link between variable Nutricola
lordi abundance in sand, and Nutricola lordi absence in silt. In such an experiment,
Nutricola lordi larvae would be given a choice of sediment upon which to settle and
preferences would be recorded. Such experiments could also test whether it is some other
property of sediment, besides lack of silt and grain size (i.e. biological or chemical cues)
which make this type of sediment attractive for the species (see Gray 1974 for a review of
the general methods of such experiments). Experiments such as these would be able to
separate preferable sediment from limited dispersal range in terms of which property is
more important in determining Nutricola lordi abundance.

In summary, based on the above discussion, I conclude that Nutricola lordi is
likely restricted by sediment type to very sandy (<1-2% silt-clay) environments; within

these areas, abundance is governed primarily by median grain size.
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4.4.3. Ennucula tenuis

Ennucula tenuis was the third most abundant bivalve in the 2010 BOEM survey.
The highest abundances were found at relatively shallow (60-80 m), very silty stations,
which was somewhat unusual since, aside from Eureka, shallow stations were typically
sandier. Ennucula tenuis distribution appeared to follow a hierarchy of habitat
preferences. Based on the patterns observed in exploratory plots, depth was the first
criteria, followed by sediment type: Ennucula tenuis was generally found in areas
shallower than 110 meters and within that depth range, it was observed in sediment with
>1% silt-clay.

It is unclear whether Ennucula tenuis has a planktonic larval stage during which
depth and sediment would be important for settlement preference. Thorson (1936) noted
that the species is either non-pelagic or has only a very short pelagic stage. Information
from the genus and family level does little to resolve the issue. Some sublittoral species
from the same family as Ennucula tenuis have a planktonic larval stage (Nucula proxima
and Nucula annulata) while others undergo direct development without a pelagic stage
(Nucula delphinodonta) and a deep-sea species from the same genus (Ennucula similis)
undergoes direct development with no pelagic stage (Schetlema and Williams 2009).
Without further information or experiments about the possible pelagic stage of Ennucula
tenuis larvae, it is difficult to say whether the absence of this species in sand is due to a
larval settlement preference or some other factor.

For instance, the apparent sediment restriction could be due to competition with
other bivalve species. At an assemblage level, the Siltcoos- and Nehalem-dominated
groups (E and G) were characterized by the same four species (Axinopsida serricata,
Macoma carlottensis, Acila castrensis, and Ennucula tenuis), but Ennucula tenuis was
respectively the least abundant and most abundant characteristic bivalve, even though
there were similar abundances of it in both groups. The abundance patterns could be a
result of Ennucula tenuis outcompeting other common bivalve species in sandier

environments (such as Nehalem) as long as there was >1% silt-clay, since as a deposit
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feeder (Koulouri et al. 2006, Macdonald et al. 2010), it would likely be at a disadvantage
in pure sand environments due to decreased TOC.

Although depth and sediment restrictions are most easily identified, distribution
patterns could also be associated with water column variables. Both temperature and DO
terms were included in the Ennucula tenuis model and, since the variables were
correlated with one another, it is not possible to conclude which is of primary importance.
However, given that DO alone explained almost 30% of variability in abundance of
Ennucula tenuis — more than twice the variability that temperature explained alone — DO
may be more influential in determining spatial variability for this species. Patterns in DO
can also explain the apparent depth limitation, since deeper stations tended to have lower
DO than shallower stations. However, since this is only an observational study,
laboratory experiments would be required to determine threshold concentrations of DO
for this species as well as possible subsequent behavioral effects, such as reduction of

burial depth.

4.4.4. Macoma carlottensis

Macoma carlottensis was the fourth most abundant bivalve observed across the
six 2010 BOEM sites. The highest absolute abundances for this species were observed at
Siltcoos, but certain stations at Grays Harbor also contained high abundances of Macoma
carlottensis. Due to its relatively wide range in regards to environmental variables,
characteristic average abundances were observed in four unique bivalve assemblages,
with the highest characteristic abundance in the Siltcoos-dominated SIMPER group, as
would be expected.

The instances of abundant Macoma carlottensis at the two very different sites of
Siltcoos (deep, sand/silt mix) and Grays Harbor (shallow, sandy) can be explained by the
feeding method of Macoma carlottensis, which can function as both a suspension feeder
and a deposit feeder (Bright and Ellis 1989, Todd 2001, Macdonald et al. 2010). Olafsson
(1986) found that the closely related species Macoma balthica functioned as a deposit
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feeder in muddy sediment and a suspension feeder in sandy sediment. The abundant
Macoma carlottensis at the shallow, sandy Grays Harbor stations likely function as
suspension feeders and can be considered a separate type of population than that
observed at Siltcoos.

Outside the Grays Harbor population, it appeared as though the spatial pattern of
Macoma carlottensis could be partially explained by percent silt-clay of sediment:
Macoma carlottensis was found primarily in areas where sediment was comprised of a
relatively equal mix of sand and silt (i.e. Siltcoos), and generally not found in areas which
were very silty. The inclusion and significance of silt-clay terms into the Macoma
carlottensis model lend support to the importance of sediment in regards to abundance
distribution. Although depth was not included in the models, it was highly correlated with
percent silt-clay. Since silt-clay was associated with abundance, depth was also expected
to be associated with abundance distribution. However, considering these results in light
of the variable feeding guild of Macoma carlottensis, sediment characteristics are likely
more influential than depth and latitude: difference in feeding guild can explain Macoma
carlottensis populations in different types of sediment, but differences in depth, while
correlated with differences in sediment, are unlikely to be influential per se on
abundance.

Given the Grays Harbor (sandy) and Siltcoos (sand/silt mix) populations, the
absence of a Macoma carlottensis population in silty areas suggests some other factor
may be working in conjunction with silt-clay to drive spatial distribution. This concept
has been noted previously: Lie (1968) found that although Macoma carlottensis did seem
to show a preference for fine sediment over coarse sediment, sediment type could not
entirely explain its distribution. Additionally, Dunnill and Ellis (1969) found that of 13
Macoma species, Macoma carlottensis was the “most tolerant” of changes in sediment
type.

Differences in TOC could explain the observed variations in Macoma carlottensis
abundance in sand/silt and silty areas. Although TOC was dropped from model analysis



73

due to high correlation with other variables, it was significantly positively correlated with
silt-clay and could potentially be the sediment variable of primary importance for this
species. For instance, Macoma carlottensis was observed primarily at Siltcoos, the site
which had the highest average TOC as well as the most equal mix of silt-clay and sand.
In the 2010 BOEM survey, there was not much change in average TOC observed in
sediments with 40-100% silt-clay. Therefore, there was no advantage from a deposit
feeding perspective to prefer a higher percentage of silt-clay over 40-50%. A TOC-rich
sand/silt mix could provide an advantage to a species which could switch feeding
methods: rather than being restricted to a certain feeding guild by its sediment
environment, a mix of sand and silt would allow Macoma carlottensis to base its feeding
mode on food availability instead. Depending on whether water column particles or
sediment-based particles were more plentiful at any given time, Macoma carlottensis
could function as either a suspension feeder or deposit feeder. In a mixed sediment
environment, the ability to switch feeding guilds could confer a competitive advantage
against other bivalves, which may be more restricted in their feeding methods, or simply

be a way to take advantage of open niche space.

4.45. Acila castrensis

Acila castrensis was the fifth most abundant bivalve observed across the six 2010
BOEM sites. Although Acila castrensis was relatively most abundant at NSAF, the
highest absolute abundances were observed at Siltcoos. This species was most rare at
Newport. As a result, Acila castrensis was observed primarily between 100-120 meters
and 40-70% silt-clay.

The model for Acila castrensis was comprised entirely of depth and silt-clay
terms. Acila castrensis has a pelagic development stage (Zardus and Morse 1998), so
depth and sediment type would play a role in where larvae settle. Since Acila castrensis is
a deposit feeding bivalve (Stasek 1961, Todd 2001, Macdonald et al. 2010), TOC would
also play an important role in post-settlement growth and survival. Although excluded
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from the modeling process, TOC was significantly positively correlated with silt-clay and
a quadratic equation of TOC alone explained about 43% of the variability in abundance
of Acila castrensis.

In an observational study such as this, it isn’t possible to definitively conclude
which of the three correlated variables — depth, silt-clay, TOC — is the primary influence
on abundance distribution for this species. However, I hypothesize that the apparent
depth and sediment limitation could be due to a preference for higher TOC. In the BOEM
survey, the depth range where Acila castrensis was observed was the depth range of the
non-sandy (40-100% silt-clay) stations — a sediment preference could explain the
apparent depth restriction. Likewise, observing Acila castrensis primarily in 40-70% silt-
clay could be due to the TOC in the sediment: generally, higher abundances of Acila
castrensis were associated with higher TOC, but there was not much change in average
TOC in sediment with over 40% silt-clay.

More generally, it could be that while depth and sediment are predictors of Acila
castrensis presence/absence, abundance of adult populations is associated with amount of
TOC in the sediment. The association between deposit feeding species and TOC is well-
established. As noted previously, deposit feeders are likely regulated by density
dependence and/or food availability (Levinton 1972, Olafsson 1986), and TOC is
certainly a food source for deposit feeders (Lopez and Levinton 1987). TOC is often
correlated with the distribution of benthic species and benthic communities (e.g.
Longbottom 1970, Santhanam 2009) and has been hypothesized to be the actual causal
factor responsible for the correlation of grain size with species distribution (Sanders
1958, Snelgrove and Butman 1994).

4.3 Variables for individual species versus bivalve assemblages

The spatial distribution of the most abundant bivalve species appeared to be
influenced to some extent by sediment type, except for Axinopsida serricata, which
appeared to be a true generalist within soft-sediment habitat. Nutricola lordi displayed
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strict sediment limitations (<1-2% silt-clay) while Macoma carlottensis appeared to have
two types of populations: those in sandy areas and those in sand/silt mix areas. The
species Ennucula tenuis and Acila castrensis were associated with specific depth ranges
as well as sediment type, with differences in DO and TOC, respectively, potentially
further explaining variations in observed abundance.

Based on the BIO-ENV analysis, MGS, depth, and longitude had the highest
correlation with all observed bivalve species, across sites. Given the importance of
sediment to infaunal bivalve distribution in general, and the examined species in
particular, it was expected that some measure of sediment type would be included in the
best correlation. Both MGS and silt-clay are measures of sediment composition, but they
are not exactly the same. MGS is representative of the average particle size, rather than
percent sediment type, which can sometimes mask small changes in silt-clay: for
instance, a change from 0.5% to 2% silt-clay is a four-fold difference, easily observed in
a percentage scale and perhaps of great practical significance to a bivalve species, but the
change in silt-clay would have only a small, even negligible, impact on the MGS.
Although MGS is sometimes poor at reflecting changes in small particles, it does
incorporate variability which can be masked by categorizing sediment as “sand,” which
encompasses a range of grain sizes, from fine sand to very coarse sand (Wentworth
1922). While it is true that MGS sometimes fails to reflect practical differences in
sediment type, the measure of particle size does incorporate percent silt-clay as well as
differences in sand grains. Therefore, it’s not entirely unexpected that MGS, rather than
silt-clay, would be the primary sediment characteristic best correlated to distribution of
all bivalves.

The inclusion of longitude presents an interesting case. The variable was
apparently important for all bivalve species throughout the BOEM survey (i.e. included
in the best BIO-ENV correlation), as well as specifically associated with some of the
individual species assessed (i.e. included in the species models). Longitude is likely
associated with distribution because it is reflective of distance offshore along the
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coastline. Since depth is a function of distance from shore, depth can be considered to
vary with longitude. Furthermore, because the coastline curves and the shelf width is not
constant, this depth/longitude relationship varies with latitude. However, latitude was
never included as an important variable in the BIO-ENV output. Additionally, if
longitude was reflecting how depth varies with distance from shore (which varies with
latitude) depth wouldn’t necessarily also be included as a single variable. Either depth is
important enough to be present in two forms, perhaps masking the latitudinal variability,
or longitude must incorporate a variety of factors not otherwise included. These factors
could include shelf width itself, which is linked to riverine input (Chase et al. 2007) and
primary production (Chase et al. 2005).

4.5 Limits to models and analysis

There are multiple possible drivers of spatial differences in species abundance.
Generally, factors influential on community composition and species abundance can be
considered bottom-up forces, such as resource availability or environmental factors, or
top-down forces, such as predation (Hairston et al. 1960). These two types of forces are
not mutually exclusive and communities are often impacted by a combination of both
types of drivers (Hunter and Price 1992).

In the case of this research, which focuses on bottom-up/abiotic factors, top-
down/biotic forces constitute important missing variables, especially since competition
and predation can have a large effect on the spatial distribution of soft-sediment infauna
(Wilson 1991). For bivalves specifically, distribution could be patchy or clumped due to
biotic factors such as limited dispersal distance, due to lack of a pelagic stage or certain
pelagic life history characteristics (Shanks 2009), or presence of conspecifics as a
positive settlement cue (Tamburri et al. 1996). For juvenile and adult bivalves,
intraspecific competition can strongly affect species’ populations (e.g. Vincent et al.
1994).
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Given the absence of intra- and inter-species interaction information for all sites,
and hence biotic predictor data for all bivalve species examined, the relative variability
explained by the environmental variables for each species gives an indication of not only
which variables matter, but to what extent environmental variables in general are
important for a particular species. That is, if physical variables can’t explain most of the
variation (i.e. an abiotic model isn’t a good fit for the data), then biotic factors are likely
influential in determining species’ spatial distribution. However, since the five bivalves
assessed here are for the most part unstudied, the necessary life history data to construct a
better model would require extensive experimentation beyond the scope of these
observational BOEM surveys and this thesis.

While biotic factors likely play a role, there is also the possibility that other
abiotic factors, not investigated during the BOEM surveys and hence not included as
explanatory variables in the models, would be strongly associated with species
distribution and better able to describe patterns in species abundance. As noted
previously, flow conditions can affect larval choice of habitat and settlement (Snelgrove
et al. 1993, Abelson and Denny 1997, Snelgrove et al. 1998) possibly by resuspending
larvae which subsequently act like passive particles (Butman et al. 1988). In fact, it has
been argued that bottom flow, rather than grain size or sediment type, is the main
determinant of spatial distribution for infaunal species. In a review paper, Snelgrove and
Butman (1994) contend that since grain size is a “super parameter” (Jansson 1976) —
with covariates including amount of organic matter, pore-water chemistry, and microbial
presence — it is the covariate factors, rather than grain size, that are most likely the actual
casual factors influencing distribution. Furthermore, because these covariate factors are
all impacted by the hydrological regime — particularly boundary-layer and near-bed flow
— it is flow conditions that ultimately drive spatial distribution (Snelgrove and Butman
1994).
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Even if bottom flow isn’t responsible for spatial distribution via impacts on grain
size covariates, it might account for the strong relationship between species distribution
and sediment in another way. Snelgrove and Butman (1994) note:

“...larvae may be deposited onto the seabed as passive particles...if
characteristics of passive larvae and transported sediment grains (e.g. size,
specific gravity, and gravitational fall velocity) are similar, then larvae and
sediment could be hydrodynamically sorted in a similar manner...resulting in
distinct animal-sediment associations. This mechanism...explicitly accounts for
correlations between infauna and grain-size distributions, but grain size per se is
irrelevant in producing the pattern.”

Therefore, variability in larval forms and larval transport may also constitute missing
variables important for explaining spatial distribution of benthic infauna.

Near-bottom flow and bedload transport also affect post-settlement dispersal of
juveniles (e.g. Sigurdsson et al. 1976, Lundquist et al. 2004) which has large impacts on
patterns of adult distribution (Jennings and Hunt 2009). For settled bivalves, current
speed of the boundary layer affects growth via food availability (Wildish and
Kristmanson 1984): reduced flow means reduced food availability which in turn is
associated with reduced growth. Furthermore, along with current speed, vertical mixing
also plays a role (Frechette et al. 1993).

Ultimately, although the environmental variables assessed here are useful, there
are inevitably other variables — whether measures of biotic interactions or abiotic factors,
especially those at the small scale of the water/sediment interface — that have a large
impact on the distribution and abundance patterns of benthic infauna, such as the bivalves
discussed here. The missing variables do not necessarily detract from the conclusions
drawn here, but rather emphasize the need for further research in order to better
understand and describe the causal factors driving differences in spatial distribution for
these species.

With the right explanatory variables (identified through extensive laboratory
experiments), it would be possible to extend the species’ models here to become

predictive models, intended for more widespread practical use. Along with negative



binomial models, there are other, more complex, statistical methods available for
modeling species distribution (e.g. Legendre et al. 1997, Thrush et al. 2003, Anderson
2008). For example, generalized additive models could prove useful for the species

discussed here (see Meynard and Quinn 2007) .
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5. RESEARCH SIGNIFICANCE

The oceanic environment is not static. Ocean conditions are changing globally,
regionally, and locally — not only in response to changes in seasonal, inter-annual, or
decadal environmental conditions but also in response to anthropogenic impacts (Boyd
and Hutchins 2012). As climate change becomes a global issue (e.g. IPCC 2007), new
and emerging “green” technologies are becoming highly sought after to meet energy
demands.

The Oregon Renewable Portfolio Standard (RPS), enacted in 2007, requires
Oregon large utilities to provide 25% of their electricity from renewable energy sources
by 2025. To be on track for this goal, the RPS has a target of 15% renewable energy by
2015 (ODOE 2013). Large utilities in Oregon are primarily using wind energy to meet
renewable demands but will need to increase renewable projects in order to meet the
2015 target (PacifiCorp 2012, Sickinger 2012). Wave energy is one renewable source that
has the potential to meet these energy needs: the Pacific Northwest has substantial wave
energy potential (Tillotson and Komar 1997, Lenee-Bluhm et al. 2011), with Oregon
alone estimated to have 179 TWh/yr of available wave energy along the outer continental
shelf and 143 TWh/yr along the inner shelf (EPRI 2011). Technical limitations restrict
the amount of energy practically available, with about 42% of available wave energy
along the US west coast estimated to be recoverable (EPRI 2011). Given that 1 TWh/yr
can supply 93,850 homes with electricity for a year (BOEM 2013), a large amount of
wave energy is available along Oregon’s coast, even with only a portion of potential
energy recoverable.

Ocean wave energy conversion (WEC) devices are expected to have a significant
ecological impact on the benthic environment. Direct effects include the alteration of the
local hydrological regime, which may in turn alter local sediment transport dynamics and
increase turbidity (Gill 2005, Cada et al. 2007). This disturbance, analogous to
dredging/fishing disturbance, will likely cause a loss of sedentary infauna at local scales
(Gill 2005). Additionally, sediment transport which alters neighboring habitats has the
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potential to change the spatial distribution of local species as well as to attract new
species to the area. These impacts are not limited to benthic infauna: decreases in
abundance or changes in the spatial distribution of lower trophic levels will impact higher
level predatory species (Gill 2005), which could in turn further affect their infaunal prey.
These impacts are generally applicable to benthic environments; however, exact
ecological responses will necessarily be site-specific. For some areas, impacts due to
WEC projects are expected to be small compared to naturally occurring spatial and
temporal variations (Langhamer 2010).

Although impacts due to WEC devices may be small compared to natural
variations, these impacts are not occurring in a vacuum, but in conjunction with a host of
other anthropogenic impacts. Benthic communities are expected to be under considerable
pressure with predicted changes in seawater pH and temperature. Hale et al. (2011)
concluded that “ocean acidification induced changes in marine biodiversity will be driven
by differential vulnerability within and between different taxonomical groups,” with
molluscs displaying the greatest vulnerability, in terms of abundance and diversity, to
decreased pH and increased temperature. Furthermore, benthic responses are predicted to
vary according to sediment type, with impacts occurring faster and to a greater extent on
organisms in sandy sediment than organisms in muddy sediment (Widdicombe et al.
2008). Changes in abundance and diversity at multiple taxonomic levels will have far-
reaching impacts, as a decrease in abundance of keystone species and/or ecosystem
engineers will greatly change broad-scale community dynamics (Hale et al. 2011). In
addition to the impacts of climate change, coastal zones (the locations of WEC sites) are
often already highly impacted by human activities such as fisheries development, oil and
gas production, nutrient pollution and eutrophication, and hypoxic events; wave energy
development will add to the already substantial pressures faced by coastal ecosystems
(Gill 2005). Given the large number of pressures already affecting potential WEC sites,
cumulative impacts are an important aspect of WEC devices which will need to be
considered (Cada et al. 2007).
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In light of the complex interplay of potential impacts, prospective WEC sites need
a significant amount of baseline research in order to assess site suitability as well as
identify impacts following installation so that mitigation plans can be executed. Regional
surveys about spatial variation in factors of interest can provide baseline data as well as
inform possible outcomes of WEC impacts. Characterizing benthic habitats and
communities is useful not only for providing a snapshot of current benthic composition,
as discussed here, but also for providing baseline data which will be useful for future
environmental assessments and environmental impact statements. For example,
alterations in local benthic substrate may change available habitat at a small scale. If
species-specific relationships with sediment are known, potential changes in local bivalve
assemblages can be predicted. For instance, species such as Nutricola lordi which are
sensitive to even small amounts of silt-clay in sediment may be expected to be more
vulnerable to, or impacted by, changes in local substrate. Conversely, species with broad
tolerances to soft-sediment types, such as Axinopsida serricata, may be expected to be
robust to localized sediment alterations.

Furthermore, site selection, baseline data collection, and continual monitoring are
expensive and labor-intensive tasks, so the “transferability” of sample data — whether the
collected data would be applicable to, or representative of, another site with similar
environmental variables — is of great interest. It is in this context that understanding the
environmental characteristics associated with bivalve assemblages and/or individual
species becomes important. In the BOEM surveys, the Newport/Nehalem difference
serves as a cautionary tale about using a broad sediment type (e.g. sand, <4% silt-clay) as
a defining characteristic for a bivalve assemblage: although both sites fit this sediment
criteria, the benthic bivalve assemblages were very different, which can be attributed
primarily to the presence of a single species, Nutricola lordi. When selecting control sites
or using pre-existing samples within sand-dominated areas (<10% silt-clay), exact
percent silt-clay of the sediment is the main factor (rather than depth or latitude) to

consider when bivalve assemblages are of interest. Conversely, within silt-dominated
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environments (>50% silt-clay), depth is a more useful predictor of bivalve assemblages
than exact percent silt-clay. Consequently, control/proxy sites of a similar depth to an
experimental site of interest likely contain a more similar bivalve assemblage than
control/proxy sites selected to match exact latitude or sediment characteristics. Designing
experiments with these factors in mind may increase the number of useful control/proxy

sites available to researchers.



84
6. CONCLUSION

Along the continental shelf of the Pacific Northwest, sediment type seems to be
more influential in determining distribution of bivalve assemblages than latitude or depth.
For sandy areas, small differences in percent silt-clay were associated with a complete
change in the observed bivalve assemblage. Conversely, within silty areas, similarity in
depth was more useful for distinguishing bivalve assemblages than similarity in exact
sediment composition.

Sediment type was also useful for discussions at the species level, since
assemblage composition varied at least partially due to the environmental restrictions of
certain species. For example, whereas the suspension feeding bivalve Axinopsida
serricata was a generalist and found in every bivalve assemblage observed, the
suspension feeder Nutricola lordi was a specialist, restricted to very sandy (<1-2% silt-
clay) sediment and the assemblages observed therein. Other common bivalve species
displayed more complex habitat restrictions: high abundances of the deposit feeder
Ennucula tenuis were associated with specific combinations of depth, sediment type, and
DO, while distribution of the deposit feeder Acila castrensis was most associated with
depth, sediment type, and TOC. Macoma carlottensis, which can function as either a
suspension or deposit feeder, displayed the highest abundances in sediment with an equal
mix of silt/sand and high TOC.

However, for Axinopsida serricata, Ennucula tenuis, Macoma carlottensis, and
Acila castrensis, biotic interactions or “missing” environmental variables are likely at
least as influential, if not more influential, in structuring abundance patterns as the
environmental, abiotic variables discussed here. Further consideration of potential biotic
or abiotic factors responsible for patchy distribution — e.g. conspecific settlement cues,
limited dispersal ability, boundary layer flow influence on resuspension of larvae — would
be necessary to better describe abundance patterns for each species.

The general assemblage and species-level associations discussed here are of
practical use. Predicting and understanding changes in bivalve assemblages due to human
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impacts such as wave energy devices relies upon a solid, working knowledge of current
bivalve assemblages and the distribution of the abundant, characteristic species of those
assemblages. Information about assemblages’ and species’ associations with physical,
environmental variables can inform which sites are most useful to sample, for study sites
or for control sites, as well as which previously sampled sites could serve as legitimate

proxy data.
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Results
Negative binomial model for Nutricola lordi

A negative binomial model was unable to be constructed for Nutricola lordi
because of the large number of zero values. A zero-inflated negative binomial model was
attempted to address this issue. However, because nearly all Nutricola lordi non-zero
values were for Newport, the environmental variables at the site were almost perfectly
correlated with both each other and with Nutricola lordi abundance, which impeded the
proper functioning of the model construction program. Since Nutricola lordi was the
most restricted species, in terms of range, and fairly strong conclusions could be drawn
based on exploratory analysis alone, a model was not created or discussed for this

species.
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Appendix Figure 1. Residual plots of final negative binomial models for each species.
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