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Abstract approval

The objective of this research was to improve our understanding of how

changes in the environment affect ecological processes. Change detection is often

confounded by the large variation found in ecological data due to the difficulty of

finding replicates in nature. Intertidal communities were chosen for studies of bio-

physical interactions because the physical gradients are very strong, thus creating

complex systems within spatial scales that are easily sampled. The selection of

replicate beach habitats was the first step in designing a sampling protocol for

comparative analyses of nearshore community structure. A high resolution shoreline

partitioning model was developed to quantify the physical attnbutes of homogeneous

shoreline segments and to statistically cluster replicate segments. This model was

applied at 3 locations in Washington State. A portion of the south shore of San Juan

Island was partitioned and the physical attributes quantified. Three groups of rocky

segments differing only in slope angle were selected for biological sampling. The

objective was to test the fidelity of macroalgal and invertebrate populations to replicate

bedrock shore segments. The results showed that community structure and population

abundances were more similar within groups of replicate segments (similar slopes)

than among groups (different slopes). In South Puget Sound, community structure was

compared to test for a deterministic organization of communities among replicate soft

sediment beaches in an estuary. The results showed that replicate beach segments

support similar communities, that communities become less similar as the distance
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between replicates increases, and that replicates within or among nearshore cells with

similar temperature and salinity support communities that are more similar than

replicates among cells with different water properties regardless of distance. On the

outer Olympic coast, community comparisons were made among 9 sand beaches over

a shoreline distance of 250 km. The results show that these communities are similar

within segments and within nearshore cells, but because of population abundance

fluctuations, the communities were different among cells and among years. This study

shows that processes detemiining patterns in nearshore habitats can be quantified,

which is a significant contribution to studies of habitat distribution and the siting of

marine preserves.
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UNTANGLING THE COMPLEXiTY OF NEARSHORE ECOSYSTEMS:
EXAMINING ISSUES OF SCALING AND VARIABILITY IN BENTHIC

COMMUNITIES

CHAPTER 1

GENERAL INTRODUCTION

Quantifying spatial distributions of nearshore benthic communities, and

spatially explicit comparisons of community structure are relatively new areas of

research for marine ecologists. Investigations of bio-physical interactions operating

across multiple spatial and temporal scales will help improve our understanding of

how changes in the environment affect ecological processes. This has important

implications to science and management as we struggle to sustain resource based

economies. For example, finding a method for determining the rate and spatial extent

of nearshore habitat loss and predicting the associated ecological changes in the face of

increasing human induced stresses is a challenge that requires immediate action

(Lubchenco et al., 1991).

Nearshore marine habitats serve a number of ecological functions such as

providing refugia for juvenile and adult fish, food web support, and nutrient cycling

between primary producers and higher trophic levels including seabirds and marine

mammals. The physical environment of the nearshore is defined by complex

interactions among spatially and temporally dynamic attributes such as wave energy,

substrate size, water temperature, salinity, nutrient concentrations, and processes and

patterns of coastal sediment transport. Many macroalgal and invertebrate populations

in the marine nearshore environment respond quickly to temporal and physical

gradients due to relatively short life spans. These populations, and the community

patterns they fonn at a specific place and time, may serve as indicators of change in

the marine nearshore.

Detecting change in biological communities is an inherent part of experimental

ecological research and applied monitoring programs. But change detection is often



confounded by the large variation found in ecological data. This variation is due in

part to biological interactions among populations within a community (competition,

predation, etc.), and physical gradients in space and time. Poor sampling designs will

also measure variability that obscures the signal of interest. Sampling transects and

monitoring sites are often selected and replicated randomly, haphazardly, or based on

logistical convenience without considering physical gradients and the scales of effect.

Furthermore, sampling sites selected by these methods may have no quantitative

relationship to surrounding habitats, thus making extrapolation difficult. There is a

need for well replicated, nested sampling designs that can quantify the contribution of

variation at each scale (in space or time) to the total variation among samples. Small

scale variation may be maintained by local processes but if we are interested in large-

scale patterns or long-term change, we cannot necessarily extrapolate from the

numerous studies done only at local scales. For example, no method currently exists to

statistically extrapolate biological transect data from small to larger spatial scales.

Thus, only limited inferences can be made about local communities and processes

beyond single point monitoring sites.

Many biologists became acutely aware of this dilemma during the Exxon

Valdez oil spill. In March, 1989, ecologists conducted baseline surveys of shorelines

that might be damaged by the spreading spill. The task was daunting since the

shoreline was tremendously variable both physically and biologically. With only a few

days available before the anticipated stranding of oil, intertidal flora and fauna were

surveyed at 16 sites. Site selection was based on accessibility, substrate type, and

replication along wave exposure gradients. In the Gulf of Alaska, oil stranded in

patches and none of the surveyed beaches were impacted. Thus, although important

information was gathered on a coast with virtually no baseline data, the objective of

establishing a pre-oiled condition was not achieved because no quantitative method

existed to compare the surveyed (unoiled) sites to the oiled sites. Oil spills are but one

example of a perturbation to the marine environment. Perhaps more insidious are

effects from manufacturing industries, transportation, resource extraction, and

urbanization within the coastal zone. Natural events can also be catastrophic to



nearshore communities, and separating the direct and indirect effects of an El Nino,

and seasonal or long term climatic changes, from anthropogenic perturbations remains

a challenge.

Ecologists have been criticized over the years for taking a reductionist

perspective in experimental design in attempting to isolate mechanisms of organism

behavior or patterns in distribution. These efforts persist despite the universal

acknowledgment of complex interactions within and among physical and biological

components of an ecosystem over various scales of space and time. A growing body of

work points to the increasing complexity of how we perceive ecological systems in our

research. The tools available today allow us to analyze increasingly large data sets and

our ability to interpret the results is based largely on what we know about the

organisms from studies of their behavior and responses to manipulative experiments.

The general principal that variance increases indefinitely with distance and time has

been shown by others (Bell et al., 1993). The increasing variance of any one attribute

of the ecosystem (biotic or abiotic), is bound to have an affect when all components

are interacting at different scales of space and time. How then can we generalize our

data from any point source monitoring or experimental effort? The general objective of

this work is to determine the scales of spatial generalization for biotic communities on

a variety of habitat types.

This research is presented in six chapters. This introductory chapter has stated the

significance of the study and the overall objectives. Chapter 2 describes a model for

partitioning a continuous shoreline at a 10-100 rn scale based on a suite of 12

quantifiable physical attributes of the nearshore including characteristics of the

substrate, and wave energy. This partitioning results in polygons representing different

vertical zones, nested within relatively homogeneous alongshore segments, nested

within nearshore cells representing seasonally persistent regions of uniform salinity

and water temperature. Aggregating beach partitions by these physical attributes

results in groups of replicate shore segments that can be used for tests of biological

similarity in controlled experiments, for monitoring programs requiring statistical

power to detect change over time, and for predictions across spatial scales based on



limited biological sampling. This model was tested at 3 locations in Washington State,

successfully demonstrating an effective technique for locating replicate nearshore

habitats across a diverse range of ocean and benthic environments.

Chapter 3 analyzes the fidelity of macroalgal and invertebrate populations to

bedrock shore segments with similar physical features. The segmentation model

described in Chapter 2 was used to partition a continuous shoreline into homogeneous

polygons according to a suite of physical attributes. The segments were statistically

aggregated into groups with the same or similar physical conditions. Replicate beach

segments were selected for biological sampling from the groups with the most segment

members. Large areas of shoreline can be surveyed according to this segmentation

model, whereas actual biological sampling will always be more labor intensive and

therefore limited in spatial extent. High fidelity of macroalgal and invertebrate

populations, however, would allow predictions of population abundances and

community structure to be made from a limited selection of samples to groups of

replicate beaches, thus scaling up to larger areas.

Chapter 4 presents the results of a study testing for a deterministic organization

of communities among replicate soft-sediment beach segments in an estuary. The

research examines the spatial and temporal variability of nearshore benthic macroalgae

and invertebrates in Southern Puget Sound, Washington. By partitioning a shoreline,

as described in Chapter 2, into a spatially continuous series of physically homogeneous

beach segments nested within nearshore cells of relatively uniform water quality, the

variability among nearshore benthic macrobiotic communities was minimized.

A study of the variability of infaunal abundance on sandy beaches of the

Olympic Peninsula is presented in Chapter 5. The objective of this research was to

detect spatial and temporal patterns in intertidal communities linked to persistent

patterns of nearshore and inshore oceanic processes. The intertidal zone of the

Olympic Coast National Marine Sanctuary in Washington was delineated and

partitioned into physically homogeneous segments. The high zone biota were sampled

from replicate sand beaches during the ENSO of 1997-1998 and the community



structure was compared at scales of meters within a segment and hundreds of

kilometers among segments over a shoreline distance of 250 km.

Chapter 6 summarizes the major results of this research and the implications of

oceanic-benthic linkages with regard to community structure as discussed in Chapters

2-5.



CHAPTER 2

IDENTIFYING REPLICATE HABITATS IN THE NEARSHORE: PART1TIONThTG
THE HETEROGENEITY OF COMPLEX SHORELINES

ABSTRACT

Mapping nearshore habitats and detecting change in biotic communities is

important to a variety of research efforts. Most mapping methods attempted to date are

too coarse-scaled to reflect differences in biota among shoreline types. A procedure

was needed that could describe the variation in physical forces on shoreline habitats at

a variety of spatial scales. If physical gradients within and among research Sites can be

reduced, then this should also reduce the biological variation and better enable us to

detect change in the biota. The model described here involves partitioning a

continuous shoreline at a 10-100 m scale based on a suite of 12 quantifiable physical

attributes of the nearshore including characteristics of the substrate and wave energy.

This partitioning results in polygons representing different vertical zones, nested

within relatively homogeneous alongshore segments, nested within nearshore cells

representing seasonally persistent regions of uniform salinity and water temperature.

Aggregating beach partitions by these physical attributes results in groups of replicate

shore segments that can be used for tests of biological similarity in controlled

experiments, for monitoring programs requiring statistical power to detect change over

time, and for predictions across spatial scales based on limited biological sampling.

This model was tested at 3 locations in Washington State, successfully demonstrating

an effective technique for locating replicate riearshore habitats across a diverse range

of ocean and benthic environments.
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INTRODUCTION

Ecologists have long been challenged to understand the factors that determine

structure in marine benthic communities, particularly in the nearshore (depths <10 m)

where marine systems are most noticeably affected by natural and human disturbances.

An understanding of these processes will lead to predictions of ecological responses

caused by changes in the nearshore environment. Detecting a response in community

structure is an inherent part of ecological research and applied monitoring programs.

Many scientists and resource agencies have attempted to monitor small spatial scale

intertidal and subtidal sites in hopes of finding a short term experimental response or a

long term indicator of ecosystem health, Long term monitoring presumably will

provide a statistical baseline from which a change can be detected. However, the

dynamic nature of the nearshore environment causes high spatial and temporal

variation in population abundance and community structure. Two common problems

are: 1) many monitoring and impact detection programs have confounded spatial and

temporal variation by assuming that change has occurred at an impacted site because it

is different from a control site, when really the sites were not adequately matched

(Schmitt and Osenberg, 1996; Underwood and Petraitis, 1993); and 2) results often

need to be generalized from small sample units to large areas with no consideration

given to confounding factois at different scales of inference (Dayton, 1994). These

problems need solutions before we can understand complex ecological patterns and

processes at multiple scales (Levin, 1992; Lubchenco et al., 1991).

Identification of structured spatial and temporal variation is inherent to many

ecological studies that try to establish relationships between biological patterns and

environmental phenomena (Rahel, 1990). Raufaelli et al. (1994) noted that physical

processes operate in a hierarchy and drive biological heterogeneity across a complete

range of spatio-temporal scales. The question of physical-biological coupling in the

ocean was reviewed by Denman and Powell (1984) and Mackas et al. (1985). A

generalization that emerged was that observed patterns in the deep ocean are

dominated by temporal scales of biological processes, but the characteristic spatial



scales were largely determined by the physics. But, Powell (1989) suggested that

coupling mechanisms in nearshore ecosystems may be more complex because of

multiple gradients in this transition zone.

Many benthic nearshore organisms are adapted to specific habitats and are

generally found in highest abundance where the physical and biological conditions are

optimum for their life history and ecosystem function (Sebens, 1991). At landscape

scales, their population success is often dependent on the presence, dimension and

distribution of appropriate habitats (Maurer, 1999). Nearshore habitats are defined by a

suite of environmental variables including tidal range, substrate characteristics, wave

energy, water temperature, salinity, food availability, and processes and patterns of

coastal sediment transport (Barry and Dayton, 1991). Interactions among these

variables produce complex mechanisms that influence the abundance, distribution and

diversity of organisms in a given area. In addition, many intertidal organisms rely on

mass dispersion into the nearshore ocean to propagate their populations, and

recruitment from the plankton to colonize suitable habitats. Nearshore oceanographic

processes are an important element in understanding the structure and distribution of

nearshore communities. Therefore, nearshore habitats provide an appropriate

environment for studying the associations between connected populations in open

systems (National Research Council, 1995; Wiens, 1989).

Consideration of spatial pattern is essential to understanding how organisms

interact with one another and with their environment since some physical-biological

processes are only coupled at small scales while others are coupled only at larger

scales. Historically many researchers have examined physical-biological coupling

processes at a number of sites (Connell, 1961; Dayton, 1971; Menge, 1976; Paine,

1966), but there have been few attempts to conduct experiments among replicate

nearshore habitats where the physical attributes were quantified and matched a priori.

Underwood and Chapman (1996) studied spatial patterns of organisms in the intertidal

zone and found that small-scale differences at 1-2 m were likely to determined by

behavioral responses to small scale patches of microhabitats, and large scale

differences in abundance at hundreds of meters were likely to be caused by differences



in propagule dispersal mechanisms by adults. They also found that little variation was

added from comparisons of shores separated by hundreds of meters to shores separated

by tens of kilometers. But Menge et al. (1997a) found that when shore communities

were compared across an oceanic gradient of primary productivity, community

structure was considerably different.

The selection of replicate beach habitats is the first step in designing a

sampling protocol for comparative analyses of nearshore community structure and

population abundances across scales of space and time. Underwood and Petraitis

(1993) proposed that a highly stratified sample design be used to isolate replicate

intertidal habitats before attempting any comparative analysis. They also noted that

implementing this design over a large enough area to ensure adequate replication of a

specific habitat type would be a daunting task. One approach being tested for

systematically identifying replicate beaches in Washington State, is the Shoreline

Classification and Landscape Extrapolation model (SCALE). This model partitions a

shoreline into a continuous series of spatially nested physically uniform segments. The

result is a spatially explicit database of physical attributes quantifying individual beach

segments from which replicate sample sites can be chosen. This has important

implications for resolving multi-scale investigations in community studies since

different scales may influence community characteristics differently (Levin, 1992).

This chapter describes the methods used to quantify nearshore habitats based on

physical criteria, and how groups of replicate habitats can be extracted from the

resulting database. Three case studies are described where the SCALE model was used

to identify replicate sample sites in the nearshore: 1) 7 km of rocky shore in Northern

Puget Sound; 2) 60 km of sediment beaches in South Puget Sound; and 3) 250 km of

highly diverse habitats along the exposed outer coast of the Olympic Peninsula.

Comparative tests of communities and populations from selected replicates in each

case study are detailed in subsequent chapters.
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METHODS

Documentation of environmental conditions over multiple spatial scales can

identify the range of physical processes important to community structure. Many

physical patterns and processes exist within a hierarchical framework (Maurer, 1999).

Hierarchy theory states that complex systems can be divided into hierarchical sets of

entities, with each level or Unit characterized by a particular range of temporal and

spatial scales (Allen and Starr, 1982). In general, the larger and slower-responding

units are at the top of the hierarchy while successively smaller and faster-responding

units occur at lower levels (O'Neill, 1989). While a unit in this case represents a

homogeneous entity, what may be homogeneous at a particular scale of observation

may be considerably heterogeneous at another spatial scale (Kolasa and Rollo, 1991).

A nested hierarchy, therefore, is one where the units at the apex of the system contain

and are composed of all the lower units. The discreteness of units within a spatial (or

temporal) hierarchy is purely a product of human perception, and in that sense the

boundaries are arbitrary (Turner et al., 1990).

Hierarchy theory is applied here to solve issues of biological variability and

scaling in the nearshore by systematically minimizing physical gradients using a

spatially nested series of shoreline partitions. The conceptual model shown on Figure

2.1 represents 4 levels of the SCALE approach.

Level 1. Nearshore cells (10-100 km): Water masses are identified to partition

gradients of salinity, water temperature, nutrients, and wave energy in the

nearshore ocean.

Level 2. Shoretype classification (100-1000 m): Beach geomorphology is

characterized by qualitative descriptions of sediment size, transport processes,

sediment sources and rates of change.
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Width
Length
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Secondary Substrate
interstitial Substrate
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Mean runup
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Figure 2.1. This diagram illustrates the conceptual hierarchical nesting of the Shoreline
Classification and Landscape Extrapolation (SCALE) model. The shoretype and
geomorphological classification of level 2 are described in Howes et al. (1994). The
methods for quantifying the listed attributes of nearshore cells, alongshore segments,
and across-shore sub-zones of levels 1, 3 and 4 are described in the text.
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Level 3. Alongshore segments (10-100 m): Segments are distinguished based on

hydrodynamic and substrate homogeneity. Homogeneity is defined by physical

attributes relevant to structuring biotic communities.

Level 4. Across-shore sub-zones: Each alongshore segment contains vertical

partitions of the intertidal zone that reflect the daily immersion time of substrate

and associated biota.

Table 2.1 summarizes the physical attribute categories. Note that attributes are

first measured, then categorized according to the potential range of values. The high

and low endpoints for each categoly are based on measured or calculated extreme

values. Intermediate categories are assigned to whole number increments. The number

of increments is determined by an interpretation of ecological sensitivity to the specific

attribute. For example, particle size is a continuous variable with values of grain

diameter ranging from very fine grains of clay to large boulders. The increments

chosen categorize all potential values into 10 discrete sizes. Organisms inhabiting

nearshore environments are hypothesized to respond to differences among these

categories. Within-category variation is also likely, but will be confounded by other

physical and biological interactions. Since the attribute categories define the degree of

quantified physical homogeneity, the number and range of increments should be

modified for any situation requiring more or less resolution.

Quantifying Nearshore Cells (10-100 km

The importance of defining oceanographic conditions as a hierarchical level

affecting nearshore populations is amply demonstrated in the literature. Benthic-

pelagic coupling at the scale. of coastal and continental shelves is a function of the

timing and abundance of primary production, and the mechanisms of food and

propagule delivery to nearshore habitats (Branch et al., 1987; Buchanan, 1993;

Denman, 1994; Witman et al., 1993). A rapidly increasing body of literature



Table 2.1, Attributes and categories for the SCALE nearshore segmentation and classification model. Physical shoretype units are nested within
nearshore cells (not shown), alongshore segments are nested within shoretype units, and across-shore sub-zones are nested (vertically) within the
alongshore segments. For each shore partition, the listed attributes are quantified, categorized, and ranked to form groups of segments controlled by
the same physical forces, thus allowing for highly stratified sampling designs to facilitate comparisons among biological populations and communities.

Physical Shoretype Units (see Howes et aL, 1994)
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demonstrates that recruitment of benthic organisms can be strongly affected by

upwelling (Roughgarden et aL, 1986; 1988), relaxation of upwelling (Wing et aL,

1995), topographically generated fronts (Ebert and Russell, 1988; Wolanski and

Harnuer, 1988), internal waves (Pjneda, 1991), and wind or wave driven surface

currents (Bertness et aL, 1992; 1996).

Closer to shore, wind and wave generated currents affect nearshore populations

directly by physical disturbance or indirectly by alongshore larval transport (Butman,

1987; Gaines and Bertness, 1992; Possingham and Roughgarden, 1990). Water quality

and flow conditions of the nearshore such as temperature, salinity, nutrient

concentration, and current velocities affect the feeding and growth rates for a variety of

suspension-feeding organisms (Eckman et al., 1989; Frechette and Bourget, 1985;

Laprise and Dodson, 1994; Lesser et al., 1994; Sanford et aL, 1994). There is some

evidence that nutrient levels also affect productivity of nearshore macroalgae (Dayton,

1994). Bustamente et al. (1985) showed a correlation between productivity of

intertidal microalgae and nutrient levels, and Menge et al. (1997a) found patterns of

intertidal community structure associated with primary productivity off the Oregon

continental shelf. On sandy beaches, McLachlan (1990) observed variation in

communities that appear related to differences in levels of nutrients (see also Lewin et

al., 1989).

Water Temperature and Salinity

Differences in water temperature and salinity are often reflected in the

composition of intertidal and nearshore communities (Lewis, 1964). Many intertidal

organisms are extremely sensitive to the salinity range (Costanza et al., 1993),

although some can survive by adaptation of osmotic mechanisms (Lobban and

Harrison, 1994). Since some organisms are better adapted to fluctuating salinities than

others, the entire community structure of one beach may differ from that of another

beach having similar morphology but different salinity regimes. Typically the open
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ocean has a mean salinity of 35 (practical salinity scale) but strong salinity gradients

can occur in estuaries and at the scale of individual nearshore organisms. At small

spatial scales (<10 m) it is difficult to quantify boundaries of salinity or water

temperature due to the large temporal and spatial changes caused by solar radiation,

precipitation, surface runoff, groundwater flow, and evaporation. But at larger scales

(>10 km), recurring seasonal patterns can be used to characterize nearshore areas or

cells.

Satellite imagery can provide quantitative measures of the spatial and temporal

variability of upwelling zones and coastal ocean productivity, sea surface temperature,

and locations of meso-scale currents and eddies (Abbott and Chelton, 1991). Night

time images from the Advanced Very High Resolution Radiometer (AVHRR) satellite

sensor (from the National Environmental Satellite Data and Information Service)

provide global (4 kin) and local (1.1 km) scale time series of sea surface temperatures

(SST). These data are useful for evaluating patterns of nearshore cell SST and

mapping nearshore cells based on persistent SST gradients. For more enclosed water

masses, such as estuaries and narrow embayments, AVHRR data are generally not

suitable because of interfering radiance signals from terrestrial features (Lillesand and

Kiefer, 1987). For the purposes of the SCALE model, AVHRR is used when available

to identify persistent SST patterns. A time series of imagery is analyzed to evaluate

SST stability. For areas where AVHRR data are not available or are inappropriate to

use, field measurements are required. For the purpose of this partitioning model, the

criteria adopted for delineating nearshore cells are that water temperature and salinity

not exceed 1 unit per cell on exposed coasts. In estuaries where gradients are often

very steep at small spatial scales, the criteria are 2 units per cell for salinity and SST.

Nutrients

The spatial and temporal distribution of nutrients and chlorophyll-a in the

nearshore is an important consideration when seeking natural partitions of the
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shoreline. Menge et al. (1 997b) demonstrated the importance of differentiating rocky-

shore habitats, tens of km apart, by oceanic patterns of nutrients and chlorophyll-a,

suggesting that oceanic processes (e.g., local water-exchange rates alongshore or

inshore-offshore) may be driving community differences among sites. However, they

were unable to evaluate the degree of importance of these features. In estuaries,

nutrient enrichment can lead to eutrophication, potentially causing algal blooms, lower

dissolved oxygen, and fish kills (Kennish, 1992). Estuarine areas at risk to

eutrophication are those where there is organic loading and where the water becomes

seasonally or permanently stratified (Pearson and Rosenberg, 1978). The rate of

change in nutrient concentrations is a function of the rate of input and the rate of

uptake by phytoplankton populations. This can range from hours to days so Continuous

nutrient measurements are preferred, but are usually unrealistic because of the expense

of data collection. At a minimum, in the Pacific Northwest, the persistent seasonal

patterns occurring between the spring and fall transitions should be quantified.

Field measurements to determine nutrient gradients should be made

concurrently with water temperature and salinity at stations spaced on a 1 km grid

adjacent to the shore of interest. Water samples are collected for amrnonium-N,

nitrate-nitrite-N, orthophosphate-P, chlorophyll a, and phaeopigments. Strickland and

Parsons (1972) provide detailed information on collecting and analyzing water

samples.

Wave Exposure

The importance of wave exposure to intertidal communities was thoroughly

documented by Lewis (1964; see also Menge, 1978; Vadas et al., 1990). Dayton

(1971; 1975) studied the processes and patterns of distribution and abundance of

organisms across gradients of wave exposure. A criterion for delineating nearshore

cells is variation in wave exposure. Wave exposure environments change with the

degree of protection from the full force of open ocean waves, such as those caused by
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changes in coastal orientation, presence of offshore islands, or the proximity to steep

bathymetric gradients. Protection may also be provided by a short sea fetch resulting

from the distribution of land masses. At the opposite end of the energy spectrum are

the storm waves that dominate the high latitudes. Strong west winds in the North

Pacific generate high and relatively steep waves, which can be destructive to coastal

areas (Davies, 1980). Coastlines subject to these waves generally show evidence of

erosion such as cliffs and platforms. The swell wave environment lies between the two

above end points. These waves travel long distances from their generating areas,

usually in the stormy west wind belt (Owens, 1982). Howes et al. (1994) recommend

that wave exposure be based on maximum fetch, where wave exposure increases with

increasing fetch distance. Maximum wave fetch refers to the distance measured in

kilometers along the maximum fetch direction.

The Army Corps of Engineers, Coastal Engineering Research Center provides

a standard method for calculating effective wave fetch (CERC, 1984):

Fe = [E(cos a1)][F/(Ecos a1)] (1)

where Fe is the effective fetch, a is the angle between the shore normal and direction

i, and F1 is the fetch distance in km along direction i. This equation is used for

calculating fetch in the direction of maximum F1. The horizontal extent of each

nearshore cell is then limited to linear sections of shore at scales of 10-50 km with the

same wave exposure. Note that estimates of wave exposure based on fetch do not take

into consideration the duration of wind forcing, cumulative effects of local waves on

ocean swells, or refracted, diffracted, and reflected waves. Howes et al. (1994) suggest

that the following six wave exposure categories can characterize the wave climate over

shoreline distances of 10-100 km: very protected (< 1 km), protected (I 10km),

semi-protected (10- 50 km), semi-exposed (50- 500 1cm), exposed (500 - 1000 km),

and very exposed (>1000 km).



Shoretype Classification (100-1000 m)

Classification techniques are often used to map and inventory marine and

terrestrial habitats. Terrestrial classifications generally have large area coverage and

are relatively low cost when combined with remotely sensed data sources, but with

some exceptions (e.g., high resolution spatial and hyperspectral scanners), they lack

the data resolution necessary for small scale ecological comparisons. For example,

coastal classifications based on geomorphology are almost universally centered on

describing landforms, and are usually referenced to temporal scales far exceeding

those of ecological studies (Shepard, 1976). It is in this temporal context that biology

and geology are particularly disparate. In terms of the life history of individual

intertidal organisms, geological processes are essentially static, even though on longer

temporal scales the coastal environment is one of the most dynamic places on earth.

There are exceptions such as subsidence or uplift caused by earthquakes, catastrophic

erosional events such as landslides and slumps, and areas of high sediment transport,

erosion or accretion. These areas may appear to change dramatically from one

observation to the next, but the changes are often episodic or seasonal, thus not

necessarily precluding recruitment, settlement, and reproduction of populations

between events. On geological time scales, the physical processes controlling shoreline

geomorphology may not be as critical to intertidal organisms as are seasonal changes

in the physical environment.

Shoreline classifications are popular with resource agencies for habitat

inventories. In the United States, classification methods include those adopted by the

National Oceanic and Atmospheric Administration (NOAA). The purpose of NOAA's

Environmental Sensitivity Index (ESI) maps is to predetermine the sensitivity of

beaches to oil spills in the conterminous states and Alaska, in terms of the ecological

consequences of stranded oil (Hayes, 1980; 1999; Michel et aL, 1978). In the Pacific

Northwest, Washington developed the Natural Resources Damage Assessment

(NRDA) classification which is similar in purpose to the ESI maps but includes

ecological criteria for determining vulnerability to oil spills. The U.S. Fish and



19

Wildlife Service (USFWS) developed a hierarchical shoreline classification for the

National Wetlands Inventory (Cowardin et al., 1979). Other hierarchical classifications

include those from regional organizations, such as the Washington State Natural

Heritage Program, which developed a more detailed shoreline classification for

mapping intertidal and shallow subtidal lands for the Puget Sound Ambient

Monitoring Program (Dethier, 1990). The British Columbia Ministry of the

Environment developed the Physical Shore-Zone Mapping System (SZMS), a

comprehensive classification that provides a qualitative database of geomorphological

and biological descriptions for nearshore habitats (Harper et at., 1991; Howes et aL,

1994).

Harper's (1991) shoretype refers to the descriptive classification of general

geomorphological landforms represented by the predominant physical shoreline

structure (e.g. lagoons, deltas, dunes, bars, spits, sea cliffs, reefs, wave-cut terraces,

etc.). Other coastal geomorphol.ogy studies rely on descriptive terminology of short

and long term physical processes to identify shoreline types (Carter, 1988; Inman and

Nordstrom, 1971; Wright and Short, 1983). The 34 shoretype classes used here and

shown on Table 2.2 are from Howes et al. (1994).

Quantifying Alongshore Beach Segments (10-100 m)

If the biological heterogeneity of a nearshore habitat is proportional to the

physical heterogeneity of the environment, then this heterogeneity can be minimized

by partitioning shorelines into physically homogeneous segments. The SCALE

objective is to minimize heterogeneity of physical forces, thereby constraining biotic

variability. The term 'homogenous segment' is used here to mean a 10-100 m

horizontal section of shore that is morphodynamically uniform, as defined by a suite of

physical attributes. The spatial extent of beach homogeneity is somewhat arbitrary,

since there are seldom clearly defined boundaries between adjacent beach segments,

but rather gradients of physical forces. Within homogenous segments, biotic processes
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Table 2.2. Geomorphic shoreline type classification (after Howes et al.,
1994).

SUBSTRATE SEDIMENT
)

WIDTH j SLOI'E I SHORELINE TYPE
I

CLASS

WIDE (>30n,) STEEP(,20°) ,ila

INCLINED(5-20° Rock Ramp, wide I

PLAT(e5°) Rock Plflonn, wide 2

ROCK

NARROW (<30m) STEEP(,20°) Rock Cliff naanow 3

INCLINED(520°) Rock Ramp. nmow 4

FLAT(<5°) Rock P1tfo,,n noerow 5

WIDE (>3On STEEp(,20') n/a

INCLINELXS-20°) Ramp sW1ravel beach, wide

GRAVEL FLAT(.cS°) Platform w/genvnl beach, wide 7

NARROW (<30w) STEEPU.20°) Cliff w/gravol beach, nnnow S

ThCLll9ED(5-2O lamp tv/grand beach, natnow 9

PLAT(e5°) - Platform w/g,anel beach, naInow 10

W1I)E (,30m) STEEP(,20n) n/a

ROCK INCLNEI)(5-20°) Ramp w/granel & sand bcacb, wide I I

Jr SAND FLAT(<5' - Platform w/gcavol &sand beach. wide 12

SEDIMENT &

GRAL NARROW (<SOw) STEEP(-2O°) Cliff seIgavc1 and sand bead, 13

INCLINED(5.20°) P.sraap wlgranet atad ansad beach 14

FLAT(<S - Platform wlgrsvOi and sand beach 15

WIDE (>30w) STEEP(>20n) ,ila

TNCLINED(5-20°) Rarnpw/sar4 beach, wide 16

ILAT(<5°1 - Pfa,ioam w/naod beads, wide 17

SAND

NARROW (<3010) STEEP(,.20°) Cliff ,n/nm.d boaGh IS

INCLflOED(5-20°) ROmp w/I.ld beech. macow 19

FLAT(<5°) - Platform w/nand bead,. nasrow 20

WIDE (>50w) -'LAT(<?) - Gravel flat, wide 21

GRAVEL

NARROW (<30w) STEEF(,20n) n/a

INCLINED(S-20°) Gravel beach, narrow 22

FLAT(e5°)- GravclflalOrtar, 23

WIDE (s30m) STEEP(a20°) n/a

SAND INCLff4ED(5-20°) sn/a

SEDIMENT & FLAT(w5°) - Sand & gmvel flal or fan 24

GRAVEL

NARROW (<30w) STEEP(<20°) n/a

INCLINED(S,ZOn) SoOd& gsa-ad beach, macow 25

FLAT(e5°) - Sand & gravel flat or fan 26

WIDE (<30m) STEEF(2'20) n/I

INCLINEDI5-20°) Sand beach 27

FLAT(<55- Sand flat 21

SAND/MUD Maddet 29

NARROW (<30w) STEEP(>20°) n/a

INCLINEDI5.20n) Sand beach 30

rn/a

ESTUARIES 31

ANThRO- MAN-MADE n/a n/a Mananadc, permeable 32

POGENIC Man-wadc. irnpermmblc 33

CURRENT-DOMflIATED Channel 34
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often produce patchiness of specific organisms along various spatial-temporal scales

(Legendre et aL, 1989), so that scales of perceived physical homogeneity do not

necessarily match scales of biotic homogeneity. Therefore, application of SCALE may

not necessarily result in biotic homogeneity within a segment, but should create

biological comparability among segments (see Chapters 3 and 4).

The relative importance of physical and biotic factors in structuring nearshore

communities are rarely linked to explicit scales of space and time (Underwood and

Chapman, 1996). But the literature is rich with examples of how biological factors

contribute to spatial and temporal variation in intertidal assemblages through

competition, herbivory, and predation (Connell, 1961; Duggins and Dethier, 1985;

Menge, 1991; Paine, 1974; Santelices, 1990; Underwood and Jernakoff, 1984).

Physical attributes such as substrate composition (Raimondi, 1988; Sneigrove and

Butman, 1994) and wave energy (Denny, 1995; Lintas and Seed, 1994; Paine and

Levin, 1981) are linked to the abundance and diversity of sessile and mobile

populations. Modeling and field work suggest that at spatial scales of 10-100 m, biotic

factors interact with physical factors to produce community patterns (Dayton et al.,

1984; Menge and Olson, 1990).

The SCALE model assumes that the predominant environmental attributes

controlling organism abundance and distribution at this scale (10 - 100 m) are

substrate size and the physical forces. of the nearshore ocean. But greater predictive

power can be gained by considering more physical attributes. Many parameters can be

measured directly, while others can be determined from indicators that act as proxies

to a host of variables too difficult or costly to acquire for each shore segment

Low altitude color infrared aerial photography (CIR, 1:12000), flown at an

extreme low tide, was used to delineate the intertidal zone by differentiating the

uplands from the upper intertidal margin using the strong chlorophyll signature of

terrestrial plants. The lower intertidal boundary also shows well due to the dark body

properties of water at infrared wavelengths. The intertidal delineation was

incorporated into a GIS coverage with digital orthophoto basemaps for use in the field

to identify and delineate the horizontal extent of each beach segment (Figure 2.2). The
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Figure 2.2. Color infrared aerial photography is used to delineate the intertidal beach
face. Ground mapping partitions alongshore segments and across-shore sub-zones,
and quantifies the physical attributes of each partition. The data are accessed via a GIS
interface.
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following physical attributes characterizing beach segments were either evaluated in

the field or calculated from field measurements.

Orientation

Orientation or aspect is the shore-normal compass direction of the beach

segment. North-facing shores generally retain moisture longer than south facing shores

(Kozloff, 1993). South-facing shorelines receive more sunlight, which warms and

causes desiccation of directly exposed organisms (Carefoot, 1977). The flora]

components of the community are especially subject to the effect of day length, sun

angle and azimuth, and the time of exposure (Lobban and Harrison, 1994). Floral

abundance may, in turn, affect faunal components of the ecosystem. Therefore, some

flora and fauna are more common on north facing beaches.

Wave Power

A key physical feature of the nearshore is wave energy, which affects

community structure both directly through episodic disturbance events and indirectly

by controlling substrate dynamics over short and long temporal periods (Denny, 1988;

1995; Denny et aL, 1985). The lack of bare space is often the limiting factor governing

community structure in the rocky intertidal (Connell, 1961). Thus, the most profound

direct effect of waves on community structure is the creation of bare space allowing

recruitment from the plankton (Dayton, 1971). Denny (1995) discusses the forces

generated by waves on intertidal organisms in terms of patch dynamics, one of the

most important processes by which rocky intertidal communities are structured.

Indirect effects of wave.s include current propagation and the frequency of substrate

movement. Unconsolidated substrates can be moved by the direct impact of waves, by

wave run-up, and by wave generated currents. On beaches with mobile substrates, the
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particles can be rolled or entrained continually, seasonally, or episodically in high

wave energy environments. Mobile substrates typically harbor fewer organisms than

stable substrates (Kozloff, 1993). For example, rounded pebble and sand beaches are

typically depauperate of biota, while stable substrates such as bedrock, large boulders,

and angular pebble beaches are relatively species rich. Nearshore fauna in heavy surf

must have thick shells and strong muscular attachments (limpets and snails),

permanent attachments (barnacles), or the ability to seek refuge in crevices or

interstitial spaces (crabs and worms) (Kozloff, 1993). The floral community must

likewise adapt to the forces of the nearshore surf and swash zone, and in the absence

of wave runup, must also tolerate long hours of desiccation. The measurement of wave

energy is therefore fundamental to understanding the structure of nearshore

communities.

Wave forces need to be measured or calculated for episodic, mean monthly,

seasonal, and annual wave conditions in order to study the effects of wave climate on

nearshore biota. Implementing this over large spatial scales is a daunting task, but a

nested approach is again advocated to make this simpler without sacrificing data

resolution. The SCALE model uses higher order estimates of wave energy with each

incremental increase in spatial resolution beginning with wave exposure described

above for nearshore cells, progressing to estimates of wave power at the alongshore

segment scale, and finally estimating the effects of shore morphology on wave energy

and runup for each across-shore zone.

Energy arriving at a beach in the form of waves is related to wave height, wave

length, and period. North Pacific winter storm systems have large pressure differentials

causing strong winds with associated large wave heights and long periods. Episodic

extreme storm events can cause catastrophic erosion and movement of massive

volumes of sediment. But these extreme waves are generally not expected uniformly

along the coast and may be focused on headlands by bathymetric refraction (Komar,

1998). Ideally, measurements of wave statistics can be obtained from buoy data of the

Coastal Data Information Program (COW), and from the National Data Buoy Center

(NDBC) of NOAA. Also available are U.S. Army Corps of Engineers daily wave
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hindeast from the Wave Information Study (WIS) although Shih et ai. (1994) have

shown that hindcasts for the west coast can be unsatisfactory. Unfortunately, these

wave statistics are seldom available over large areas, particularly in sheltered

environments such as Puget Sound.

The statistical height variation of a random wave field generated by a distant

storm approximates a Rayleigh distribution. The significant wave height represents the

largest 33% of all measurements, and is close to the wave heights that are easily

observed in the field. These relatively large waves contribute to the highly variable

nearshore habitats of exposed coasts in the Pacific Northwest (Komar, 1998). For

example, these waves drive the oscillating swash that prevents desiccation of marine

organisms on exposed coasts at lowtide. They also generate forces that dislodge

organisms not specifically adapted to withstand high water velocities or direct impacts

(Denny, 1995). In terms of the nearshore biota, the power (wave energy per unit area)

generated by a wave, rather than wave height, is a better indicator of the local wave

climate because wave height alone does not correlate well with wave generated forces

(Komar, 1998). The constant power curves shown on Figure 2.3 illustrate the

relationship between wave power and a range of significant deep water wave heights

(Hg) and wave periods (T). The endpoint power value selected for curve 12 is based on

the maximum mean annual significant wave height and corresponding period from

statistical analyses by Tillotson (1995) on wave data measured by an offshore buoy

located near Grays Harbor, Washington. The deep water energy flux or wave power

for these endpoint values was calculated using the following equations fully described

in Komar (1998):

P=Ecn (2)

where P is the energy flux (watts/rn2), E is the wave energy (Joules/ni2):

E = l/8pgH2 (3)
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p is water density (1020 kg/rn3), g is the acceleration due to gravity (9.8 in/sec2), H is

the significant wave height, c is the wave celerity:

C = gT/2ir (4)

where T is the wave period. In deep water, n equals ½ - So P becomes:

P = (l/8pgH2)(gTI2it)(1/2) (5)

Category I represents the low endpoint for the most protected waters in Puget

Sound. The intermediate values are estimates based on 10 arbitrary wave power values

incrementally spaced between the endpoints. A range of probable wave heights and

periods was calculated for each wave power estimate. Table 2.3 lists the twelve

categories of wave power used for the SCAlE model to approximate wave heights in

different marine systems. Algorithms from the Shore Protection Manual (CERC,

1984) were used to convert wave heights and periods into fetch distances and wind

velocities.

Maximum fetch is measured for each alongshore segment using Arcview GIS

software (ESRI, 1996) and the appropriate wave power classification assigned. The

CERC wind fetch conversion assumes that the wind blows along the axis of maximum

fetch. Therefore, beaches facing the direction of highest local wind velocities can

expect large waves more frequently than beaches facing the opposite direction even if

the fetch distances are the same. In situations where beach orientation is not in line

with the local maximum winter wind forcing, then smaller waves are expected. A

correction was applied to the wave power category based on drift exposure, where

wave power was decreased by one category for each exposure category deviating from

the direction of maximum wind forcing (maximum exposure). Note that the wave

power calculation is for deep water conditions and does not account for energy

dissipation in the nearshore. Thus the wave power is a measure of the potential energy

arriving at the edge of the nearshore adjacent to the beach segment.



Table 2.3. Wave parameter estimates derived from wave power categories.

SCALE Wave Power Significant Wave Wave Wave Maximum Condition Maximum

Wave Power (watts/rn2) Height (m) Period (s) Length (m) Wind Speed (krn/hr) Fetch (kin) Exposure
Categoiy P H T L

1 50 0.1 - 0,3 0.5 - 3 1 - 15 10 1 very protected
2 250 0.2 - 0.5 1 - 5 2 -40 20 5

3 1000 0.4 - 0.7 2 - 7 6 - 75 20 10 protected
4 5000 0.6-1.6 2-9 6-125 30 25
5 10000 1.0- 1.8 3- 11 15- 175 30 50 semi-protected
6 25000 1.5-3.0 3-12 15-225 35 100
7 50000 1.9-3.5 4-14 25-300 35 200
8 100000 2.5-5.0 4-16 25-400 35 300
9 200000 3.0 - 7.0 4- 20 25 - 600 40 400
10 400000 4.5 - 9.0 5 -20 40 - 600 50 500 semi-exposed
11 600000 5.5-11.0 5-20 40-625 60 1000 exposed
12 1000000 7.0-12.0 7-20 75-650 70 >1000 veryexposed
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Drift exposure is categorized according to the shore normal orientation of the

beach face with respect to the maximum seasonal wind direction (see Table 2.2). This

parameter is an indicator of beach exposure to large waves, drift log impacts, and

debris accumulation. In the Pacific Northwest a substantial number of logs tend to drift

down rivers as a result of logging operations, bank erosion, and wind fall. Wave and

wind generated currents transport these logs and other debris in the alongshore

direction. Logs occasionally collide with rocky headlands, batter intertidal

communities in the surf zone, and eventually may strand on shorelines to become a

functional component of a nearshore habitat. Paitjcular combinations of currents,

coastal configuration, arid shoreline morphology result in some beaches acting as

collection areas for debris and these accumulations of logs, drift kelp, and plastic are

mapped in the field.

Ouantifying Across-shore Sub-zones

Hydrodynamic processes affect beach morphology through sediment transport

along and across the beach face. Accordingly, each alongshore segment is vertically

separated into 3 or 4 across-shore polygons centered at specific elevations determined

by the local mean tidal statistics. The upper zone ranges from extreme high water

(EHW) to mean high water (MHW); the physical attributes are characterized at mean

higher high water (MHHW) where the substrate is irmnersed approximately 10% of

the time. The middle zone, from MHW to mean low water (MLW), where the

substrate is exposed approximately 50% of the time, is characterized at mean water

level (MWL). In many areas of Puget Sound, the middle zone (as defined above)

represents the majority of the low tide beach face, so in this region, it was separated

into an upper-middle zone and a lower-middle zone. The lower zone is from MLW to

extreme low water, and is characterized at mean lower low water (MLLW) where the
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substrate is immersed at least 90% of the time.

Particle Size

Sediment characteristics can serve as indicators of beach stability, and

therefore the evolution of the landform and the interpretation of past and future

processes (Snead, 1982). Sediment analyses can provide clues to more complex

processes (Pethnick, 1984). Particle size is quantified using the Wentworth scale

(Pettijohn, 1949). The size classes are as follows: (8) boulders >256 mm, (7) cobbles

64 - 256 mm, (6) pebbles 4 - 64 mm, (5) granules (coarse sand to pea gravel) 2 - 4

mm, (4) sand 1/16 -2 mm, (3) silt 1/256 - 1/16 mm, (1) clay < 1/256 mm. In addition,

this classification describes substrates larger than boulders, and fine particle mixtures.

Blocks (9) are vety large boulders that are essentially immobile yet unattached

fragments of rock (e.g. > 2 m). Mud (2) is a mixture of very fine clastics and organic

material generally found only in protected energy environments. Bedrock (10) is the

final category for a total of ten substrate classes. At least 3 particle size estimates are

made according to the percentage of areal coverage, with primary size covering> 60%

of the area, secondary size covering <40%, and interstitial particle size if between-

particle voids are filled.

Traditional particle size analyses involve substrate sampling and sieving to sort

the particles by size fractions, but this is too laborious for characterizing large areas.

An alternative method for quantifying the surface substrate is to photograph quadrats

laid over a representative section of each beach sub-zone. Replicate photos can be

taken as necessary to capture the substrate characteristics of the entire segment. A .25

m2 quadrat with a 10 cm grid made of stretched nylon twine works well with a 35 mm

camera frame. Particle sizes are sampled from each of the 16 grid intersections. The

longest axis is measured from the scanned photo and ranked by size class and count as

shown in Steps 1 through 4 in Figure 2.4.
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A) Step 1
Field Photography

B) Step 2
Categorize particle

sizes at grid intersections

cPcP
ccsP
ccsP
cccc

C) Step 3
Tabulate Size Distribution

C=cobbles 10 63%
P = pebble 4 26%
S=sand 2 1%
Total 16 100%

Figure 2.4. This figure illustrates the procedure used for determining beach
substrate grain size distributions. To minimize field time (particularly in the
lower sub-zone which is exposed for a short time), photo quadrats (.25 m2) are
used to sample the substrate (A). The number of photo quadrats evaluated is a
function of beach segment length, with a minimum of three quadrats per
segment. Grain size is determined separately for each sub-zone, thus a
minimum of 9 photos are required. Particle size at each grid intersection is
estimated using the 10 cm grid for reference (B). Particle size is recorded as a
percentage of the total (C).



Wave Energy Dissipation

The speed of a wave in shallow water (c5) is a function of water depth (h) as

shown by equation 6 from Komar (1998).

Cs = Jui
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(6)

Many shores exhibit complex profiles with variable shoreline slope. This causes the

wave speed to change as it progresses towards the beach face. Water depth also affects

the distance from shore that a wave breaks. Waves on low angle shores will tend to

break farther from shore and dissipate energy over a wide surf zone. Waves shoaling

on steeper slopes will break closer to shore and deliver greater forces to the beach face.

Since wave energy dissipation is controlled by water depth, the tidal range can have an

important effect on the behavior of wave breaking and the delivery of hydrodynamic

forces to the beach. Figure 2.5 shows a typical beach profile for an exposed coast

where the tide range is large. In this example, organisms living high on the beach will

be subjected to the greatest wave forces because at high tide the waves will break on

the steeply sloping beach. At lower tides the waves will break farther offshore,

dissipating energy, since the water depth shallows as the slope angle decreases.

Wave propagation and runup in shallow water have been modeled by

Raubenheimer and Guza (1995), and a numerical model developed by Wurjanto and

Kobayashi (1991) successfully predicted the number of bore waves, the infragravity

energy, and the wave setup during tests on gently sloping beach at the Scripps facility

in California. The model results show the cross-shore energy dissipation, the

significant wave height distribution, and the alongshore current distribution. Applying

this model to large areas would greatly improve our understanding of beach

hydrodynamics but this level of effort is unrealistic beyond isolated study sites. To

avoid the complexity of numerically modeling every beach segment, the effect of

waves on beaches is characterized by a surf similarity parameter defined by the

Iribarren number (Battjes, 1974):
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(7)

(H/L )112

where S is the beach slope (e.g. tan a), and L, the deep waterwave length in meters

is:

L = gT2I2rt (8)

Dissipative or low angle shorelines ( e.g. slope = 0.03) correspond to Iribarren

values less than 0.2 - 0.3, and reflective or high angle shorelines yield values greater

than 2. Values in between generally represent highly dynamic shorelines if the

substrate is unconsolidated (Wright and Short, 1983). Calculations were made for each

across-shore zone since for any beach segment an upper intertidal cliff or seawall is

generally highly reflective and a lower intertidal sand flat is highly dissipative.

Published wave statistics are used when available, otherwise wave height and period

values are calculated from estimates of wave power (Table 2.3).

Organisms living in the nearshore are subjected to constantly changing wave

forces, immersion periods, and swash oscillations as wave characteristics change with

the fluctuations of the tides across the beach face. The energy driving the swash bore

oscillations across the intertidal zone is what remains after turbulent dissipation of the

random wave field in the surf zone. The height attained by the swash bore is a function

of the slope, the substrate size, roughness, and permeability (Meer and Stam, 1992).

Wave runup is a measure of the swash excursion across the intertidal zone. In

protected areas where large waves are infrequent, wave runup may be practically non-

existent and does little to directly structure intertidal communities. On more exposed

shores, wave runup is useful as a measure of wave penetration across shore zones.

Runup directly affects intertidal organisms by providing water to elevations above the

still water level, thus continuing the supply of food or nutrients and preventing

desiccation. This may affect the growth rates and abundance of many intertidal

organisms (Menge et a]., 1995). In areas of high runup many species can extend their

vertical range, thus considerably raising the community above normal elevations
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(Kozioff, 1993). Thus, runup is an important attribute of the nearshore. The empirical

relationship used to calculate wave runup is:

(9)

(Battjes, 1974; Holman, 1986; Meer and Stam, 1992; Shih et al., 1994; Tillotson,

1995) where R2% is the runup exceeded only 2% of the time in a 20-30 minute interval,

and C is a constant. Holman (1986) found that for combinations of runup and the rise

in sea level caused by radiation stress (the build-up of water along the coast from

incoming waves), the C coefficient equals 0.90. This relationship was successfully

used by Shih et al. (1994) to calculate extreme wave runup for cliff erosion studies on

the Oregon coast. Van der Meer and Stain (1992) used empirical data to refine the

basic formula by considering new values for C when substrate roughness and

permeability vary along with slope.

Quantitative evaluation of wave runup is usually limited to experimental

studies on planar sand beaches using various techniques explained in the literature

(Guza, 1988; Holland et al., 1995; Holman et aL, 1993; Sallenger et al., 1983). For

large scale assessments, spanning dozens of kilometers and including hundreds of

beach segments, these techniques are not feasible. For the purpose of this

classification, wave runup is quantified to a first order approximation by either the

direct measurement of extreme runup elevations or the calculation of extreme runup

from equation 9.

Measurements of runup are based on the elevation of biological and physical

indicators. These indicators are variable but can be evaluated in the field at the

required alongshore resolution of the SCALE model. For example, on sandy shores the

lower extent of Elymus molits (dune grass) colonization is a good indicator of the

maximum runup elevation attained during the extreme high tides or storms. On

exposed rocky shores, the upper extent of Littorina sp. (periwinkle) or Chtharnalus sp.

(barnacle), or the lower edge of Verrucaria sp. (lichen) are good indicators of the
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swash limit. Other indicators include the crests of storm berms, the level of drift

debris, the level of terrestrial vegetation, etc.

For the upper intertidal zone, estimates of wave runup are obtained from field

measurements as described above. For the middle and lower zones, approximations of

mean wave runup are calculated based on the slope for each zone. The average slope

angle of each segment sub-zone can be estimated with an inclinometer or surveyed

with a rod and level. Mean runup is used as a conservative estimate for swash height

rather than the conventional R2% used for engineering studies of erosion and

overtopping. The following values for C are from Van der Meer and Stam (1992). The

mean runup for impermeable substrates is given by:

= 0.47 (for smooth beaches with low Iribarren ( < 1.5) (10)
FL

= 0.60 O.34 (for rocky slopes with high Iribarren ( 1.5) (11)
F1

The mean runup for rough, permeable slopes is limited to:

=0.82 (12)
FL

Seepage

The seepage of fresh or saline water out of the beach prism during low tides

may influence the abundance and distribution of species (Lewis, 1964). This attribute

is categorized as either present or absent, and if seeps are present then the groundwater

salinity is measured in situ.
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Dynamism

Dynamism is used here as a measure of aggregate stability. Wave energy

affects shoreline morphology by shifting sediment along, away from, or onto a

shoreline. The rate of sediment transport affects the stability of the beach substrate.

Dissipative beaches have been shown to support higher numbers of macroinfauna

compared to reflective beaches because wave action on exposed sand beaches creates a

morphodynamically unstable condition for organisms inhabiting those environments

(Brown and MeLachian, 1990).

Shorelines with low dynamism generally exhibit a highly consolidated, or

immobile, substrate not prone to movement even during intense winter storms. These

include bedrock, deeply embedded boulders and armored beaches. Highly dynamic

beaches are indicated by loosely consolidated mobile particles, shifting sands and

unstable slope angles; even large boulders can exhibit dynamism on extremely high

energy shores. Dynamism can be estimated or quantified by measuring the change in

volume of beach material over time. High resolution shoreline profiles can determine

the volume of sediments in the beach prism. Repeated measures can thus be compared

for volumetric analyses. The frequency of profile surveys depends on the mobility of

the substrate and the prevailing forces acting on the substrate particles. For example,

shifting sand by waves and wind may require daily profile measurements, while on a

boulder beach, annual surveys may be sufficient.

Potential substrate instability can also be estimated using the calculated water

velocity and the velocity required to move a given substrate particle. For dynamism:

D = predicted water velocity =
critical rolling velocity Vr

from Gordon et al. (1992). The velocities are:

(13)

Vr0.155' (14)



where d is the grain diameter perpendicular to the rolling force, and

VP .3[g(H+h)]1"2 (15)

from Denny (1995). Veiy fine particles of clay and organics are not accounted for by

the above equations because of chemical aggregation processes, but in order for clay

and mud sediments to settle, conditions of very low water velocities are required, thus,

dynamism will be practically non-existent.

Permeability

Permeability is the property of allowing the passage of fluids without

displacement of the substrate particles (Pettijohn, 1949). When groundwater seepage is

not present, then permeability is evaluated as a measure of interstitial perfusion when

the substrate is immersed. For the purposes of this classification, a substrate is

considered to be 'permeable' when water passes through the gravel prism, and

'impermeable' when the rate of passage is negligible. This was determined by digging

a hole to 10 cm in the beach face, placing a perforated 2 liter container in the hole,

filling this with sea water and timing the rate of water escapement. Note that

permeability is used here to describe the interstitial structure underneath the armor

layer and not the armor layer itself.

Roughness

Roughness is a factor in controlling wave runup distances and provides an

indication of the quantity and size of microhabitats. This attribute integrates the

surface texture of the entire beach segment (as opposed to individual rocks). Crevices

in bedrock, and spaces between boulders and tidepools on bedrock platforms can
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modify the environment at small spatial scales, creating additional habitats for

organisms (for examples see Foster et aL, 1988). An armored beach, where fine

particles have been removed from the surface layer, also has numerous microhabitats.

In riparian systems, Davis and Barmuta (1989) conclude that roughness appears to be

an excellent habitat descriptor since it combines the effects of water velocity and

substrate type. Relative roughness can be approximated by the following relation

(Gordon et al., 1992):

rrej=k (16)
h

The parameter k is the degree of roughness measured by the difference in

distance between a taut and slack 50 m tape laid on the beach face, provided that the

slack measurement represents all the significant surface depressions. For the SCALE

model, roughness was categorized based on a calculated range of roughness values for

ideally homogeneous beaches with the following particle sizes: 1) skimming flows on

smooth surfaces such as found on sand and small pebble beaches (r1 < .05); 2)

isolated roughness flows where velocity eddies dissipate between roughness elements

such as around isolated pebbles and cobbles (ri = .05 - .1); 3) wake interference flows

when elements are close together creating turbulence as found on cobble and boulder

beaches (rrei = .1 .5); 4) turbulent flow where conditions create very complex flow

patterns and appears as 'whitewater' (rrei = .5 1); and 5) extremely rough conditions

where large voids are present between very large boulders or where crevices exist in

bedrock and between blocks (rrej >1).

Identifying Point Features

Many cumulative impacts come from the movement of water and sediment into

and thTough the nearshore. Large volumes of fresh water runoff or seasonal and

episodic pulses of sediments can naturally influence the structure and distribution of



nearshore communities (Costanza et al., 1993). But rivers are also the primary sources

of environmental pollutants to the coastal zone (Beatley, 1991). Coastal ecosystems

continue to be threatened by the indirect impacts of watershed land use including

timber harvesting, agriculture, and urbanization. Forest practices in the Pacific

Northwest have been associated with increased sedimentation of streams, increased

stream temperatures and a larger influx of heavy metals suggestedby the analysis of

tissues in marine benthic organisms (Sindeman, 1988). Thus, the proximity and

volume of rivers, streams, sewage outfalls, industrial waste outlalls, marinas, etc.

become important components of landscape scale nearshore habitat modeling. The

SCALE model relies on mapping and distance measurements, thus establishing the

data required for analyses of autocorrelation between point source features and

nearshore biota.

Data Analysis

The purpose of the SCALE mode] is to quantify the physical attributes of beach

segments and group similar segments. This allows for the identification and selection

of replicate beaches available for biological sampling over a continuous shoreline

length determined by the goals of the investigation. Examples include experiments

where replicate beaches are required to compare nearshore communities representative

of one habitat type (e.g., control vs. manipulative studies of rocky shore organisms),

studies requiring more statistical power to detect changes in the biota over time, and

predictions of community structure inferred from sampled beaches within a replicate

group.

Several grouping options are available including clustering algorithms and

other multivariate techniques that group units based on biological or physical

similarity or both, such as TWINSPAN (Hill, 1979). These techniques make

assumptions of linearity and multivariate normal distributions that, while attractive to

apply, are usually violated (Clarke, 1993). Data transformations tend to improve the
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assumptions but the underlying problems associated with nonlinear relationships

among variables cannot be avoided. In addition, the physical attributes of beaches are

unlikely to affect biotic community structure in equal proportion. For example, if

substrate size and properties of the nearshore ocean are assumed to be the predominant

physical forces structuring intertidal communities, then grouping of segments should

weight these forces more heavily.

Ranking the data based on the relative importance of attributes in structuring

communities allows the investigator to select the degree of similarity needed among

beach segments. The fewest groups would be formed by just ranking one attribute, and

these groups would also have the most segment members. This is appropriate if the

goal is to maximize the extent of spatial extrapolation for biological populations or

communities. But the cost is a loss of ecological precision, since other important

physical attributes are not considered. This leads to a low probability of actually

finding the predicted community in other group members even though certain

populations may be robust enough to tolerate variation in the remaining beach

attributes. Barnacles, for example, occur wherever the primary particle size is large

enough to withstand rolling by wave action. They are tolerant of a wide range of other

environmental variables, so a spatial extrapolation based only on primary particle size

may be appropriate. However, very few other organisms are as robust, so the

probability of finding them over the same range of habitats as barnacles is very low.

When all 12 physical attributes (listed on Table 2.1) are considered, then many groups

are formed but each has relatively few members, thus limiting predictions to a small

percentage of the total project area. In this case, the group members will be exactly the

same, increasing the probability of finding the predicted community. Thus, a tradeoff

must be made between high precision over a small spatial extent, and large spatial

extrapolation with low ecological precision.

Prior to segment grouping, the data are separated according to the 4 across-

shore sub-zone elevations. SCALE uses a nested approach by first forming large

primary groups of the 3 dominant substrate sizes, the blocked nearshore cell attributes,
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and wave energy. Nested inside each of the primary groups, a secondaiy group is

formed by using all 12 attributes to find segment members that are exactly the same.

A score code was derived to represent the degree of physical similarity between

segments in the primary group and the secondary group. Each segment is represented

by a vector of physical attributes, for example [6,6,5,1,1,0,1,2,4,1,], where this beach

has a primary substrate of pebbles (6), secondary also pebbles, interstitial sand (5), the

segment is in nearshore Cell 1, has a low wave runup (1), no seepage (0), low slope

angle (1), a low dynamism(2), a high permeability (4), and is smooth (1). A Euclidean

distance between segments could be obtained but would ignore the hierarchy of

importance among the physical attributes. An alternative used here is the vector

difference between the secondary group and the remaining segments of the primary

group. For example, if a primary group was formed by identical values of substrate

sizes, nearshore cell blocks, and wave runup, then a hypothetical segment A in this

group would have the attribute vector [0,0,0,0,0,3,2,4,3,1]. Secondary groups are

formed with the remaining attributes and the largest group of segments have the vector

[0,0,0,0,0,3,3,5,7,2]. The vector distance between segment A and segments from the

secondary group is [0,0,0,0,0,0,1,1,4,1]. This distance vector is obtained for each

segment as a quantitative measure of within group physical similarity.

RESULTS

Marine ecosystems are sensitive to environmental changes and may serve as

indicators of environmental health (Karr and Chu, 1999). Because the nearshore lies

between the marine and terrestrial environments, organisms living there are affected

by a complex array of disturbance processes. Stresses on marine ecosystems due to

changing global climate and the encroachment of anthropogenic development is

manifested in the Pacific Northwest by loss of habitat and the reduction or extinction

of many important organisms (Washington Nearshore Habitat Loss Work Group,

1998). Studying the ecological functions of marine habitats and measuring the extent
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and rate of habitat loss is important for determining the 'health' of developing basins

like Puget Sound, but also relatively pristine shores such as along the Olympic Coast

National Marine Sanctuary. The SCALE model was applied to 1 case study in Alaska

(Schoch, 1996) and 3 case studies shown on Figure 2.6 and detailed below.

Case Study 1: San Juan Island

The objective for mapping this shoreline was to find replicate beaches over a 7

km section of shoreline along the south coast of San Juan Island, Washington. This

was the first step in an experiment designed to test hypotheses of biotic homogeneity

among similar bedrock shore segments (Schoch and Dethier, 1996). This shoreline

was selected for its uniform geological structure, energy regime, solar aspect, tidal

flux, salinity, water temperature, and alongshore currents. However, it is

geomorphologically variable, characterized by highly crenulated bedrock with

occasional beaches of unconsolidated sediments. It faces the Strait of Juan de Fuca

and, especially in the winter, is subjected to storm-generated swells entering the Strait

from the Pacific. Tidal currents shift direction diurnally but flow remains generally

parallel to the shoreline.

AVHRR imagery, such as the example shown in Figure 2.7A, was used to

identify SST gradients in the nearshore off the project shoreline. SST was samp]ed

from 4 pixels spaced approximately 1 km apart and 1 km from shore (Figure 2.7B), for

4 images in May and June of 1994, concurrent with the biota sampling. The 16

measurements were not significantly different (one-way ANOVA, p=O. 15, df=3 and

12). The maximum, minimum, and mean temperatures are shown on Figure 2.7C.

Segmentation and classification of the study area produced 147 beach segments,

representing about 80% bedrock and 20% unconsolidated sediments in pocket

beaches. Groups were generated by ranking the primary, secondary, and interstitial

grain sizes, wave energy, and slope. The resulting group distribution by shoreline

length is shown on Figure 2.8. Since all the segments occur in one nearshore cell, SST
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Figure 2.6. SCALE was applied to 3 independent biological study sites in
Washington State. Case Study 1 was on San Juan Island, Case Study 2 was in
Can- Inlet, South Puget Sound, and Case Study 3 was on the outer coast of the
Olympic Peninsula.
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Figure 2.7. Sea surface temperatures from AVHRR imagery (A) where black
is landmass, white is cloud cover, red colors represent warm and green are
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1994.
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Figure 2.8. Case Study I nearshore habitat distribution ranked by substrate
type, wave energy, arid slope angle for Cell 1 on San Juan Island. Group
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and salinity were not used for grouping attributes. Table 2.4A summarizes the

segmentation results for the lower sub-zone polygons. Of the 51 groups formed, 3

were subsequently sampled for biota (high, moderate, and low slope groups). These 3

groups, or 6% of the total number of groups, have 81 segment members representing

27% of the shoreline length and 16% of the project area. The represented area was low

because sediment beaches accounted for substantial area even though they were not

frequent. Comparisons of the biological populations and community structure among

replicate beaches chosen from each of the 3 groups were the same, as predicted by the

SCALE model (Schoch and Dethier, 1996).

Case Study 2: Can Inlet, Puget Sound

The objective was to find beach segment groups that best characterize Can

Inlet, in South Puget Sound (Figure 2.6), and to find replicate beach segments within

those groups to test hypotheses of biotic similarity within and among sediment beaches

in several different nearshore cells (see Chapter 3).

AVHRR data could not be used here because of the strong terrestrial signal

confounding the SST in the narrow geographic confines of South Puget Sound. SST

and salinity were measured at a depth of I m over a 1 x 1 km sampling grid using a

hand held temperature-conductivity meter (Yellow Springs Instruments, Model 30).

The salinity and sea surface temperature (SST) distributions in Can Inlet at the end of

April 1997 are shown on Figures 2.9 and 2.10. The contour plots on Figure 2.9A and

2. 1OA were generated after smoothing of the raw data and a kriging interpolation

procedure. The inlet mean SST was 12.1°C, and the mean salinity was 28.5. During

the tidal flood, relatively cold and saline water appears on the surface along the east

side of the inlet, while warmer and less saline water was measured along the west

shoreline. The salinity gradient in Can Inlet is small, about 2 along the axis of the

inlet, and 1 across the axis (Figure 2.9B). The SST gradient is about 4°C along the axis

and 3 degrees across the axis of the inlet (Figure 2.IOB). This defined four nearshore



Table 2.4. Shore segmentation results for case studies on (A) San
Juan Island; (B) South Puget Sound, Carr Inlet; and (C) the
Olympic Coast National Marine Sanctuary. The tables list statistics
for the lower sub-zone polygons (0 m).

A. Case Study 1: San Juan Island
Total shore length (m) 7200
Total shore area (m2) 39482
Total number of beach segments 147

Number of segment groups 51

Number of segment groups sampled 3

Number of segment members in sampled groups 81

Total shore length modeled (m) 1960
Total shore area modeled (m2) 6159
Percent of total shore length modeled (m) 27%
Percent of total shore area modeled (m) 16%

B. Case Study 2: Carr Inlet
Total shore length (m) 59650
Total shore area (m2) 4031582
Total number of beach segments 322
Number of segment groups 56
Number of segment groups sampled 8

Number of segment members in sampled groups 117
Total shore length modeled (m) 26042
Total shore area modeled (m2) 2106326
Percent of total shore length modeled (m) 44%
Percent of total shore area modeled (m) 52%

C. Case Study 3: Olympic Coast Sanctuary
Total shore length (m) 246698
Total shore area (m2) 17140405
Total number of beach segments 1840
Number of segment groups 273
Number of segment groups sampled 18

Number of segment members in sampled groups 243
Total shore length modeled (m) 41183
Total shore area modeled (m2) 337324
Percent of total shore length modeled (m) 17%

Percent of total shore area modeled (m) 2%
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cells, each constraining the alongshore salinity gradient to no more than 1 and water

temperature to 2°C. Figure 2.11 shows the mean, maximum, and minimum SST (A)

and salinity (B) for the 4 nearshore cells in Carr Inlet.

SST is more similar between west side Cells I and 2 than between Cells 3 and

4 (one-way ANOVA, p<<.001. df I and 8), and salinities are more similar between

Cells I and 4 (the entrance to Can Inlet) than between Cells 2 and 3 (one-way

ANOVA, p<<.00l, df I and 8)

The ground surveys delineated 310 alongshore segments, composed of 1227

across-shore polygons (309 upper, 304 upper-middle, 313 lower-middle, 301 lower).

The inlet shoreline is mostly unconsolidated sediments ranging from mud in sheltered

embayments, to extensive and dynamic sand flats, and narrower pebble beaches. A few

cobble beaches occur at eroding headlands. Groups were chosen based on the three

dominant substrate sizes, nearshore ceil attributes, wave energy, and area. Area was a

grouping criterion for this project to reduce possible edge effects when comparing

biota among segments. Figure 2.12 shows the distribution of low zone segment

clusters in terms of the number of segments per cluster, and the shoreline length

represented by each cluster. The segmentation results for this case study are listed on

Table 2.4B. Biota were sampled on 2 mud, 3 sand, 1 pebble, and 2 cobble groups

which account for 14% of all available segment groups. These groups have 117

segment members representing 44% of the total shore length and 52% of the project

area.

Case Study 3: Olympic Coast National Marine Sanctuary

The objective was to evaluate existing monitoring sites to see how well the

sampled habitats characterize the shoreline from Neah Bay to the mouth of the Copalis

River within the Olympic Coast National Marine Sanctuary (Figure 2.6). Monitoring

sites were established here in 1989 to test for the effects of an oil spill on intertidal
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biota. Sites were qualitatively selected to represent different intertidal habitats over a

distance of approximately 200 km of shoreline.

Freeland and Denman (1982) showed that north winds in the summer force

water centered over a spur of the Juan de Fuca canyon into a cyclonic gyre. bringing

cold and nutrient rich water from the deep canyon to the surface. This creates an

alongshore gradient during the summer upwelling season with high nutrient

concentrations in the northern canyon upwelling center and low concentrations in the

south where the shelf is shallow and much wider. AVHRR imagery from May-June,

1994-1997, provided data for identifying the magnitude of the alongshore SST. Figure

2.1 3A shows an example of the temperature distribution resulting from an upwelling

event in June, 1996 after 4 days of north to northwest winds recorded on Tatoosh

Island, at the northwest tip of the Olympic Peninsula. This gradient, which averaged

about 6°C for the entire length of the project shoreline, along with the configuration of

nearshore bathyrnetry and shore orientation (which affected wave energy), contributed

to the array of nearshore cells shown on Figure 2.13B. The mean, maximum, and

minimum SST for each nearshore cell is summarized in Figure 2.13C. There is a

difference of approximately 1°C between each nearshore cell with the exception of

Cells 3 and 4 which are differentiated primarily by wave energy. The salinity gradient

was not measured for this project and remains unknown.

Field surveys of the intertidal zone in 1994 resulted in 1880 alongshore

segments. Bedrock shores dominate the northern portion of the coast in the Strait of

Juan de Fuca and the Cape Flattery area. The northern third of this shoreline is mostly

rocky headlands and bedrock shelves with gravel veneers. These are broken by

occasional pockets of sand and pebble beaches. The center third is mostly sand and

pebble beaches broken by occasional rocky headlands. Sand beaches dominate the

southernmost shoreline. Across-shore polygons were grouped by substrate size,

nearshore cell, and wave energy, producing 273 groups. Figure 2.14 shows the

distribution of these groups in terms of shoreline length. The large spikes towards the

left side of the graph represent sandy beaches in nearshore Cells 2-8. This indicates the

importance of these habitats in terms of characterizing the shoreline length even
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though they are only 20% of the totaj number of groups. Pebble and cobble beaches

represent 55% of the groups but the distribution graph shows that none of these groups

characterize much of the shore]ine length (many groups with few segment members).

Bedrock shores account for 25% of the total groups, but only 3 groups have more than

10 segment members. The shoreline length represented by bedrock is still very small

compared to the sand beaches. There are 18 groups where the biota are currently being

sampled and Table 2.4C summarizes this distribution. These groups consist of 243

segment members (130 sand, 33 cobble, 80 rock), characterizing 17% of the shoreline

length and 2% of the intertidal area. Testing the similarity of populations and

communities among segment members is a work in progress.

GIS Data Structure

Effective, management of the coastal zone depends on the availability of

accurate information about the distribution of natural resources in both space and time.

Access to current resource inventories can benefit managers in monitoring trends in

response to natural and anthropogenic disturbances. The goal of this component of the

project was to develop a database structure to represent the important features of the

nearshore environment pertinent to the needs of coastal managers and scientists. The

database was designed to be compatible with GIS software such as AreView (ESRI,

1996). The large amount of data resulting from the classification described above need

an organized structure in order to be usable. The GIS format provides an interface to

the data that allows for rapid viewing and sophisticated queries. Possible applications

include identifying critical habitats for coastal-dependent species, selection of

monitoring sites and marine preserves, natural resource damage assessments, and

habitat sensitivity analyses.

An example of the data model is shown on Figure 2.15. Feature data are

represented by a series of raster images, and line, polygon, and point coverages. Aerial

orthophotos provide a basemap at 1 meter resolution for subsequent vector overlays.



Figure 2.15. The GIS data structure for a portion of Carr Inlet, South Puget Sound is shown displayed in AreView(ESRI,
1997). The coverage legend, aerial orthophoto basemap (raster), alongshore segments (vector), across-shore zones
(vector), and the lower sub-zone (point) data attribute table and photo hotlink are shown for beach segment 21.
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Line coverages represent supra-tidal data on the digitized high water line, upper

intertidal data also on the high water line, and sub-tidal data on the low water line.

Two polygon coverages represent the intertidal zone. Alongshore segments are

delineated by solid lines along the interpreted high and low water extents and

horizontal segment boundaries, Across-shore sub-zones are represented by dashed

lines. Separate point coverages represent polygon centers for each sub-zone. Another

point coverage shows the general segment data and links to aerial video frames

captured for each alongshore segment. Line and point coverage attributes are joined

via relational links to database files listing all appropriate attributes for each feature

represented. The inset of Figure 2.15 shows the results of a spatial query.

Documentation was generated for each data layer and the source, projection, and

resolution are contained in metadata files. This will allow the end-user to make

informed decisions concerning the usefulness of a particular data layer on a map.

DISCUSSION

This study describes a model for determining landscape scale patterns in

nearshore biota based on the physical characteristics of shoreline partitions.

Homogeneous alongshore segments are nested within nearshore cells of relatively

uniform water properties. Segments with similar physical attributes are grouped

together forming sets of replicate beaches. In reality, exact replicates in nature are

extremely rare and no two beaches will be physically identical at all scales of

observation. The limitations of this model must therefore be recognized, especially in

terms of making large scale inferences about community similarity and population

abundances. The degree of physical similarity among replicate beach segments will

depend on the number and choice of attributes used to characterize a beach, the effort

involved in quantifying segment attributes, the number and range of increments used

to categorize each attribute, and the number of attributes chosen for segment

aggregation.



The choice of which physical attributes to measure or calculate must coincide

with the beach characteristics most influential in structuring biotic communities over

the scales of interest. The generally large number of different taxa per habitat results in

highly complex systems of interacting organisms. Confounding this complexity are the

physical attributes and processes that establish the environmental conditions suitable

for supporting the biota. This shore partitioning model does not consider many

attributes that may be important at small scales, such as redox potential, dissolved 02,

pH, etc. (reviewed by Sneigrove and Butman, 1994). Measuring or calculating these

for each shore partition over a regional area would be a daunting task. However, many

small scale physical features of a beach are correlated to the attributes chosen here, and

measuring covariates may not be necessary unless the specific mechanistic link

between a physical attribute and an organism is known. Such links are uncertain for

most taxa, and require considerable study. However, we know that physical effects on

one organism can have a cascading effect on the remaining community members, so

that even slight changes in one important attribute can change the entire community.

The physical attributes chosen to characterize a segment must be quantified

with a precision appropriate to the sensitivity of sampled taxa. For example, in Can

Inlet higher than expected biological variability was found within groups of mud

segments because the amount of sand in the mud was not adequately quantified. Our

results show that slight differences in sand content were associated with fairly large

changes in the community structure because of the presence or absence of bioturbating

sand dollars.

Physical attributes are measured as continuous variables, but then categorized

to minimize variability. The number of increments chosen to represent the range

between end points is arbitrary. For example, substrate size has no natural breaks

between grain sizes, but is commonly categorized using the Wentworth scale. This

method uses standardized but arbitrary boundaries, rather than being based on

ecological criteria. Standardized classifications are not available for the other

attributes, and the categories chosen are estimates of what will cause significant

changes in the sampled biota. For example, the choice of 5, 10, or 20 increments to



characterize wave energy will ultimately affect the sensitivity of the model to

differentiate habitats and associated biota. Misclassification could result if the range of

each increment is too large and encompasses variability that changes the community

structure. On the outer coast where wave energy creates very dynamic pebble beaches,

the substrate is devoid of interstitial fine grained particles and is also biologically

depauperate. h the Puget Sound region, interstitial spaces in pebble beaches are often

filled with sand and silt, arid are relatively rich with infauna. Here slight increases in

wave energy, as could be expected during winter storms, could resuspend fines and

remove these grains from the substrate, causing significant changes in infaunal

populations.

The method used to group segments also must prioritize the factors most likely

to structure the community of interest. For soft-sediment habitats of Puget Sound, we

assumed that substrate size and properties of the nearshore ocean are more important

than aspect, slope angle, permeability and roughness. While it is clear that substrate

size is the overall controlling physical factor in structuring macrobiotic communities at

the scale of beach segments, other attributes are harder to rank. Wave energy and

properties of the nearshore ocean are important at large scales, and where waves exist

continuously influences at small scales such as water velocity and heights of runup are

certainly a factor. However, where wave energy diminishes, in estuaries for example,

the volume of water flushing through the beach prism, measured here as permeability,

becomes more important in terms of delivering oxygen to the infaunal biomass.

Similarity of replicate beaches in each group is a function of the number of

increments used to categorize each attribute, and the variation in the attributes not used

to group segments. The segment score quantifies this by recording the variability

among those other attributes. Variability among replicates introduced by the range or

number of categories of each attribute can be controlled by increasing the number of

increments, but the trade off is that more groups with fewer members will result,

decreasing the length or area for which we can infer community structure.

The length or area of shoreline modeled (i.e., the spatial extrapolation of biotic

communities) is a function of the number of segment groups sampled for biota, and the
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number and size of segment members in the sampled groups. The former depends on

the amount of time and money available for biological sampling and taxonomic

identification and the latter relies on the spatial distribution and physical diversity of

habitat types identified in a given area. The results from Case Studies 1 and 2, where

the SCALE model was used to select beach segments for sampling so that the amount

of shoreline modeled is maximized, show the effectiveness of using this approach (3

groups for 27%, and 8 groups for 44% respectively). In Case Study 3 , the monitoring

sites were chosen without using the SCALE approach, and the 19 groups sampled

resulted in only 17% of the shoreline characterized.

The nearshore environment is a region of high biological productivity and

diversity, but can be heavily influenced by anthropogenic perturbations such as oil

spills, other pollution, upland or shoreline development, and industrial and recreational

harvesting. Understanding the relationships between physical features of shorelines

and the distribution and abundance of nearshore populations allows us to predict the

spatial distribution of nearshore biota. This has important implications for resource

managers in assessing the vulnerability and sensitivity of biological resources to

natural and anthropogenic perturbations. The databases resulting from this workare of

broad utility, not only in detecting ecological change, but in shoreline planning, siting

of development projects, and choosing locations for other types of marine research.

On-going research using this methodology includes hypothesis testing of community

similarity among spatially discrete beach replicates, and testing hypotheses of how

differences in the nearshore ocean affect population abundances.
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CHAPTER 3

SCALING UP: THE STATISTICAL LINKAGE BETWEEN ORGANISMAL
ABUNDANCE AND GEOMORPHOLOGY ON ROCKY iNTERTIDAL SHORES

ABSTRACT

The objective of this study was to analyze the fidelity of macroalgal and

invertebrate populations to bedrock shore segments with similar physical features.

High fidelity would allow predictions of population abundances and community

structure to be made from a limited selection of samples to groups of replicate

beaches, thus scaling up to larger areas. In May, 1994, a rocky shoreline on San Juan

Island, Washington was partitioned into horizontally and vertically homogeneous

segments with quantified physical attributes. Shoreline segments with similar

characteristics were statistically aggregated into similar groups. Using replicate 0.25

m2 quadrats to sample the intertidal macroalgae and invertebrates at 3 elevations on

randomly selected beaches, we compared the variance in abundances of populations

among: 1) 3 transects within one homogeneous shoreline segment from a moderate-

angle bedrock group; 2) 3 shoreline segments from the same moderate-angle bedrock

group; and 3) 3 separate groups representing low-angle, moderate-angle, and high-

angle bedrock segments. We hypothesized that variance in organismal abundance

would be low among-transects and among similar segments but high among segments

from different groups. Data were analyzed using parametric and non-parametric one-

way ANOVA for population level comparisons at each elevation. Community level

comparisons of the lower zone data were made using ordination techniques. We found

that for 35 out of 42 comparisons, population level abundances were not significantly

different among horizontal transects within a moderate angle rocky shore segment.

There were also no significant differences found among shore segments within the

same group for 43 out of 57 comparisons. However, population abundances varied

significantly among different groups, with significant differences in 45 out of 58



comparisons. The ordination analyses for community structure supported these

findings by indicating a higher similarity for communities within a segment, and

within a group, than among different groups. These results suggest that by using a

systematic approach to partition a shoreline and aggregate replicate beaches, nearshore

community structure and most population abundances can be statistically inferred over

a broad spatial scale on rocky shorelines.

INTRODUCTION

The structure of marine benthic communities varies in both space and time, but

this variability is highly scale dependent (Raffaelli et al., 1994). Patterns perceived as

highly heterogeneous at one scale of observation may become relatively homogeneous

at a different scale (Archambault and Bourget, 1996). With some exceptions, most

ecologists have focused their research at small scales that lend themselves to

experimental studies over short time intervals, and have neglected larger scale

phenomena (Dayton, 1994). However, the consideration of broader temporal and

spatial scales in nature is critical to our ability to generalize. O'Neill (1989) suggested

that legislation in the late 1960's requiring consideration of environmental impacts of

human activities forced a shift from very local ecological perspectives to ones

encompassing landscapes and now even the globe. At the same time, community

ecologists are finding that as they start trying to incorporate environmental variation

(the background "noise' in all systems) into their understanding, their ability to

generalize is reduced -- there is great difficulty in "scaling up" (Levin, 1992), yet we

need to be able to extrapolate and make predictions (Pimm, 1991).

Intertidal shorelines are a mosaic of habitats. Physical and biological processes

strongly influence the distributions and interactions of marine benthic plants and

animals, such that these communities are coupled to factors such as tidal fluctuations,

water temperature and salinity, wave exposure, and characteristics of the substrate

(Lewis, 1964). These physical attributes contribute not only to horizontal patchiness
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but also to intertidal zonation. On small to moderate scales, physical factors

contributing to spatial variation include wave exposure and shearing forces (e.g.

Denny et aL, 1985; Lewis, 1964; Paine and Levin, 1981; Seapy and Littler, 1978;

Underwood and Jernakoff, 1984), rock type (Raimondi, 1988), desiccation (Johansen,

1972; Menge et aL, 1983), shade (Carefoot, 1977), and disturbance from logs, ice, and

sand scour (Daly and Mathieson, 1977; Littler et al., 1983; Paine and Levin, 1981;

Wethey, 1985). These factors act individually or through complex interactions to

create locally variable assemblages. The influence of each factor may vary among

seasons or years (Foster et al., 1988). On a geographic scale, species composition is

affected by oceanographic conditions such as current patterns (affecting dispersal and

nutrient delivery), salinity, and water temperature (Roughgarden et al., 1988).

Biogeographic provinces (very large-scale variation in species composition) correlate

well with marine climate boundaries which integrate the above oceanographic

conditions (Hayden and Dolan, 1976; Ray, 1991).

An extensive literature documents how biological factors similarly contribute

to spatial and temporal variation in intertidal assemblages. Key processes include

competition (Connell, 1972), biotic disturbances such as predation (Paine, 1974) and

grazing (Duggins and Dethier, 1985; reviewed in Steneck and Dethier, 1994;

Underwood and Jernakoff, 1984), and recruitment (reviewed in Menge, 1991; Menge

and Farrell, 1989; Santelices, 1990). Modeling and field work suggest that on local

spatial scales, such biotic factors interact with physical factors to produce community

patterns (Dayton et aL, 1984; Menge and Olson, 1990). On larger scales, the roles of

oceanographic processes and environmental variation become increasingly important,

affecting community structure indirectly rather than directly (Menge et al., 1997).

The complexity of physical and biological processes, and the multiple spatial-

temporal scales considered, require that any predictive model of community ecology

must be hierarchical, with small scale models nested within large scale models

(Maurer, 1999). This study of ecological patterns, generated at different scales by

different processes, is the emerging field of "landscape ecology' (Urban et al., 1987),

which has yet to be applied to any degree in the marine realm. Ray (1991) notes that
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coastal gradients in abiotic factors result in "complex hierarchies of coastal ecosystems

each with characteristic biotic associations' (p.4.92). However, our knowledge of the

mechanisms forcing these associations is limited to a few organisms (Dayton, 1994).

As a result of this variation, generalizing from local research to larger scales

may risk error. Foster (1990) suggested that intertidal assemblages are considerably

more heterogeneous than suggested by some claims of ecological generality, and that

broad spatial generalities based on studies at one or a few sites are unfounded.

However, detailed biological sampling is very time-consuming, especially if

taxonomic identification is required to the species level. Consequently, relatively few

data beyond cursory surveys of nearshore community structure are available for

continuous sections of shoreline. Similarly, spatially continuous data of physical

attributes of the nearshore are also generally not available and ecologists often rely on

arbitrary selections of sample sites (Underwood, 1996).

The objective of our research is to test the similarity of intertidal faunal and

floral abundances among comparable habitats at three spatial scales. We use a

segmentation model to partition continuous shorelines into homogeneous polygons

according to a suite of physical attributes. We incorporate conventional substrate and

hydrodynamic parameters such as sediment size and wave exposure, which are

generally acknowledged as affecting the abundance and distribution of macroscopic

algae and invertebrates. The segments are then aggregated into groups with the same

or similar physical conditions. Replicate beach segments are selected for biological

sampling from the groups with the most segment members. This segmentation model

can be applied at several intertidal levels to vertically differentiate the shoreline.

The ultimate goal is to extrapolate the community structure, diversity, and

organismal abundances sampled with quadrats at the scale ofa beach transect, to other

segments in the same group, thus expanding the spatial inference ofour results. Large

areas of shoreline can be surveyed according to this segmentation model, whereas

actual biological sampling will always be more labor intensive and therefore limited in

spatial extent. The actual mechanisms linking the physical attributes with biotic

community structure are not determined, but the patterns that develop serve as good
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starting points for mechanistic studies. The hypotheses we tested were: 1) faunal and

floral abundances are similar among 3 transects within a physically homogenous

shoreline segment; (2) abundances are similar among segments within an aggregated

group; and (3) abundances are different among 3 groups of rocky shore segments with

different slope angles.

METHODS

We chose a 7 km section of shoreline along the south coast of San Juan Island,

Washington to test our hypotheses (Figure 3.1). This shoreline was selected for the

relatively uniform geological structure, energy regime, solar aspect, tidal flux, salinity,

water temperature, and longshore currents. Geomorphologically, however, this coast is

highly variable, characterized by crenulated bedrock with occasional beaches or

veneers of boulders, cobbles, and sand. The wave energy regime along this shoreline is

relatively high for the Puget Trough. The shoreline faces the Strait of Juan de Fuca

and, especially in the winter, is subject to storm-generated swells entering from the

Pacific. Tidal currents shift direction diurnally but flow remains generally parallel to

the shoreline. Abundant drift logs and other debris, carried by the current, occasionally

come in contact with the shoreline at all tide elevations. Low-angle rocky shores and

grave] beaches invariably have drift logs and debris piled along the upper intertidal

fringe. This section of coast is relatively inaccessible to the public so the effects of

human disturbance are negligible, but log strikes and the forces generated by waves

(especially in the winter) are likely causes of disturbance to the rocky intertidal

communities (Dayton, 1971).
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Figure 3.1. SCALE was applied to the southern shore of San Juan
Island in Washington State. The study site was along a relatively
linear section of shoreline, about 7 km long, facing the entrance to the
Strait of Juan de Fuca.



Nearshore segmentation

Hydrodynamic characteristics of beaches serve as indicators of prevailing

nearshore processes which can affect organismal abundances both directly and

indirectly. Spatial heterogeneity of the physical environment generates heterogeneity in

communities of organisms (Foster, 1990). We argue that if environmental

heterogeneity is largely controlled by physical processes, then a physically uniform

environment should have minimal variation in organismal abundance. Physical and

biological disturbance factors such as predation, competition, drift log strikes, and

other natural or anthropogenic factors will always create disturbances at multiple

spatial-temporal scales, but these can be measured with the proper sampling design

(Legendre et at., 1989). Our model removes or reduces the spatial heterogeneity of

physical variables by partitioning a shoreline into distinct segments with relatively

homogeneous hydrodynamic characteristics. These segments become the fundamental

unit for statistical analysis of spatial variation and distribution of shoreline habitats.

The degree of hydrodynamic homogeneity is based on the attributes used to quantify

the physical conditions of the beach, and in that sense the boundaries of homogeneity

are arbitrary. In reality, often there are continuous gradients of these attributes rather

than clearly defined boundaries between segments. Therefore, the classification relies

considerably on the experience of the observer to delineate segments. Hurlbert (1984)

points out that the degree of heterogeneity will affect the magnitude of random error

and the sensitivity of an analysis, and thus the interpretation of results. Here, the

desired sensitivity of the model is to detect biotic homogeneity at the same scale as the

hydrodynamic homogeneity.

A multiple-parameter physical classification scheme, originally designed for

intertidal habitat sensitivity analyses and oil spill persistence studies (Schoch, 1994),

was modified with additional parameters to increase the statistical sensitivity to subtle

changes in shoreline characteristics. The parameters and categories are summarized in

Table 3.1. Detailed descriptions of the classification parameters and how they are

evaluated are found in Chapter 2.
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Table 3.1. Shoreline classification parameters used in this study. The nearshore
cell sea surface temperature was used to identify oceanic patterns, shoreline type
identified the general coastal landforms, alongshore segments were delineated
based on homogeneity defined by the listed parameters, and the sub-zone
parameters are applied to vertical bands conesponding to the upper, middle, and
lower intertidal zones....
Nearshore cell (140km)

Sea surface temperature

Shoreline Tvoe (100-I000m)
Geomorpbology

Alon2shore sementnarameters (10-100 ml:
Latitude
Longitude
Length
Width
Area

Orientation (compass direction perpendicular to the shoreline)
Wave power (1 very protected; 2 = protected; 3 semi-protected; 4 semi-exposed;

5= exposed; 6=very exposed)
Drift Exposure (1 = same; 2 = 135 degrees; 3 = 90 degrees; 4 = 45 degrees; 5 opposite)

Actoss-shore sub-zone parameters (for each ofi4 zones within the seementk
Size (1 = snndisilt; 2 =pebbles/granules; 3 = cobbles; 4 = boulders; 5 =bedrock)
Waverunup:(l=<05m;2=0.5-1.Oxn;3=L0- 2.Om;4=2.0- 3.Om; 5'=>3Om)
Slope(1=<10°; 2=10-25°;3=25-45°;4=45-60°;5= >60)
Dynamism (1 slow change, 3 moderate change, 5 = rapid change)
Permeability (1 = low (water pools on surface), 5 = high (water percolates immødiately)
Seepage (% of segment seeping water: 1 = 0%; 2 25%; 3 50%; 4 = 75%; 5 = 100%)
Roughness (1 = laminar; 2 = some turbulence; 3 = turbulent; 4= very turbulent; 5 crevices)
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The minimum length of shoreline segments was based on the smallest spatial

unit that could be clearly discerned and delineated on aerial photo basemaps. Low

altitude aerial photographs were taken at an extreme low tide to maximize the areal

extent of the exposed nearshore zone. These provided a high resolution basemap for

accurate spatial referencing of the shoreline segments. Detailed mapping of the

intertidal zone is often hampered by foul weather, and in some areas a large tidal flux

precludes direct observation of the intertidal zone for most of the day. Aerial

photography provided a relatively economical means to capture the most information

over a large spatial scale on one low tide, and a permanent visual record of the

shoreline for future comparative studies (Lillesand and Kiefer, 1987). Thesewere

enlarged from 1:24,000 to 1:12,000, allowing us to delineate segments to a minimum

spatial resolution of about 10 m.

The initial field assessment to delineate shoreline segments arid collect

geomorphic data was conducted during a spring tide series in April, 1994. Aerial photo

basemaps were used for mapping the segment delineations while the shoreline was

walked. To maximize the area quantified, observations were limited to a 3 hour

window, 1.5 hours before until 1.5 hours after the lower low tide of the day. Tidal

height at the time of observation was calculated based on the published daily predicted

heights (NOS, 1994) for comparison with the tide height at the time of aerial

photography, with subsequent observations, and with other segments. The

segmentation and aggregation model produced 147 shoreline segments. The segments

were combined into 51 groups by ranking them by substrate size, wave runup, and

slope angle respectively. Figure 3.2 shows the nearshore habitat group distribution by

shoreline length. Table 3.2 lists a segment summary for the project shoreline, and a

summary of the physical attributes for each of the groups selected for biological

sampling and hypothesis testing.
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Figure 3.2. Nearshore habitat distribution ranked by substrate type, wave
energy, and slope angle for the south shore of San Juan Island. Group
numbers refer to clusters of beach segments with the same physical
attributes. Groups 1-13 represent sandy segments, groups 14-33 are pebble
beaches, and remaining groups are bedrock segments. Groups selected for
biota sampling are highlighted. Group 35 represents 59 low slope angle

(<10°) segments, group 45 are 8 moderate angle (25450) segments, and
group 51 are 14 high angle (>60°) segments.
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Table 3.2. Shoreline. classification summary for the study area. Segment characteristics are
shown for the three groups selected for biological sampling. Note that aggregate groups differ
primarily in slope angle and roughness. Slope angle was the factor used to select segment
groups for hypothesis testing.

Segment clustering summary
Total shore length (m) 7200

Total shore area (mg) 39482
Total number of beach segments 147
Number of segment groups 51

Number of segment groups sampled 3

Number of segment members in sampled groups 81
Total shore length modeled (m) 1960

Total shore area modeled (m2) 6159
Percent of total shore length modeled (m) 27%
Percent of total shore area modeled (m) 16%

Group 35

Group 45

Group 51

Substrate = bedrock
Orientation = southeast
Energy = moderate

Slope angle = <100

Debris Volume = low
Roughness = low

Substrate = bedrock
Orientation = southeast
Energy = moderate

Slope angle = 20-35°
Debris Volume = low
Roughness moderate

Substrate = bedrock
Orientation = southeast
Energy = moderate

Slope angle = >60°
Debris Volume = none
Roughness = moderate
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Biotic sampling methods

Segments from group 45, the moderate-angle bedrock, were sampled to test the

hypotheses of within and among segment similarity of community structure and

population abundance. Figure 3.3 illustrates the sampling design for each segment

group. We first evaluated the biota among 3 horizontal blocks of quadrats within

segment 127, by sampling from 5 randomly placed 0.25 m2 quadrats. This was

repeated at each of 3 elevations, for a segment total of 45 quadrats. Then to test the

second hypothesis, that community structure and population abundances are not

significantly different among segments within the same group, segments 30 and 106

were randomly selected from segment group 45. The sampling design described above

was repeated on each of these segments during the same spring tide cycle (in May

1994). To test the third hypothesis, that community structure and population

abundances are significantly different among different segment groups, we compared

abundances from segments iii groups 51 and 35 (low and high angle rocky shores,

respectively). Each sample again consisted of 15 random replicates at each of 3

elevations from each of 3 segments, for a total of 135 quadiats per elevation for all 3

segment groups.

In the relatively low energy regime of the Puget Trough, intertidal zonation is

compressed vertically so that a 0.5 meter change in elevation can make a significant

difference in community structure. Therefore, the height of each sampling station was

determined precisely to ensure that comparisons between stations were valid along

lines of equal elevation. This was particu]arly important for comparisons between

segments several kilometers apart. No tidal benchmarks or other survey controls were

located at the study site. We based our elevation surveys on tidal predictions from the

primary gauge at Port Townsend, WA, with a local correction based on a secondary

tide gauge near the study site. The mean diurnal tide range for this area is 1.9 m (NOS,

1994). Transect stations were surveyed arid marked at 0.0 m, 1.0 m, and 2.0 m

elevations using leveling procedures accurate to 0.02 m. These elevations correspond

to the lower, middle and upper intertidal zones for this area.
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QUADRATS (25 m)
DDDDD QUDDD DDØD

TRANSECTS (5 qdxL)
(-> E-> < _ >

BEACH SEGMENT (3 qudrat b1ocs)
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TRANSECTS (5 qudracs) TRANSECTS (5 quadmj<-> < > < > < > < >
BEACH SEGMENT (3 qath3t bIQc]c) BEACfl SEGMENT (3 qUadGt block3)

BEACH SEGMENT GROUP (rplicabe1i ,gmern)

Figure 3.3. Nested sampling design to test hypotheses of biotic similarity

within and among replicate beach segments. Quadrats (.25 m2) are used to
estimate the percent cover of sessile algae and invertebrates, and counts of
mobile invertebrates. Segment group is the highest level of the hierarchy, with
3 replicate beach segments representing each of 3 groups: high, moderate, and
low angle rocky shores. This diagram represents just one elevation, this design
is repeated at each sampled elevation in the upper, middle, and lower intertidal
zone.
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Abundances of sessile macroscopic fauna and flora were estimated visually as

percent primary cover (percent of the rock surface occupied by a species), while

mobile macrofauna were individually counted (Dethier et al., 1993). Estimates were

aided by using a 10 cm grid within the quadrat. All 45 quadrats per segment were

sampled during one low tide. To standardize estimates of mobile organisms, the 1.0 ru

(middle) and 0.0 m (lower) stations were sampled as soon as the ebbing tide exposed

the site. Abundances were recorded for 55 sessile and 22 mobile taxa. Taxonomic

identifications followed Abbott and Hollenberg (1976) and Gabrielson et al. (1990) for

macroflora, and Kozloff (1993) for macrofauna. Due to time constraints imposed by

the tidal flux and the diversity of the samples, most organisms were identified in the

field to genus level only. Also, several organisms were further grouped if: 1)

taxonomic identification was too time consuming (e.g. lichens, encrusting corallines,

amphipods, isopods), or there was a high potential for including rare species with

common species (e.g. limpets); 2) misidentification due to similar morphologies could

occur (e.g. ulvoids); 3) the organisms were present but could not be identified (e.g.

miscellaneous holdfasts); and 4) or the estimates were expected to be very low (e.g.

sea urchins).

Sampling of the high angle group necessitated rappelling down steep slippery

faces, and minimal energy dissipation on these reflective shores resulted in waves

generally larger than those on other slopes. However, we believe the accuracies of

identifications and abundance estimates were not compromised. During the weeks

between physical classification and biotic sampling, low-angle segment 20 was

damaged by a rolling drift log which then stranded at the high tide line. Splinters of

wood wedged in cracks, and crushed barnacles attested to the damage incurred. Also,

we did not sample the entire community but rather a subset composed of the more

obvious organisms, the macroscopic fauna and flora that might respond similarly to

physical processes (Underwood and Petraitis, 1993).
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Data analysis

Prior to statistical analysis organisms were aggregated if I) the abundance

estimates were very low but the frequency of observation was high (e.g. Hilde#thrandia

sp., Ralfsia sp., and "Petrocelis" were grouped into non-coralline crusts); 2) the niche

overlap was such that the organisms were usually found together (e.g. Bossiella

plumosa, Calliarthron tuberculosum, and C'orallina vancouveriensis were grouped

into upright articulated corallines); and 3) the estimates were very low and variable

(e.g. Halichondria panicea and Ophlitaspongia sp. were grouped into encrusting

sponges; Henricia sp., Leptasterias hexactis, and Pisaster ochraceus were grouped

into sea stars; Katharina tunicata, Mopalia sp., and Tonicella lineata were grouped

into chitons; and Cancer sp., grapsid, majid, and porcellanid crabs and all hermit

crabs, were grouped into crabs). Space in the intertidal is critical for all sessile species,

therefore the percent cover of bare rock was included in all analyses and results.

Percent cover estimates were arcsine transformed prior to parametric tests. A

diagnostic examination of the data using side-by-side box and whisker plots

graphically identified the distribution centers, relative spreads, general shape of the

distributions, and presence of outliers. Descriptive statistics were generated to

compare the means and standard errors of each sample. This provided a basis for the

subsequent selection of statistical tools. If the mean of the combined sample

abundance for an organism or a group of organisms was below I % cover for sessile, or

1 count for mobile, then the organism was not included in the analyses.

Diagnostic examinations showed the data to be variable in terms of outliers,

standard errors, and normality; thus no one statistical tool could provide conclusive

tests for the hypotheses. Hence, we applied several different tools to the data and

looked for similar patterns in the results. For population level comparisons we used

one-way ANOVAs and non-parametric rank-sum tests. The ANOVA has greater

statistical power than other tests, provided the data have equal standard deviations and

do not have extreme outliers (Ramsey and Schafer, 1997). This test was applied to the

abundance estimates for each taxon, at each elevation, to test the null hypothesis (H0)



with ct=O.05. The power of the ANOVA to detect a Type II error was calculated for

each test (Zar, 1984). Since, the ANOVA is not resistant to outliers, and these were

known to exist for several organisms, the abundance estimates for each taxon were

reanalyzed with a non-parametric Kruskal-WaIlis test. The ANOVA and power

analyses were run on Microsoft Excel.

The multivariate methods of Clarke (1993) and PRIMER software (Primer,

1997) were used to detect patterns in community structure for the lower zone taxa.

Prior to analysis, the very rare taxa (frequencies <5%) were removed to reduce the size

of the data matrix, thus improving the reliability of the results. The indicator value of

Dufrene and Legendre (1997) was calculated for each taxa (based on 15 quadrat

estimates per lower zone). A fourth root transformation was applied to the indicator

values so that analysis considered both high and low values, a matrix of Bray-Curtis

similarities was generated, and the technique of non-metric multidimensional scaling

(MDS) was used on the matrix. Similarity percentage analyses (SIMPER) were used to

identify the taxa contributing most to average similarity within groups. Analyses of

similarity (ANOSIM) tested the significance ofany apparent differences among spatial

scales.

RESULTS

Population level analyses compared variations in abundance estimates. Tables

3.3-3.5 show the results of one-way ANOVAs for each taxa. The power, or probability

of a Type II error when a=O.O5, is provided where appropriate. Within segment 127

from the moderate slope angle group (Table 3.3), we found the population-level

abundances were not significantly different among transects for 5 out of 8 organisms at

the 2 rn station, 12 out of 15 at the 1 m station, and 18 out of 19 at the 0 m station

(bare rock is included in all comparisons). Table 3.4 lists a summary of ANOVA

results for all the other segments sampled from each segment group. These results are

consistent with the analysis of segment 127 for the first null hypothesis



Table 3.3. ANOVA population level analysis for organism abundance among transects a,
b, and c within segment 127 (df =2 and 12). Abundance values are for sample means
>1% primary cover or 1 count. The power analysis is an indicator of how likely the
ANOVA test was to detect true difference between the population means when a = 0.05.
The low average power shown indicates the weakness of these tests despite large
differences in organism totals.

Mean Segment Standard
Elevation Organisms o >0.05 Abundance Power Organisms p< 0.05
2 meters Encrusting non-corallines 0.02 0.6 0.2 Bare rock

Lichens 0.12 2.4 0.3 Barnacles (live)
Barnacles (dead) 0.06 2 0.6 Limpets
Littorines 266 38.6 0.2
Pollicipes polymerus 0.01 1 0.1

Subtotal 5 3

1 meter Bare rock 0.2 3.8 0.2 Fucusgardneri
Encrusting non-corallines 0.26 3.8 0.2 Ulvoids
Endocladia muricata 0.05 1.3 0.9 Limpets
Halosaccion glandiforme 0.01 0.4 0.5
Poly5iphania sp. 0.01 0.5 0.2
Porphyrasp. 0.01 0.2 0.2
Arzthopleura elegantissi,na 0.01 0,3 0.3
Barnacles (dead) 0.05 1 0.9
Barnacles (live) 0.27 4.6 0.8
Isopods 2 1.2 0.2
Littorines 59 19 0.5
Nucefla lamellosa 3 0.8 0.2

Subtotal 12 3

0 meter Acrosiphonia sp. 0.02 1 0.4 Bare rock
Encrusting corallines 0.12 3,4 0.2
Encrusting non-corallines 0.27 3.9 0.1
Upright corallines 0.2 5.9 0.3
Fucus gardneri 0.01 0.2 0.2
Halosaccion gland jforme 0.01 0.2 0.2
Hedophyllurn sessile 0.02 0.7 0.2
Iridaea splen.d ens 0.01 0.4 0.2
Mast ocarpus papiflatus 0.02 1.5 0.1
Microclada borealis 0.05 1.5 0.4
Odonthaliafioccosa 0.05 1.6 0.1
Ulvoids 0.01 0.3 0.1
Balanus (live) 0.01 0.3 0.2
Balanus (dead) 0.01 0.2 0.1
Chitons 6 0.9 0.2
Eacrusting sponges 0.01 0.3 0.2
Limpets 5 1.8 0.1
Nucella lamellosa 1 0.5 0.1

Subtotal 18

Total 35 7

79

Mean Segment Standard
Abundance .rssi

0.67 4.7
0.11 2.3
100 21.4

0.02 0.6
0.06 2
222 33

0.16 5.7



Table 3.4. Summary of population level analyses for organism
abundance among transects within each sampled segment showing the
general pattern of ANOVA results.

Segment # Organisms # Organisms Trace < 1%

Group Elevation Segment p >0.05 p< 0.05 or 1 count

High 2 meters 22 5 3 3

57 9 0 6
71 8 1 5

1 meter 22 13 2 13

57 13 3 9

71 13 4 11

Ometer 22 15 3 13

57 13 1 11

71 8 1 19

Moderate 2 meters 30 6 1 7
106 10 2 8

127 5 3 4
Imeter 30 8 6 15

106 10 0 11

127 12 3 11

0 meter 30 12 1 23
106 11 1 19

127 18 1 16

Low 2meters 22 8 0 5
65 9 1 7

136 5 3 5
imeter 22 5 7 11

65 10 6 15

136 17 5 10

Ometer 22 14 2 25
65 14 1 26

136 12 3 26



Table 3.5. ANOVA population level analysis for organism abundance among segments
30, 106, and 127 within group 2 (df 2 and 42). Abundance values are for sample means
>1% primary cover or 1 count.

Mean Group Standard Mean Group Standard
Elevation Species o >0.05 Abundance git Power Species p< 0.05 Abundance Eiw
2 meters Encrusting non-corailines 0.03 0.7 0.4 Bare rock 0.6 3.9

Endodatha ,nuricata 0.02 0.6 0.4 Limpets 72
Lichecs 0.15 1.8 0.7
Mastocarpuspapil1atzs 0.01 0.2 0.2
Barnacles (dead) 0.05 0.8 0.3
Barnacles (live) 0.1 1.4 0.3
L.ittorines 202 20 0.5
Nucella emarginata 1 0.3 0.2
Nucella la,nellosa 1 0.8 0.2
Myrilussp. 0.01 0.1 0.2
Pollicipes polymerzls 0.03 1.2 0.2

Subtotal 11 2

1 meter

Subtotal

0 meter

Subtotal

Encrusling corallines 0.02 0.6 0.2 Bare rock
Encrusting non-corallines 0.26 2.5 0.3 Fucus gardneri
Upright corallines 0.02 0.7 0.2 Porphyra sp.
Endocladia muricata 0,06 0.8 0.3 Ulvoids
Halosaccion glanc4forme 0.01 0.8 0.2 Limpets
Mastocarpus papillatus 0.01 0.4 0.5 Littorines
Polysiphonia sp. 0.01 0.2 0.6
Barnacles (dead) 0.07 0.8 0.5
Barnacles (live) 0.29 3.2 0.2
Nucella latnellosa 3 0.7 0.8

10 6

Acrosiphonia sp. 0.04 1 0.2 Bare rock
Encrusting corallines 0.09 1.8 0.2 Maria sp.
Encrusting non-corallines 0.3 2.9 0.6 Egregia menziesii
Upright corallines 0.16 2.8 0.2 Hedophyllum sessile
Fucus gardneri 0.01 0.1 0.2 Iridaea splendens
Halosaccion glandiforme 0.01 0.1 0.2 Pa/maria sp.
Leathesiadfformis 0.01 0.1 0.3
Mcactocarpus papillalus 0.01 0.6 0.2
Microcladia borealis 0.04 1 0.4
Miscellaneous holdfasts 0.02 0.8 0.2
Odonrhaliafloccosa 0.04 0.8 0.3
Polysiphonia sp. 0.01 0.2 0.2
Ulvoids 0.02 0.4 0.3
Amphipods 3 1.2 0.1
Barnacles (dead) 0.01 0.2 0.4
Barnacles (live) 0.01 0.2 0.5
Calliosroma ligation 1 0.2 0.1
Chitons 5 0.6 0.1
Crabs 1 0.3 0.1
Encrusting sponges 0.01 0.3 0.2
Limpels 9 2.6 0.5
Nemerteans 1 0.2 0.2

22 6

Total 43 14

0.16
0.02
0.01
0.02
144
179

0.1
0.01
0.01
0.05
0.01
0.01

2
0.4
0.2
0.8
17
30

2.5
0.1
0.2
1.4

0.1

0.1



(H0= no difference among transects within a geomorphologically homogenous

segment). Table 3.5 lists the results for the among-segment ANOVAs, for segments in

group 45, to test the second hypothesis (H0= no difference among segments within a

segment group). This also indicates that abundances were not significantly different

for 11 out of 13 organisms at 2 m, 10 out of 16 at the I m, and 22 out of 28 organisms

at theQ m station. A summary of among-segment analyses for group 51 and group 35

are included in Table 3.6 to show the general pattern of the results. ANOVA tests

showed that intertidal organism abundances varied significantly among physically

dissimilar segment groups for the third hypothesis (Ho= significantly different

organism abundances among segment groups) as shown in Table 3.7. Significant

differences were found in 8 out of 11 organisms at the 2 m station, 14 out of 19 at the

1 m station, and 23 out of 29 at the 0 m station. These results would be more

conclusive if more samples had been collected, raising the power of the ANOVAs.

However, the consistent pattern of the results, indicated by the accumulation of

organisms that tested significantly different, strengthens the evidence supporting the

three null hypotheses. Analyses of the data using Kruskal-Wallis ranked one-way

ANOVAs are displayed in Table 3.8, and show vety similar patterns of low variance

among transects and among segments within a group, but high variance among groups.

The results of comparisons among the 3 lower zone segment groups of high,

moderate, and low slope angles are shown on Figure 3.4 and Table 3.9. The MDS plot

shows that the points representing beach segments are tightly grouped according to

their respective slope groups and that the slope groups are clearly separated in

ordination space. The stress is a measure of solution stability where values exceeding

0.2 make interpretation of a 2-dimensional solution unreliable (Clarke, 1993). The

ANOSIM test used 280 permutations for the calculation of significance level, and the

global R-'value (a measure of group homogeneity) is high, indicating a clear difference

among the sample groups relative to a high within-group similarity. The pairwise tests

show that each comparison has a significance level of 10%, but these results are

inconclusive considering only 10 permutations were available for the tests. SIMPER

results are listed on Table 3.9. Group 35 (high angle) had 27 taxa out of 54 contribute
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Table 3.6. Summary of ANOVA population level analysis for
organism abundance among segments in groups 1, 2 and 3.

Moderate 2 meters 11 2 3
imeter 10 6 16
0 meter 22 6 12

Low 2 meters 8 4 6
1 meter 10 6 22
Ometet 14 10 24



Table 3.7. ANOVA population level analyses for organism abundance among groups 1, 2,
and 3 (df= 2 and 132). Abundance values are for sample means> 1% primary cover or 1
count.

Mean Overall Standard Mean Overall Standard
Elevation Species], >0.05 Abundance Ppwei Species p< 0.05 jjndai iltt
2meters Encnistingnon-corallines 0.04 0.5 0.1 Barerock 0.6 3.2

Littorines 183 20 0.2 Endocladia ,nuricata 0.02 0.5
Mytilussp. 0.01 0.1 0.1 Lichens 0.09 '1.4

Mastocarpus papillatus 0.01 0.2
Barnacles (dead) 0.04 0.7
Barnacles (live) 0.08 1.2
Limpets 45 7.3
Pollicipes polymerus 0.02 0.3

Subtotal 3 8

1 meter Encrustingnon-coralliaes 0.27 2.3 0.2 flare rock 0.17 2.3
Halosaccion gland forme 0.01 0.1 0.1 Barnacles (live) 0.27 2.3
Pot ysiplwnia sp. 0.02 0.4 0.1 Endocladia muricata 0.04 0.6
Barnacles (dead) 0.08 0.8 0.2 Fucus gardneri 0.04 0.8
Limpets 100 14.5 0.2 Mastocarpuspapillatus 0.01 0.3

Porphyrasp. 0.01 0.2
tJlvoids 0.04 1.1
Anlhopleura ele.ganzissim 0.02 0.6
Littonnes 143 23.9
Nemerteans 1 0.2
Nucella canaliculata 1 0.5
Nucella emarginata 1 0.3
Nucella lamellosa 4 0.8
Onchidella borealis 3 0.9

Subtotal 5 14

0 meter Acrosiphonia sp. 0.04 1 0.2 Bare rock 0.04 1.2
EncrusUng corallines 0.1 1.5 0.1 Alaria sp. 0.01 0.1
Mastocarpus papillatu.s 0.07 0.5 0.5 Encrusting non-corallines 0.37 2.5
Odonthahafloccosa 0.03 0.7 0.2 Upright corallines 0.15 2.2
Chitons 0.05 0.4 0.2 Fucusgardneri 0.01 0.1

Fuzzy greens 0.02 0.6
Ffalosaccion gland(fornte 0.01 0.1
Hedophyuum sessile 0.03 0.8
lridaea splendens 0.01 0.2
Microcladia borealis 0.04 1.1

Miscellaneous holdfasts 0.01 0.4
Palmariasp. 0.01 0.1
Phyllospadix scouleri 0.01 0.6
Polysiphonia SF. 0.02 0.5
Porphyra sp. 0.01 0.1
Ulvoids 0.03 0.5
Amphipod.s 4 1.4
Barnacles (dead) 0.01 0.2
Barnacles (live) 0.03 0.1

Bryozoans 0.01 0.1
Crabs 1 0.2
Encrusting sponges 0.01 0.1
Lftnpets 14 4

Subtotal 5 23

Total 13 45



Table 18. Kruskal-Waflis one-way analysis of variance of
ranked organisms abundances for population level analysis (for
sample means >1% cover or 1 count).

Total 38

Among segments 30, 106, and 12'
# Organisms

Elevation p.QQ
2 meters 9
1 meter 12
0 meter 14

12

7 in group 2 (df =2 and 42)
# Organisms

0.05
3
7
6

Total 35 16

Among groups 1, 2, and 3 (df =2 and 132)
# Organisms # Organisms

Elevation p >0.05 p<O.O5
2 meters 2 7
1 meter 8 10
Ometer 6 12

Total 16 29
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Figure 3.4. Analysis of rocky shore community structure among segments on San Juan Island (A).

MDS ordination of community data collected from locations shown on high (blue diamonds, >60°),

moderate (red triangles, 20-35°), and low (green stars, <100) slope angles (B), (stress0. 11). One-
way ANOSIM with 280 permutations, global R=0.87, sig. level=0.4%; (pairwise tests with 10
permutations each: high vs. moderate siglevel=1O%, high vs. low sig. level=l0%, moderate vs.
low sig. level=10%).



Table 3.9. San Juan Island rocky shore taxa contributing the most to within slope-group similarity
(ranked by percent contribution). Listed taxa are the best indicator organisms for each slope-
group. The 15 indicator taxa common to all slope-groups are highlighted in bold.

ILZ.oL41 ?La af44c1581 IaftL1
Barnacles (live) 8.24 8.24 HI/derrbrandla sp. 4.82 4.82 Urrd grapsid crab 6.16 6.16
Barnacles (dead) 7.99 16.22 UprIght coratlines 4.41 9.23 UprIght corafllnea 5.95 12.11
Non-coralflne crusts 7.9 24.13 OphUtaspongla pennata 4.29 13.62 tlon-coralllne crusts 5.13 17.24
'petrocets' 1.81 31.93 Kathar/n9tunlcata 4.21 17.72 Unld.CrUsI$ 5 22.24

UnId. crusts 6.27 38.2 Untd.cruats 3.75 21.47 UnId.amphtpods 4.95 27.19
Polyslphonlasp. 5.83 44.03 Ulvolds 369 25.16 Utvolds 4.79 31.98
UnId. cUtors 5.51 49.66 Non-coralIlna crusts 3.68 28.04 EncTusling coraWnes 4,61 38.55
KatharinS tunlcata 5.48 55.11 Mopana ilgoosa 3.62 32.46 OrJontha lie fioccosa 4.44 41.02
Mastocarpus paplllatue 5.19 60.3 Odonthalla floccosa 3,58 36.04 Acroslphonla coellla 4.41 45,43
UlvoIds 4.98 65.29 B5r8 roCk 3.57 39.61 IJnId. chltons 4.2 49.62
Llmpets 4.78 70.08 Hedophyllusn sesslle 3.52 43.13 Halosaccion glandiforn,e 4.17 53.79
HMdenbrandia ,. 4.34 74.42 Hatosacclon glaMlfonne 3.52 46,64 Unid. polycheetes 4.17 57.06
Odonihahla floccosa 4.33 78.75 petrocelis 3.48 50.12 Anthoploura elegantissinia 4.16 62.12
Fucus gardner! 2.52 81.21 Acroslphonha coahhta 3.46 53.59 Callfthamnion plkeanum 3.64 65.76
Porphyra sp. 2.18 83.43 UnkI majid crab 3.41 57 Unid.luUy brown 3.17 68.93
Nemerteans 1,74 85.17 CaWostomahlgatum 3,33 60.33 Bsrnecles(deCd) 3.16 72.1
Hallcbondria penicea 1,58 88.75 Palmaria sp. 3.32 63.65 BarnacleS (live) 3.16 15,26
Upright corafllnes 1.56 88.31 MIcrocladla borealis 3.18 86.83 Ir/daea apleOdens 2.12 77.38
Tonlcegfa hineafa 1.55 89.86 MiSceflarieous hotdfasts 3.06 69,89 PhyItopadiXScouIerI 2.03 79.4
Unid. araMpods 1,53 91.39 Pagurus ap. 3.02 72.91 tiedophyhlum sesstle 1,8 81
Filamentousgreans 1.4 92.79 Limpets 2.83 75.54 Unid. riudibranchs 1.49 82.49
ilalosaccion glandlforme 1.33 94.12 Nemerteans 2.62 78.16 Nemerteans 1.4 83.09
Encrusting coralllnes 1.19 95.31 MarIa sp. 1.63 79,79 Costar/S Costata 1.4 85.3
Acrosiphonla coahlta 1.19 96.5 Mestocarpuspaplliestus 1,23 81.02 A/ar/a spp. 1.27 66.57
Hedophy/lum aesshle 1.18 97.67 Nucefla iameliosa 1.19 82.21 Egregia menziesI/ 1.25 87.82
Unid. sea Stars 1.18 98,84 Unid. grapsid crab 1.18 83.37 Leathesla dilformls 1.25 89.08
Bare Pock 1.16 100 Unld.saaetars 1.14 84.51 Membranoptoraplatyphyfla 1.11 90.19

Unid. palychaetes 1.1 85.61 Microciadla borealIs 1.11 91.31
Tonice/aFlneeta 1.0$ 86.69 UnId.sea stars III 92.41
LeaIheS/a difformls 1.03 87.72 Mastocarpus paplllatus 1.11 93.52
Unid, cancer crab 1.03 88.75 Focus gardnerl 1.11 94.63
Forphyra sp. I 89.75 Nucelia cenaliculafa 1.11 95.74
OdonthaUa washlngtonlensis 0.97 90.12 Callltbamnlon plkeanum 1.11 96.85
Phyllospadix scouted 0.96 91.69 Odontha/ia washlngtoaiensfs 1.07 97.91
Porncipes po/ynierus 0.93 92.62 Polliclpes polymerus 1.04 99.96
Fuousgardne,'J 0,87 93.49 MIscellaneous holdtasls 1.04 100
EncrulIng corallines 0.87 94.37
Unid. snaIls 0.82 96.02
Unid. Isopods 0.82 96.84
Barnacia (dead) 0.81 97.65
Unid. amphipods 0.78 98.43
Polyaiphonffi ap. 0.78 99.22
Filarnentous greens 0.76 100



to sample similarity, while group 45 (moderate angle) had 44 of 56, and Group 51

(low angle) had 36 of 56. Fifteen taxa were common to all three groups. The table

illustrates some of the organisms causing differences in communities in the different

groups. Barnacles and encrusting algae were most characteristic of high-angle shores,

whereas upright corallines were more common at lower angles. Grapsid crabs were

characteristic of low-angle shores, as were other taxa (anemones, a variety of algae,

and surfgrass) that may have difficulty attaching to steep rock faces.

DISCUSSION

Considerations of spatial patterns have been prevalent in nearshore and

intertidal ecology since the early 1960's. The intertidal zones of rocky shores have

been the prototypical systems for ecologists exploring the connection between

biodiversity and ecosystem functions. The structure of intertidal communities can

vary tremendously over a range of spatial scales due to geophysical gradients and

biological interactions. In addition, many intertidal organisms rely on mass dispersion

into the nearshore ocean to propagate their populations, and recruitment from the

plankton to colonize suitable habitats. The interaction between nearshore

oceanographic processes and larval transport is thus important to the understanding of

the presence, absence, and distribution of intertidal species. Therefore, nearshore

habitats provide an appropriate environment to study the associations between

connected populations in open systems.

Many species of marine organisms only utilize particular habitats and are

generally found in highest abundance where the physical and biological conditions are

optimum for their life history and ecosystem function. Their population success is

often dependent on the presence, dimension and distribution of appropriate habitats.

These habitats defined by a suite of interacting environmental variables such as

substrate size and type, water temperature, salinity, water quality, silt loading,

hydrology, and processes and patterns of coastal sediment transport. These variables



often act synergistically, producing complex mechanisms that influence the

abundance, distribution and diversity of organisms in a given area. Thus it is

important to any program concerned with natural resources to acquire a database not

only containing lists of species, but also habitat-specific information on abundance,

distribution, food sources, and productivity of breeding populations so that statistically

valid conclusions may be drawn from the data.

The relative importance of geophysical and biotic factors in regulating

community patterns varies across scales of space and time. For example, at small

spatial scales, biotic and abiotic factors interact to influence local patterns of

community structure through predation, competition, solar aspect, wave forces, and

point source perturbations. At larger scales, variations in tides, currents and weather

can affect dispersal and nutrient fluxes. At global scales., long term changes in climate

can indirectly modify local variables to produce environmental stresses that directly

and indirectly influence nearshore populations (Menge & Olson 1990).

In most coastal areas, very little is known about intertidal community structure

and distribution with the exception of sparse data collected at small spatial scales. This

study provides the first test of the SCALE model that enables us to extrapolate

community structure from beach transects to much larger spatial scales. We found that

complex shorelines can be partitioned into hydrodynamically homogenous beach

segments which share common characteristics such as substrate size, wave energy, and

slope angle. Segments can be grouped according to similar physical features, and these

groups become statistical entities for comparison to other groups. Using this method to

partition a rocky shore in the Puget Sound region, we have shown that predictions of

community structure, and in most cases population abundances, are valid when based

on a limited selection of sample sites. Distinct distribution patterns in intertidal fauna

and flora can be statistically associated with beach characteristics. Our results show

that organismal distributions are not significantly different within beach segments or

between beach segments of the same group, even when several kilometers apart.

Organismal distributions on dissimilar beaches are significantly different, even when



the physical differences among these groups are relatively subtle (e.g., changes in

shore slope).

Agents of pattern formation in landscapes include the physical attributes of a

shore habitat, disturbance processes, recruitment and biotic interactions, each of which

act on characteristic spatial (and temporal) scales (Urban et al., 1987). Our data

emphasize the critical role of environmental constraints in creating patterns on the

scale of tens of meters to kilometers of shoreline. While intertidal biotic communities

are notoriously patchy, most of this variance may be on the scale of our quadrats (i.e.,

a square meter or less) such that it is statistically incorporated into one transect rather

than appearing as high transect-to-transect or beach segment-to-segment variability.

Processes creating local patchiness in intertidal areas such as foraging of limpets or

whelks and impacts of logs, are likely to act over spatial scales encompassed by one of

our quadrats (0.25 m2) or transects (e.g. 5 quadrats randomly spaced within 10 linear

meters). The next segment of shoreline of the same hydrodynamic type is likely to

contain the same species and similar relative abundances.

In this study, not all species always followed the pattern of consistency in

abundance among shoreline segments. A key biotic factor that may vary among

segments, despite hydrodynamic uniformity, is recruitment of some species from the

plankton. Data from barnacles (and some other animals such as fishes) suggest that

'clouds' of larvae may occur on the scale of 2-3 km. such that one beach segment may

receive a large influx of recruits in an onshore wind whereas another on the same

broad shoreline may receive none (Caffey, 1985). The SCALE model also would not

be expected to be predictive in areas where anthropogenic disturbances have changed

local communities without altering the physical structure of the beach, such as in areas

of nutrient enrichment, sewage outfalls, waste disposal, aquaculture operations,

marinas, and trampling.

The SCALE model has application to any coastal area where the spatial

distribution of intertidal communities is a resource management concern. This would

apply to oil spill damage assessments, inventory and monitoring programs, cumulative

impact analyses, and biodiversity or global change studies. The model needs further
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testing, especially over different substrate types (e.g., comparing communities in sand

versus mixed-fine substrate or mud) (see Chapter 4). It is also important to recognize

that extrapolation or prediction of biotic communities cannot range beyond the scale of

the study; for example, we could not extrapolate from our transect data to communities

on the outer coast of Washington, where the energy regime is of a wholly different

scale. However, the model described here does provide a first step in our ability to

make predictions about the communities found on shorelines broader than those that

we are capable of sampling directly.
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CHAPTER 4

SPATIAL AND TEMPORAL COMPARISONS OF NEARSHORE
BENTHIC COMMUNiTIES IN PUGET SOUND

ABSTRACT

Ecologists have long been challenged to understand the factors that determine

structure in marine benthic communities, particularly in the nearshore (depths <10 m)

where marine systems are most noticeably affected by natural and human disturbances.

Understanding the structuring processes will lead to predictions of ecological

responses caused by changes in the nearshore environment. Monitoring biological

communities in the nearshore for a response to a disturbance encounters two

fundamental problems. First, many monitoring and impact detection programs have

confounded spatial and temporal variation by assuming that change has occurred at an

impacted site because it is different from a control site, when in reality the sites were

not adequately matched. Secondly, results are often generalized from small sample

units to large areas with no consideration given to confounding factors at different

scales of inference.

The objective of this study was to test for a deterministic organization of

communities among replicate soft-sediment beach segments in an estuary. We sought

to minimize the variability of nearshore benthic macrobiotic communities by

partitioning a shoreline into a spatially continuous series of physically homogeneous

beach segments nested within nearshore cells of relatively uniform water quality.

Beach segments were quantified by 12 physical attributes and the nearshore cells were

defined by seasonally persistent pauems of water temperature and salinity. Similar

beach segments were statistically aggregated forming replicate groups. We

hypothesized that benthic communities of macroalgae and invertebrates are similar

within groups of replicate segments in estuanne environments.



In 1997, an inlet in South Puget Sound, Washington was partitioned into 4

nearshore cells containing over 300 alongshore segments at each of 3 intertidal zones.

Lower zone benthic macroalgae and invertebrates were sampled from groups of

replicate segments representing mud, sand, and mixed-gravel habitats to test for

community similarity within and among nearshore cells. In 1998, the same segments

from one cell were sampled to evaluate temporal variability. Other segments were

sampled to validate predictions about consistency within groups, and 3 more segments

from each habitat type in 2 other inlets were sampled to analyze community variability

at larger spatial scales. A total of 177 taxa were identified, mostly to the species-level.

Community similarity was analyzed using multivariate ordination techniques and the

variation of population abundances across spatial scales was evaluated using fully

nested ANOVA. The results showed that the greatest similarity in community structure

occurred among replicate beach segments within the same nearshore cell and that this

was consistent for each of the sampled habitats. We conclude that nearshore biota are

tightly coupled to the physical environment so that benthic community structure is

predictable among beach replicates within the same water masses, and to someextent

among cells with similar water properties.

INTRODUCTION

Identification of spatial and temporal variation is inherent to many ecological

studies that try to establish relationships between biological patterns and

environmental phenomena. Ecologists are increasingly concerned with processes

operating on scales of the landscape or region, but our conventional knowledge base is

comparatively fine-scale (Dayton, 1994; He et al., 1995). Scaling involves a trade-off

between resolution (grain, or level of detail) and extent (the area or scope of the study),

forcing an incompatibility across scales (Giller et aL, 1994; Turner et al., 1990).

Generalizing from the results of localized studies to broad areas is fraught with

problems (Hewitt et al., 1996; Schneider, 1994b; Thrush et al., 1994). Large-scale
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studies typically are based on different conceptual models and different data than fine-

scale studies (Foster, 1990; Maurer, 1999). For example, detecting changes in global

climate relies on very large scale attributes of the environment, but our best empirical

understanding of the mechanism of ecological response is at the level of the individual

organism (Dayton et al., 1984; Frost et al., 1988).

In the marine biological realm, most nearshore benthic research has been done

at only one or a few sites, with experimental areas often encompassing only a few

square meters, because the focus has been on specific taxa or interactions among taxa

observed at small spatial scales (Dayton, 1994). Our knowledge about how large-scale

oceanographic heterogeneity affects small-scale benthic processes is limited (Hall et

al., 1994; Menge et al., 1997a). An understanding of these processes is critical as we

try to make predictions about impacts such as oil spills, shifts in weather patterns and

wind driven processes, and global climate change (Tegner et al., 1997). Small-scale

variation may be maintained by local disturbances or processes such as competition

and predation, but if we are interested in large-scale patterns or long-term change, we

cannot necessarily extrapolate from the numerous studies done only locally

(Schneider, 1994a; Underwood and Petraitis, 1993). Sampling sites are often selected

randomly, haphazardly, or based on logistical convenience, and may have little

relationship physically or biologically to surrounding habitats, making extrapolation

difficult (Foster, 1990). Replication along unquantified physical gradients risks

introducing variability into the data (Karr and Chu, 1999). There is a need for well

replicated, nested sampling designs that can quantify the contribution of variation at

each scale (in space or time) to the total variation among samples (Bellehumeur and

Legendre, 1998).

Consideration of spatial pattern is essential to understanding how organisms

interact with one another and with their environment since some physical-biological

processes are only coupled at small scales while others only at larger scales (Denman,

1994). Historically, many researchers have examined physical-biological coupling

processes at a number of sites (Connell, 1961; Dayton, 1971; Menge, 1976; Paine,

1966), but there have been few attempts to conduct experiments among replicate



nearshore habitats where the physical attributes were quantified and matcheda priori.

Underwood and Chapman (1996) studied spatial patterns of organisms in the intertidal

zone and found that small-scale differences at 1-2 m were likely to be determined by

behavioral responses to small scale patches of microhabitats, and large scale

differences in abundance at hundreds of meters were likely to be caused by differences

in propagule dispersal mechanisms by adults. They also found that little variation was

added from comparisons of shores separated by hundreds of meters to shores separated

by tens of kilometers. But Menge et al. (1997b) found that when rocky shore

communities were compared across an oceanic gradient of primary productivity,

community structure was considerably different.

Marine soft-sediment habitats, while often rather uniform on the surface, vary

highly in many geochemical parameters that are thought to affect benthic infaunal

communities (Sneigrove and Butman, 1994; Thrush, 1991). Numerous studies in

estuaries and on sandy and muddy shores have found correlations between physical

parameters such as grain size, organic content, 02 content, salinity; and biotic

parameters such as diversity, biomass, or abundance of particular species (e.g. Bell et

al., 1995; Boesch, 1973; Chester et at., 1983; Flint and Kalke, 1985; Gray et at., 1990;

Holland et aL, 1987; Mannino and Montagna, 1997; Service and Feller, 1992). In most

studies, the geochemical parameters are highly intercorrelated (e.g. Mannino and

Montagna, 1997). How each physical factor actually affects the infauna varies among

studies. Although classification procedures have defined infaunal communities

associated with particular physical conditions (e.g., muddy low-salinity assemblages),

many studies conclude that these assemblages are not discrete but rather segments of a

continuum; Thorson's (1957) concept of distinct "parallel-level bottom communities"

has been replaced by a sense of the artificiality of such groupings (e.g. Bell et al.,

1993; Boesch, 1973).

Infaunal communities vary spatially and temporally, in part because of

differences in taxa life spans, propagule arid juvenile dispersion (Armories, 1992;

Beukema and Vias, 1989; Gaines and Bertness, 1992), interactions among other

community members (Hall et al., 1994; Thrush, 1991) and the physical environment
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(Pearson and Rosenberg, 1987). Since most benthic infauna are relatively immobile,

their numbers tend to reflect current local environmental conditions (Sneigrove and

Butman, 1994). Seasonal shifts with salinity or level of hypoxia are common, as are

recruitment pulses that cause major changes in community structure and biomass

(Holland et al., 1987). Small-scale spatial variation, when examined, is often very

high; Service and Feller (1992) and Morrisey et al. (1992) both found high variance in

abundance of many taxa among replicate cores at each sampling date. This high small-

scale variance made it impossible (even in a properly nested design) to detect

significant patterns at larger spatial or temporal scales.

The selection of replicate beaches is the first step in designing a sampling

protocol for comparative analyses of nearshore community structure and population

abundances across scales of space and time. Underwood and Petraitis (1993) proposed

that a highly stratified sample design be used to isolate replicate intertidal habitats

before attempting any comparative analysis. They also noted that implementing this

design over a large enough area to ensure adequate replication ofa specific habitat

type would be a daunting task. One approach to reducing variation among habitats is

to minimize physical gradients within and among sites to be compared. We have

shown that it is possibleto partition a shoreline according to quantified physical

attributes, and that variation among and within biological communities on one rocky

shore was reduced when similar habitats were compared (Schoch and Dethier, 1996).

This model, which matches the variability of the biota with the variability of the

physical environment, needs to be more broadly tested in other regions and other

substrate types.

The objective of this study was to test for a deterministic organization of

communities among replicate soft-sediment beach segments in an estuary. Our

comparisons of biological community structure are based on the premise that

populations coexist in spatially predictable patterns based on attributes of the physical

environment. Nearshore habitats are defined by a suite of physical variables including

tidal range, substrate characteristics, wave energy, water temperature, salinity, food

availability, and processes and patterns of coastal sediment transport (Barry and



Dayton, 1991). Interactions among these variables produce complex mechanisms that

influence the abundance, distribution and diversity of organisms in a given area. In

addition, many intertidal organisms rely on mass dispersion into the nearshore ocean

to propagate their populations, and recruitment from the plankton to colonize suitable

habitats. Nearshore oceanographic processes are therefore an important element in

understanding the structure and distribution of nearshore communities (Giller et al.,

1994). If the physical forces controlling ecological responses can be quantified in the

nearshore ocean and for every beach over an area of interest, then similar beaches can

be statistically grouped and the biota compared among beach replicates within

nearshore cells or areas of similar water properties. Beach replicates within a group

should have more similar communities than beaches among different groups. If biota

are sampled from randomly selected group members, then the data can be inferred to

the remaining group members. This scaling is accomplished by modeling the

interactions among fine-scale components to predict coarser-scale properties of the

aggregate (Rastetter et aL, 1992).

This study examines the spatial and temporal variability of nearshore benthic

macroalgae and invertebrates in southern Puget Sound, Washington. The hypotheses

driving this research are: 1) biotic communities will be similar among beach segments

with the same physical attributes and within the same nearshore cell; 2) temporal

variability will be similar among beach segments with the same physical attributes and

within the same nearshore cell; 3) biotic communities will be different among beach

segments with the same physical attributes but from nearshore cells with different

conditions; and 4) biotic communities will be similar among beach segments with the

same physical attributes among nearshore cells with the same physical conditions.

METHODS

The site selected for the 1997 study was Carr Inlet, the first major embayment

south of the Tacoma Narrows in the Puget Sound estuary as shown on Figure 4.1. The
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Figure 4.1. South Puget Sound study sites in Carr, Case, and Budd Inlets. In 1997,
the 65 km shoreline of Carr Inlet was partitioned into 310 homogeneous segments.
These were aggregated into 51 groups of beach replicates for hypothesis testing of
community similarity in mud, sand, and cobble habitats. In 1998, these beaches
were sampled again to test for temporal variability. In 1998, beaches were selected
in Case and Budd Inlets to compare to the beach segments sampled in Carr Inlet to
test for spatial variability among replicate beach habitats within South Puget
Sound.
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long axis of Can- Inlet is oriented roughly southeast-northwest and is about 17 km long

before the orientation abruptly curves into Henderson Bay which is oriented roughly

southwest-northeast and is about 15 km long. The width at the inlet mouth is about 3.3

km and at the head of the bay about 1.3 km. Case Inlet (immediately adjacent to and

west of Can inlet) appeared physically similar to Can Inlet in configuration and

orientation and was likely to contain similar nearshore cells and beach segments. Case

Inlet had potential for testing how well community structure can be extrapolated

among similar beaches in similar nearshore cells. Budd Inlet, at the southern most part

of the basin, was expected to be different from either Can or Case Inlets because of

differences in orientation, wave energy, salinity and water temperature gradients.

The approach Consists of the following general steps: 1) identify nearshore

cells based on regions of seasonally persistent oceanic homogeneity, by measuring

salinity and sea surface temperature on a 1 km sampling grid; 2) identify replicate

beaches by partitioning the shoreline (on the ground) into physically homogeneous

segments (10-100 m alongshore), quantifying the attributes known to force biological

community structure in the nearshore, and group beach replicates for each habitat type

in a given nearshore cell; and 3) randomly selected beach segments (from within

replicate groups) for sampling community structure and population abundances.

Identifying nearshore cells

Nutrient and chlorophyll-a concentrations in Can Inlet have been monitored by

the Washington Department of Ecology since 1973. Samples are collected on a

monthly basis, but the stations are not visited annually, and the spatial resolution was

inadequate (one station per inlet), so these time series data could not be used to

identify nearshore cells. These data were, however, useful for identifying the seasonal

transition period between the well-mixed winter water column and the summer

stratification period, and areas where stratification was likely to occur. Newton (1995)

identified areas in South Puget Sound susceptible to water column stratification or that
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show evidence of natural or anthropogenic nutrient loading. Eutrophication during

periods of water column stratification can lead to low dissolved oxygen, noxious algal

blooms, and fish kills.

Differences in water temperature and salinity are often reflected in the

composition of intertidal and nearshore communities (Lewis, 1964). Many intertidal

organisms are extremely sensitive to the salinity range (Costanza et al., 1993),

although some can survive by adaptation of osmotic mechanisms (Lobban and

Harrison. 1994). Since some organisms are better adapted to fluctuating salinities than

others, the entire community structure of one beach may differ from that of another

beach having similar morphology but different salinity regimes. Typically the open

ocean has a mean salinity of 35 (practical salinity scale) but strong salinity gradients

can occur in estuaries and at the scale of individual nearshore organisms. At small

spatial scales (<10 m) it is difficult to quantify boundaries of salinity or water

temperature due to the large temporal and spatial changes caused by solar radiation,

precipitation, surface runoff, groundwater flow, and evaporation. But at larger scales

(>10 km), recurring seasonal patterns can be used to characterize nearshore areas or

cells.

Sea surface temperature (SST) and salinity were measured at a depth of 1 m

over a 1 x I km sampling grid using a hand held temperature-conductivity meter

(Yellow Springs Instruments, Model 30). We partitioned the alongshore into

approximate salinity increments of 2 and temperature increments of 2°C at scales of 1-

10km before beach segmentation. Nearshore cells in Case and Budd Inlets were

selected based on comparability to nearshore cells in Carr Inlet,

Identifying beach segments

A 60 km continuous Section of shoreline in Carr Inlet was mapped in 1997. Physically

homogeneous alongshore segments (10-100 meters in length) were identified in the

field and delineated on orthophoto basemaps during spring low tides in April. Each
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alongshore segment was vertically separated into four across-shore polygons centered

at specific elevations that correspond to immersion times during the daily tidal cycle,

based on the mean tidal statistics for Carr Inlet. Table 4.1 lists the physical attributes

measured for each polygon. Partitioning criteria were beach slope (for wave energy

calculation), and substrate characteristics: size (primary, secondary, and interstitial),

dynamism (stability), ground water seepage, permeability, and roughness. Beach slope

was measured with a hand held digital inclinometer. Substrate size was measured and

categorized based on percent cover estimates for primary (particles comprising more

than 60% of the substrate), secondary (particles less than 40% of the substrate), and

interstitial. Dynamism is the relative bed stability calculated using predicted wave

velocities. Ground water seepage was estimated as a percentage of the polygon length

exhibiting seepage from the beach prism based on photogrammetric interpretation of

CIR aerial photos. Substrate permeability and ground water salinity were measured in

the lower intertidal zone by digging a hole to 0.3 m and inserting a perforated bucket.

Permeability was quantified by the time required to fill the bucket with ground water,

and salinity was measured in situ. Substrate roughness was calculated based on the

degree of armoring.

The effect of waves on beaches is best represented by surf characteristics such

as the Iribarren number, a measure of wave dissipation (Komar, 1998), which requires

calculations based on wave statistics. There are few published wave statistics for this

area of Puget Sound, so for each segment the required parameters were calculated

from measurements of maximum fetch, or the longest overwater distance unimpeded

by a landmass (obtained from a GIS coverage of the South Sound). We classified each

distance measurement and estimated the wave statistics for each fetch class. The

Iribarren number was calculated for each across-shore polygon since slope angles vary

considerably across most segments: an upper intertidal seawall is generally highly

reflective and a lower intertidal sand flat is highly dissipative. Details for calculating

wave energy and energy dissipation are found in Komar (1998).

For this study, we used a nested approach to group beach replicates. Segment

polygons were first sorted by elevation. Then the 3 dominant substrate sizes, the



Table 4.1. Attributes and categories for nearshore segmentation. Alongshore segments are nested within nearshore cells (not shown), and across-
shore sub-zones are nested (vertically) within the alongshore segments. For each shore partition, the listed attributes are quantified, categorized,
and ranked to form groups of segments controlled by the same physical forces, thus allowing for highly stratified sampling designs to facilitate
comparisons among biological populations and communities.
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blocked nearshore cell attributes, and wave energy were sorted to form primary groups

of similar segments nested in each elevation group. Nested in each of the primary

groups, a secondary group was formed by using the remaining attributes to find exact

replicates based on all the available information.

To test the similarity of comniunities within a nearshore cell, in 1997 we

randomly selected and sampled Carr Inlet beach segments representing each of the

dominant habitat types from the respective replicate groups. To test the annual

variability of community structure, in 1998 we resampled 3 segments from each

habitat type. To test how well we can spatially extrapolate the biota found in Carr Inlet

to physically similar beaches in similar nearshore cells in a nearby basin, in 1998 we

selected new mud, sand, and pebble sample sites in Case Inlet and in Budd Inlet. We

did not map the nearshore beaches of Case or Budd Inlets, opting instead to select

specific beach types similar to those sampled in Carr Inlet. The physical attributes of

the selected beach segments were quantified to ensure physical similarity with those in

Carr Inlet.

Biological sampling

Macroalgae and invertebrates were sampled over three nested alongshore

scales in Carr Inlet in June 1997 and 1998. One tide cycle was used to sample the full

spatial series for each habitat type of mud, sand, and gravel, respectively. In 1998,

samples were also collected from the same habitat types in adjacent Case and Budd

Inlets. The spatially nested series consisted of 3 levels: beach segments within a

nearshore cell (100-1000 m apart), a riearshore cell within an inlet (1-10 km apart), and

an inlet within a basin (10-100 km apart), where distances refer to shoreline length.

Figure 4.2 shows the sampling design for each replicate group. Sampled segments

were selected randomly from the spatially dominant beach segment groups described

above. A 50 m horizontal transect was positioned near the center of the segment to

minimize edge effects. A surveying level was used to locate the transect endpoints at
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BEACH SEGMENT GROUP (replicate beach segments)

Figure 4.2. Nested sampling design to test hypotheses of lower zone (0 m vertical elevation) biotic similarity among
replicate beach segments. Quadrats (.25 m2) are used to estimate the percent cover of sessile algae and invertebrates,
and counts of mobile invertebrates. Sediment cores (1200 cm3) are sieved (2mm mesh) for counts of infauna.
Segment group is the highest level of the hierarchy, with 3 replicate beach segments representing the habitat in one
nearshore cell.
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o m elevation (MLLW), the same elevation used to characterize the lower zone during

the physical attribute mapping. Ten random samples were collected along each

transect. Each sample consisted of a 0.25 m2 surface quadrat, and a 10-cm diameter

core to a depth of 15 cm (1200 cm3 of sediment). Percent cover was estimated for

sessile taxa in the quadrats and mobile taxa were counted. Core samples were sieved

through a 2 mm mesh and taxa were counted. AU organisms not identifiable to the

species level in the field were placed in formalin and identified in the lab.

Statistical analysis

Our ability to detect change in marine communities depends to a great extent

on how reliable different species are as response organisms to environmental

conditions. The indicator value of Dufrene and Legendre (1997) was calculated for

each taxon (based on ten replicates per beach segment), This metric combines

information on the evenness of taxon abundances in a particular group of samples and

the fidelity of occurrence (frequency) of a species in that group. The pooling of

samples to the level of a beach segment still allows variation within nearshore cells

and within bays to be estimated and used in comparison among each of these nested

spatial scales.

Multivariate analyses were used to detect patterns in the distribution of

communities of macrofauna and macroflora. The methods of Clarke (1993) and Primer

software (1997) were used. Prior to analysis, the very rare ta.xa (frequencies <5%)

were removed to reduce the size of the data matrix by removing the many zero values,

thus improving the reliability of the results (McCune and Mefford, 1997). This caused

a matrix reduction of 48% for mud, 37% for sand, 40% for pebble, and 47% for cobble

beaches. A fourth root transformation was applied to the indicator values so that

analysis considered both high and low indicators, a matrix of Bray-Curtis similarities

was generated, and the technique of non-metric multidimensional scaling (MDS) was

used on the matrix. Graphical plots of ordination results for the two axes explaining
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the greatest proportion of the variance were examined. Analyses of similarity

(ANOSIM) tested the significance of any apparent differences among sample groups.

Similarity percentage analyses (SIMPER) were used to identify the taxa contributing

most to average similarity within groups.

Three-way nested ANOVAs for each taxon were used to show how population

variability was distributed over different spatial scales, thus determining the species

whose abundances could be extrapolated from segment-level spatial scales to larger

areas with a minimum of increased variability (Sokal and Rohlf. 1995). For each

analysis, the effect of scale was tested by using the mean square of the next lowest

factor as the error term (e.g., the effect of the within-group scale was tested with the

MS of within-segments). All abundances were fourth root transformed to improve

assumptions of normality and homogeneity of variance. ANOVA assumptions of

normality of residuals and equality of error terms were determined by visually

examining plots of estimated values against residuals.

RESULTS

Review of water quality data from the Washington Department of Ecology

showed evidence of episodic water column stratification during the summer on an

annual basis in all three of the selected inlets for this study. Figure 4.3 shows the mean

sea surface salinity and temperature from 1990-1997 at a monitoring station in Budd

Inlet. The effects of the seasonally elevated salinity and water temperature on

macroalgal and invertebrate populations are not known for most of the organisms

inhabiting Puget Sound sediments, but the evidence provided by these data allowedus

to factor the oceanic variation into our sampling design. For example, these figures

show that to ensure comparability among samples it would be appropriate to compare

data collected during the summer, during the winter, or during the transition period but

not among these seasons.
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Selection of Nearshore Cells

The salinity and sea surface temperature (SST) distributions in Carr, Case and

Budd Inlets at the end of April 1998 are shown on Figures 4.4A and B. The contour

plots were generated after smoothing of the raw data and a kriging interpolation

procedure. The Carr Inlet mean SST was 12.1°C, and the mean salinity was 28.5.

During the tidal flood, relatively cold and saline water appears on the surface along the

east side of this inlet, while warmer and less saline water was measured along the west

shoreline. The salinity gradient in Carr Inlet is small, about 2 along the axis of the

inlet, and I across the axis. The SST gradient is about 4°C along the axis and 3°C

across the axis of the inlet. This defined the four nearshore cells shown on Figure 4.5,

each constraining the alongshore water temperature gradient to 2°C and salinity to 2.

The strong nearshore cell gradients in these estuaries are associated with the decrease

of mixing with deep bottom water caused by the rapid shallowing of the bathymetry,

the discharge of fresh water from rivers, and various degrees of protection from wave

energy by the convoluted shoreline. The along-axis and across-axis gradients resulted

in no replicate nearshore cells within the bay. Thus we expected to find differences in

community structure among nearshore cells within a bay even when the beaches were

physically similar.

The mean SST in Case Inlet was 11.7°C, and the mean salinity was 28.3.

Although the mean temperature and salinity were slightly lower than in Carr Inlet, the

ranges were greater and the along-axis gradients were much steeper (Figure 4.5). The

temperature range was 3.2°C along axis and 1°C across axis, and the salinity range was

5 along the axis and about 1 across the axis. Relative to Carr Inlet, there were lower

lows and higher highs for salinity in Case Inlet. Visual inspection of the contour plots

for SST and salinity show these strong gradients and a spatial distribution suggesting a

minimum of 6 cells to partition Case Inlet shore segments. However, only two cells

were actually used for this project.

The SST and salinity patterns in Budd Inlet are consistent with those observed

in Case and Carr Inlets. Colder and more saline water appears along the west shore
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Figure 4.4. Sea surface salinity (A) and temperature (B) contour maps of Carr,
Case and Budd Inlets in South Puget Sound. Salinity was calculated from
conductivity measurement and temperature was measured directly with a
thermistor. Measurements weretaken at 1 m depth on a 1 km grid as shown.
Nearshore cells were defined by areas having alongshore gradients not
exceeding 2 units of salinity or temperature (pss and degrees C).
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Figure 4.5. Compansonofnearshore cell sea surface salinity and
temperature, with mean, maximum and minimum values shown for
cells in Can, Case, and Budd Inlets. The salinity in Cells 1, 4, 7,
and 8 were similar (p=O.84, df 3 and 8), Cells 2, 3, 5, and 9 were
similar (p=O 33, df 3 and 8), but those two groups and Cell 6 were
very different (p<<O.0001, df 2 and 24). These comparisons
showed that no two cells in any of the inlets were comparable, but
that some cells among inlets were similar. Cells 1, 2, and 9 were
similar in SST (p=O.43, df 2 and 6), and Cells 3, 4, 7, and 8 were
similar (p=O.O9, df 3 and 8), and Cell 5 and 6 were similar
(p=O.29, df 1 and 4), but a comparison among the three groups of
nearshore cells showed they were very different (p<<O.001, df 2
and 24).
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during the flooding tide, warmer and less saline water dominates the eastern shore. A

strong gradient exists along the axis of the inlet and also across the axis. The average

salinity is 26.0, with a range from 27.5 to 22.5. The average SST is 13.5°C, with a

range from 15.0°C to 11.5°C. There is a strong across-axis gradient from west to east

in the northern half of the inlet but in the south the across-axis gradient is minimal.

Figure 4.5 shows the results of comparing the salinity and SST among nearshore cells

using a one-way ANOVA.

Selection of Beaches

Carr Inlet ground surveys in 1997 delineated 310 alongshore segments,

composed of 1227 across-shore polygons. Groups of segments were formed by ranking

the categorical values for intertidal elevation, three dominant substrate sizes, nearshore

cell attributes and wave energy. Polygon area was also a grouping criterion, since

small habitats are confounded by edge effects and small populationsare generally

more at risk to perturbations (Maurer, 1999). Figure 4.6 shows the distribution of low

zone segment groups in terms of the length of shoreline represented by each group.

Spatially dominant habitats in the lower zone are semi-protected sand, protected sand,

protected silt and mud, protected pebbles, and sheltered mud. These represent 58% of

the total shore length. The biological sampling design was centered around these

habitat groups.

Table 4.2 lists the replicate beach segments selected randomly for sampling in

May, 1997 to test the hypotheses of within cell community similarity, and among cell

dissimilarity in Carr Inlet. Note that pebble beaches were not sampled in 1997. In May

1998, the same beach segments were resampied to measure annual variation in mud,

sand, and cobble habitats in Cell 1. We cook the precaution of quantifying the physical

attributes and compared these with the 1997 data to assure that no physical changes

had occurred during the winter. Additional segments from each sampled group were

randomly selected for model validation of the predicted taxa.
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Figure 4.6. Nearshore habitat distribution in Carr Inlet ranked by grain sizes,
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beach segments with the same physical attributes. Group numbers increase
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Table 4.2. The listed segments were selected randomly from the aggregated
groups for sampling community biota. The samples collected in 1997 were
used for among-cell (within.-.bay) comparisons. The 1997 samples from Cell 1
were compared to 1998 samples from the same sites in Cell I for comparison
of annual change in community structure. The 1998 samples from Carr Inlet
Cell 1 were also used for comparisons against samples from Case and Budd
Inlets to test the variability of community structure on replicate beaches over
larger spatial scales.

1997 Compansons 1998 Corupansons

Within Among
Segments Cells Cells

Mud Sand Cobble Carr
Group 2 11 55 Cell I

16 56 1000
34
74

98 1

107 28

Group _?P Cell 2
125
138
147

Group 21 Cell 3
153
159
167

Group 4 56 Cell 4
186 174
198 257
222

Segments
Mud Sand Pebble Cobble

2 11 36 55
16 56 27 1000
34 98 53 1

74 107 102 28

Among Within Among
Years Cells Bays

Cell I

Carr
Validation segments

2 11 Cell 1
21 50
84 63
92 103

Mud Sand Pebble Cell 5
7
8

9

Cell 6
18 Budd
19

20

Cell 7
4

6
Mud Sand Pebble Cell S

2 Ce
Cell 9

11 15
12 16
13 17
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Case Inlet shoreline geomorphology and beach structure differed slightly from

Carr Inlet. The shore was characterized by large pebbles and small cobbles (barnacle

encrusted, where wave energy is low), and interstitial sand. There was a strong particle

size gradient with grain size decreasing towards the head of the inlet. Sand flats

extending above MLLW were small and infrequent. Segments representing sand

habitats were selected from Cell 8 as shown in Figure 4.1. Low zone mud beaches

were also not common except at the very head of the inlet where they dominate the

intertidal. Oyster aquaculture operations occur throughout the inlet and we expected

the community data to reflect this alteration. Mud sites in small side embayments and

estuaries were selected from Cell 9. We found few cobble beaches in Case Inlet and

none similar to those sampled in Carr Inlet. No meaningful comparisons of biota could

be expected and this habitat type was not sampled beyond the Carr Inlet sites. Pebble

beaches were selected on the western shore of the inlet in Cell 9.

In Budd Inlet, coarse grained beaches dominated the northern shores and fines

characterized the south. Ij the north, gravel beaches (mostly pebble and cobble with

interstitial sand) were found on the west shore and sandy pebble beaches occurred on

the eastern shore. Silty mud flats dominated the head of the bay near the city of

Olympia. Sand flats suitable for comparison were selected in Cell 5, mud beaches

were selected from Cell 6, and pebble beach sites were chosen from Cell 7 as shown

on Figure 4.1.

Measurement of the physical condition of each beach site allowed for

quantitative comparisons within and among segment groups as illustrated in Figure

4.7. These figures are useful for assessing the actual physical similarity among beach

segments. Note that for the most part the segments are evenly matched but there are

exceptions particularly in the fliud beaches.
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Analyses of Biota

In 1997, 200 low zone samples were collected in Carr Inlet mud, sand, and

cobble habitats, with a cumulative richness of 98 taxa. A total of 390 samples were

collected in 1998 from the low zone mud, sand, and pebble habitats in Carr, Case, and

Budd Inlets, and cobble beaches in Carr Inlet. The 177 taxa found were mostly

identified to the species level (75%) and all were identified to family level. The

gamma diversity (the average diversity per sample) was highest for the pebble (14.0)

and cobble (8.5) as expected for complex substrates, and lowest for sand (3.5) and

mud (6.2). The mud beaches had 91 taxa, the sand 59, the pebble 81, and the cobble

73.

The general effect of strongly dominant taxa in forcing community similarity

was exemplified in our study area by the sand dollar and the ghost shrimp. Low zone

sand segments were generally dominated by the sand dollar Dendraster excentricus

(reaching densities of >1000/rn2) and had few other infauna. Some segments had fewer

Dendraster, and with less bioturbation, a diverse infauna of burrowing sea cucumbers,

anemones, and tube-building and mobile polychaetes appeared. Low gravel segments

were characterized by barnacles and ephemeral green algae (ulvoids) on the surface,

and extremely numerous capitellid polychaetes in the sediment, often with a variety of

predatory worms such as nemerteans, glycerids, goniadids, and hesionids. Low mud

segments were dominated by the ghost shrimp Neotrypaea calforniensis, which

excavates deep burrows in mud, oxygenating the sediment and creating habitat for a

host of commensal species, and by capitellid and predatory polychaetes.

Figure 4.8 shows the relationship between the number of taxa found and the

cumulative area sampled over Carr, Case, and Budd Inlets. The graphs represent 90

quadrats and cores collected for each shore type in 1998 (with the exception of cobble

which was not sampled beyond Can Inlet), with the first 30 samples in Can, the

second 30 in Case and the last 30 in Budd Inlet. These diagrams are useful for

evaluating biotic heterogeneity at the different scales sampled. All the curves show

that heterogeneity is most severe at the segment scale and then decreases sharply. The
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first 10 samples (one segment) reflect the steepest portion of the curve and account for

40% of the mud taxa found, 38% of the sand, 53% of the pebble, and 53% of the

cobble taxa. The first 30 quadrats and cores (representing 3 separate beaches)

accounted for most of the taxa for the mud (68%), sand (63%) , pebble 75%, and

cobble (73%) beaches. The infrequent taxa, represented particularly by the rare worms,

account for all of the remaining accumulation and are probably not important to the

long term community structure. The ideal is for the curve to approach a maximum

indicating that communities are stable across scales of replicate beach segments. The

slope of the line was calculated for the last ten points and is noted on each graph. The

slopes indicate the rate at which new taxa appear, and thus the sample heterogeneity.

Note that the pebble curve flattens out slightly faster than the others, in part because a

higher percentage of species in pebble beaches are found in the quadrats, and area in

the quads is accumulating faster. Evidently at least 2, and preferably 3, beach segments

need to be sampled in order to capture the community structure of these habitats in

South Puget Sound. Based on this information we are certain to find considerable

variation in community structure within a beach segment and even between 2 beaches

based on individual quadrat and core samples. These results also point to the multi-

scale patchiness of nearshore biota even on physically homogenous beaches (e.g. sand

flats), and the difficulty in consistently capturing large scale community structure with

small quadrats and cores. These results support pooling abundances of each taxon into

one value to represent the beach segment (e.g. Dufrene and Legendre, 1997).

The illustrations accompanying each of the following analyses include MDS

ordination plots showing relationships among sampled communities. Note that the

axes are arbitrary and do not correspond to numerical values. Rather, they represent a

2-dimensional view of samples in "species space", or the species composition of each

sample (i.e., if two samples have exactly the same taxa and indicator values, then the

plotted points will be exactly superimposed). The stress value refers to the goodness-

of-fit for the 3-dimensional solution. Stress values greater than approximately 0.2

indicate a poor fit, thus making interpretation of the solution difficult (Clarke, 1993).
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The ANOSIM analyses of similarity report the global R-values, the number of

permutations, and the significance level. The global R-value indicates average within

group homogeneity; thus a high R-value occurs when the difference among groups is

greater than the differences within groups. Low R-values are generally associated with

high significance levels. The permutation number refers to random allocations of the

data to compute the significance level. Comparing 2 groups of 3 samples each gives 10

possible permutations which is notas powerful as comparing 2 groups of 5 samples

each, giving 126 permutations. A low number of permutations will constrain the

power of this test, so that a Type H error is likely when significance levels are low. Use

of the significance level rather than p-values is useful for our purposes because it

allows more flexibility with interpretation of the results. The significance level

reported here should be read as the probability of making a Type I error if H0 is

rejected. For example, with a significance level of 60%, if H0 is rejected then there is a

60% chance that it was incorrectly rejected. In other words, in this case it would be

wise to not reject H0.

The tables show a list of the taxa contributing to within group similarity

(SIMPER), the percent contribution of each taxon, and the cumulative percentage.

Similarity is based on the indicator value of the taxa. The taxa are listed in ranked

order, with the organism contributing the most to within group similarity (i.e., found

characteristically in all group members) listed first. The total number of taxa in each

community is also given. Note that within group similarity increases as the number of

listed taxa approaches the total number of taxa in the community, although we rarely

find that more than 50% of the taxa are actually similar among samples. This is

because of the high number of infrequent and low abundance taxa present in the

samples. The taxa contributing to within group similarity and that are also present in

both groups are highlighted.

For each comparison, a figure shows the trophic distribution of the entire

community for each sample group. We classified each taxon by trophic level and

graphed the cumulative counts for each level in each sample group. The trophic

categories are: suspension feeders, deposit feeders, carnivores, herbivores, primary
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producers, scavengers, commensal organisms, and omnivores. These figures allow a

visual comparison of community structure for evaluating which trophic levels are best

represented in each sample group.

Model prediction within cells

The first hypothesis tested was that biotic communities will be similar among

beach segments with the same physical attributes and within the same nearshore cell.

The MDS plot for the mud beach comparisons illustrates the distribution of predictor

and validation samples (Figures 4.9A and B, and 4.1OA and B, Table 4.3A). The

plotted points are labeled either with a "P" or a "V" to indicated group membership.

The site map also shows the spatial relationship among the samples. The ANOSIM

test showed no difference between the sampled groups. SIMPER results show that

juvenile Macoma, the capitellid Mediomastus sp., ulvoids, clam or ghost shrimp holes,

and Punctaria lobata contribute the most to the prediction group similarity (74%

combined), and Punctaria lobata, Spiochaetopterus costa rum, clam or shrimp holes,

ulvoids, the carnivorous polychaetes Nephtys caecoides and Hemipodus borealis, and

juvenile clams contribute the most to the validation group (79% combined). The

trophic level distributions on Figure 4. IOA were also consistent but with slight

differences in the number of carnivores relative to deposit feeders and suspension

feeders between the groups. Of the 38 taxa found, 20 occurred in both groups (Figure

4. lOB). Note that Dend raster excentricus dominated segment P-74 and is separated

from the other segment samples on the ordination plot.

Of the 111 taxa that contribute the most to within group similarity, 8 (73%) are

the same between the two groups (8 out of 13 for the validation group). Interestingly,

even though the segments are spatially grouped into 2 geographic clusters in coves 10

km apart, each of the sampled sets had segments in both coves. Mud segment 74

stands apart in this (and all other comparisons) because it had a high volume of sand

mixed into the mud that was not accounted for during the original ground surveys.
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Figure 4.9. MDS ordination analysis of within-cell community taxa in Carr Inlet. Figures A
and B show mud beach segments sampled to generate group predictions (P=16, 34, and
74), and those sampled for model validation (V=21, 84, and 92) in Nearshore Cell 1.
(stress=0.O0). One-way ANOSIM with 10 permutations, global R=0.00, sig. level=60%.
Figures C and D show the sand beach segments sampled to generate group predictions
(P=56, 98. and 107), and those sampled for model validation (V=50, 63, and 103) in
Nearshore Cell 1 (stress=Q.05). One-way ANOSIM with 10 permutations, global R=0.10,
sig. level=60%. Cobble beach predictions were not validated because no other cobble
segments occurred in Cell 1 (see annual variation analyses on Figure 4.4 for taxa
distributions on this habitat type).
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Figure 4.10. Within-cell community distribution by trophic class, and taxa
richness for within-cell mud and sand habitat comparisons in Carr Inlet. Figures
A and C show the cummulative counts of suspension feeders, deposit feeders,
carnivores, herbivores, primary producers, scavengers, commensals, and
ornnivores. Bars are shaded to represent the different sample groups. Figures B
and D show the counts of macroalgae and invertebrate taxa sampled by quadrats
(Q), and the infauna sampled by cores (C). Figures A and B graph the mud
beach distributions (total count=38 taxa, with 32 predicted, 26 validated, and 20
taxa common to both sample groups). Figures C and D show the sand beach
distributions (total count=20 taxa, with 16 predicted, and 12 validated, and 8
taxa common to both sample groups). Cobble beach predictions were not
validated because no other cobble segments occurred in Cell 1 (see annual
variation analyses on Figure 4.12 for trophic distributions on this habitat type).
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Table 4.3. Taxa contributing the most to within cell similarity (ranked by percent
contribution). Listed taxa are the best indicator organisms for the cell group.
Indicator taxa common to both sample groups are highlighted in bold.

A. Mud Segments
Modeled prediction Model validation

Taxa (11 of 32) q Cum% Taxa (13 of 26) % Cujn%
Juvenile macoma 16 16 Punctaria lobata 15 15
Mediomastus sp. 15 31 Spiochaetopterus costarum 14 29
Ujyolds 15 46 Ujd. clani or shrunp holes 12 41
Unid. clam or shrimp holes 15 61 Ulvoids 12 53
Pun ctaria lobata 13 74 Nephtys caecoides 9 62
Leitoscoloplos pugettensis 5 80 Hemipodus borealis 9 71
Prorothaca s.Xoininea 5 84 Juvenile znacoma 9 79
Spiochaetopterus costarum 4 89 Mediomastus sp. 4 83
C7inocardjum nuttaUji 4 93 Notomastus tenuis 4 87
Haminoea vesicula 4 97 f7iinocardiwn nuttallü 3 91
Leptosynapta clarki 3 10(3 Leptosynapta clarki 3 94

Macoma nasuta 3 97
Nowmastus lineatus 3 100

Taxa (9 of 16) % Cum% Taxa (5 of 12) % Cum%
Dendrasger excentricus 23.75 23.75 Ulvoids 45.49 45.49
Ulvoids 23.75 47.51 Dendraster excentricus 25.2 70.69
Notonwstus tenuis 9.04 56.54 UnkL. clam holes 13.35 84.04
Neotiypaea ca4forniensis 8.84 65.38 Juvenile macoma 9.48 93.52
Glycindepicta 8.23 73.61 Glycindepicta 6.48 100
Nephtyscaeca 7.6 81.21
Pot ydora kempijaponica 6.29 87.5
Spiochaetopterus costarum 6.25 93.75
Unid. clam holes 6.25 100
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This illustrates the importance of careful measurement of substrate sizes to the depth

of the biological core samples (15 cm). Evidently the small cove with this segment

traps episodic pulses of sand originating from the extensive sand flats outside and to

the south of its entrance, probably during the winter when wind-wave generated

currents transport the sand northward. The frequency of these events is not known but

does not seem to occur annually. The surface sediment in the cove is all organic rich

mud and the sandy mud starts at about 2 cm. The mud apparently deposits slowly

between the episodic pulses of sand. After the last sand pulse the sand dollars

opportunistically recruited to the benthos and now are preventing other organisms

from becoming established. Over time, as the organic mud becomes thicker, the sand

dollars will be excluded by organisms better suited to that environment.

The sand flat communities were all very similar within the sampled nearshore

cell (Figures 4.9C and D, and 4. 1OC and D, Table 4.3B). The ANOSIM test found no

difference between the predictor group and the validation group. SIMPER results show

that, as expected, Dend raster excentricus and ulvoids dominated both groups, while

clam holes and the polychaete Glycinde picta contributed smaller percentages. This

comparison also illustrates the sensitivity of these taxa to the physical condition of the

beaches. Segment 50, the southernmost sample beach, had a higher volume of

groundwater seeping from the sediments (probably from an upland aquifer or other

water source) than the other beaches. This groundwater had a lower salinity (22), than

the other sampled segments where the seeps closely reflected the salinity of the

nearshore cell (27). The groundwater seeping from segment 50 was probably mixing

with the saline water in the sand prism but the volume of fresh water must be higher

than in other segments. The lower salinity probably eliminated most marine taxa from

the sampled community and thus decreased its similarity with the other beaches.

Interestingly, 6 out of 16 taxa in the predictor group were deposit feeders while no

deposit feeders were sampled in the validation group (Figure 4. bC). Only 3 deposit

feeders showed up on the list of taxa contributing to the prediction group similarity,

the capitellid Notomastus tenuis, the ghost shrimp Neotrypaea californiensis, and the
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polychaete Polydora kempijaponica (24% combined contribution). Of the 20

combined taxa identified in these groups, 8 were found in both (Figure 4. 1OD).

The general purpose of comparing the biota among beach segments of the same

group was to test the validity of extrapolating communities from a sample of 3

segments to all the other beach segments in the same replicate group. Results of

community extrapolation for the lower sub-zone showed that 31 segments out of 305

(10%) were sampled, representing 7 of 56 segment groups (12%). These sampled

segments allowed for 117 segments (35%) to be modeled. The 117 segments represent

a cumulative shore length of 26,264 meters or 44% of the project shoreline length

(52% of the project area).

Annual variation within cells

We tested the hypothesis that temporal variability will be similar among beach

segments with the same physical attributes and within the same nearshore cell. The

mud segment communities were very similar among years, even though the MDS plot

comparing 1997 and 1998 samples (Figures 4.1 1A and B, and 4.12A and B, Table

4.4A), shows a shift in community structure. Interestingly, this shift is in the same

direction for all 1998 samples, suggesting a similar influence at all sites. However, this

change is not statistically significant, and even with few permutations, the strength of

the global R supports this result. SIMPER analysis showed that some taxa, important

in each segment in 1997, were not seen in 1998. Most notably the red alga Gracilaria

pacifica and the ghost shrimp Neotrypaea californiensis accounted for 46% of the

segment similarity in 1997, but neither shows up as an indicator taxon in 1998. The

brown alga Punctaria lobata replaced Gracilaria in 1998, and more juvenile clams

were found. Segment 74 stands apart from the other segments, reflecting the consistent

effects of Dendraster excentricus (sand dollar) bioturbation in both years. Suspension

feeders, deposit feeders, and carnivores dominate both years (Figure 4. 12A). In 1998

the richness increased although there was no relative change among trophic dominants.
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Figure 4.11. MDS ordination analysis of among-year community taxa in Cart Inlet fo 1997
and 1998. Figures A and B show the mud beach segments (16, 34, and 74 in Cell 1,
stress=0.01). One-way ANOSIM with 10 permutations, global R=0.00. sig. level6O%.
Figures C and D show the sand beach segments (56. 98, and 107 in Cell 1, stressO. 11).
One-way ANOSIM with 10 permutations, global R=0. 19, sig. level=40%. Figures E and D
show the cobble beach segments (1,28, and 1000 in Cell 1, stress=0.01). One-way
ANOSIM with 10 permutations, global R=O.89, sig. level=10%.
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Figure 4.12. Among-year community distribution by trophic class, and taxa
richness for among-year mud, sand, and cobble habitat comparisons in Caii
Inlet, 1997-1998. Figures A, C, and E show the cummulati've counts of
suspension feeders, deposit feeders, carnivores, herbivores, primary producers,
scavengers, commensals, and omnivores. Bars are shaded to represent the
different nearshore cells. Figures B, D, and F show the counts of macroalgae
and invertebrate taxa sampled by quadrats (Q), and the infauna sampled by
cores (C). Figures A and B graph the mud beach distributions (total count=35
taxa, with 19 in 1997, 32 in 1998, and 16 common to both years). Figures C and
D show the sand beach distributions (total count22 taxa, with 13 in 1997, and
16 in 1998, and 7 taxa common to both years). Figures E and F graph the cobble
beach distributions (total count=38 taxa, with 25 in 1997, and 27 in 1998, and
14 taxa common to both years).



129

Table 4.4. Taxa contributing the most to within year similarity (mnked by percent
contribution). Listed taxa are the best indicator orgarlisnis for the year. Indicator taxa
common to all years are highlighted in bold.

A. Mud Segments
1997 samples 1998 samples

Taxa (9 of 19) % Cwn% Taxa(11 of 32) % Cum%
Gracilaria pacfica 27 27 Juvenilemacoma 16 16
Ulvoids 20 47 Medioma.stus q,. 15 31
Neotrypaea cal fornisnsir 19 66 Uivoids 15 46
Not omastus tenuis 7 73 Unid. clam or shrimp holes 15 61

IjuicI. dam or shrimp holes 7 80 Punctaria lobara 13 74
Juvenile inacoma 6 85 Laif oscoloplos pugeltensis 5 80
Hamrnoea vesicla 5 91 Protothaca slaminea 5 84
Tdlina .ip. 5 96 Spiochaetopterus costarum 4 89
Hemigrapsus oregonezsis 4 100 Clinocardium nuuallii 4 93

Haminoea vesicula 4 97
Leptosynapta clarki 3 100

B. Sand Segments
1997 samples 1998 samples

Taxa (3 of 13) % Cum% Taxa (9 of 16) % Cum%
Dendraster excentricus 45 45 Dendraster e,xentricus 24 24
Ulvoids 40 85 IJIroids 24 48
Polysiphoniasp. 15 100 Notomaius tennis 9 57

Neotrypaea cal forni ensis 9 65
Glycindepicta 8 74
Nepluyscaeca 8 81

Polydora kempijaponica 6 88
Spiochaetopterus cos:arwn 6 94
Unid. clam holes 6 100

C. Cobble

Notomastus kiwis 13 13 Ulvoids 7 7

131VOids 12 25 Balanus glandula 7 15
Balanusgiandala 11 37 Henügraprusoregonensis 7 22
Ophiodromuspugeuensis 10 47 Crepidula dorsata 7 29
Hemipodas borealis 10 57 Unid.redcrust 7 35
Crepidula dorsata 9 66 Spiochaetopterus costarzon 6 41

Micrapodarki dubia 9 75 Lop hopanope us helms 6 47
Glycinde picta 8 83 Annandia brevi 6 53
Cancer p. 5 ss Prosornaca staininea 5 57
Acrosiphonia sp. 4 92 Lottiapelta 5 62
Unid. aed cnast 3 95 Mastocarpuspapillatus 5 67
Uni&Nemertea 3 98 Unid. dam holes 5 72
Nereisprocera 2 100 Notomastus tenuis 5 76

Leitoscoloplos pugettensis 4 80
Unid. Neijiertea 4 84
Gtydndepicta 4 88
Hemipodus borealis 4 92
Ceramiwn ap. 2 94
Metridium Si,. 2 95
Juvenile Macoma 2 97
Pholoe .sp. 2 99
Terebellidsp. 1 100
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Infauna dominated both years as expected on a muddy shore (Figure 4.1 2B). There

were 16 taxa (out of 35) common to both years.

Sand flat communities in Carr Inlet showed very little change between 1997

and 1998. The MDS plot for the sand beach comparisons (Figures 4.1 1C and D, and

4. 12C and D, Table 4.4B) shows that segments 56 and 107 shifted more than segment

98, but again the general change of the community was in the same direction. Segment

98 has more groundwater seepage in the low zone and the community shift seen in the

other 2 beaches may be dampened by this background effect. The temporal change is

not significantly different, and both sample groups show the same dominant taxa

(Dendraster excentricus and ulvoids in both 1997 and 1998). As noted earlier, the

presence of sand dollars forces out most other taxa and the degree of this effect is

strongly associated with the density of sand dollar populations. Polysiphonia sp.

appears on the 1997 similarity list with 15% contribution but was not characteristic of

1998 samples. As for the mud, species richness was higher for each of the trophic

classes in 1998, but there was no relative change among classes (Figure 4. 12A).

Infauna dominated the communities in both years, and although 22 taxa were

identified in both groups, only 7 were found in both years (Figure 4.1 2B).

The data points representing the cobble beach communities also showed

simultaneous shifts (direction and magnitude) on the ordination plot. The results are

shown on Figure 4.1 IE and F, and 4.12E and F, and Table 4.4E. The relative

differences among the 3 segments remained the same but the community variability in

1998 was greatly reduced over the 1997 samples. Although the ANOSIM test is not

significantly different, the large global R-value suggests that the test statistic is more

extreme than would be expected if the groups were similar. SIMPER analysis showed

that in 1997 the most characteristic taxa were Notomastus tenuis, ulvoids, Balanus

glandula, and Ophiodroinus pugettensis. In 1998, ulvoids were the most characteristic,

but the percent contribution was much lower than in 1997. The difference between the

years also can be seen by the range in percent contribution of the similar taxa. The

range in 1997 (2%-13%) is almost double the 1998 range (l%-7%). A number of taxa

appeared in 1998 samples that were not observed in 1997. One of the most noticeable
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was the polychaete Armandia brevis, which recruited heavily from the plankton in

1998 but not in 1997. Other differences less easily explained are the appearance of the

shore crab Hemigrapsus oregonensis in 1998 and the disappearance of the polychaete

Ophiodroinus pugettensis. Figure 4. 12E shows that primary producers were more

abundant and suspension feeders were less in 1997 than in 1998. In 1997 there were

more taxa found in cores(infauna) than in quadrats, but in 1998 the opposite occurred

(Figure 4.1 2F). The overall number of taxa found were very similar in both years (25

in 1997, 27 in 1998). The cobble communities changed more than either the sand or

the mud. Since infauna dominate the mud and sand communities and most of the

sampled polychaetes and clams live longer than one year, this result is not unexpected.

The cobble beaches are considerably more heterogeneous on the surface than the softer

substrates, and this is reflected in the diverse biota. Year to year differences could have

been caused by disturbance processes, or by a large recruitment event from the

plankton.

Nearshore cells within a bay

We used the 1997 data from Cart Inlet to compare the differences in biota

among nearshore cells for mud, sand, and cobble beaches to test the hypothesis that

biotic communities will be different among beach segments with the same physical

attributes but from nearshore cells with different conditions. For mud beaches, the

MDS plot shows that Cell 1 points are grouped separately from Cell 4 points, as would

be expected from the large differences in nearshore cell conditions (Figure 4.1 3A and

B, and 4.1 4A and B, Table 4.5A). Cell 1 is generally exposed to higher wave energy

and higher water temperature (Figure 4.4) than Cell 4. The ANOSIM tests show no

significant differences, but the low global R-value suggests a difference exists,

indicating that the ANOSIM lacks power because of the limited number of samples

collected. SIMPER results show that Gracilaria pacjfica and ulvoids are most

characteristic in Cell 1 (47% combined contribution), compared to Neotrypaea
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Figure 4.13. Ordination of among-cell community taxa in Carr Inlet - A and B show
segment group 2(74, 34, and 16 in Cell 1) and segment group 4(222, 198, and 186 in Cell
4) to assess within-bay mud habitat variation, (stress=0.02). ANOSIM global R=0.44, sig.
level=10% (10 permutations). C and D show segment group 20(107, 98, and 56 in Cell 1),
segment group 21(125, 138, and 147 in Cell 2), and segment group 11(153, 159, and 167
in Cell 3) to assess within-bay sand habitat variation, (stress=0.10). ANOSIM global
R=a56 sig. level=6% (280 permutations); (pairwise tests: Cell I vs. Cell 2 sig. level4O%,
Cell I vs. Cell 3 sig. Ievel=80%, Cell 2 vs. Cell 3 sig. level=20%). E and F show segment
group 56 (1, 28, and 1000 in Cell I) and segment group 55 (174 and 257 in Cell 4) to assess

within-bay cobble habitat variation, (stress=0.00). ANOSIM global R=0.58, sig. levellO%
(10 permutations).
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Figure 4.14. Among-cell community distribution by trophic class, and taxa
richness for among-cell mud, sand, and cobble habitat comparisons in Carr Inlet.
Figures A, C, and E show the cuminulative counts of suspension feeders, deposit
feeders, carnivores, herbivores, primary producers, scavengers, commensals, and
omnivores. Bars are shaded to represent the different nearshore cells. Figures B,
D, and F show the counts of macroalgae and invertebrate taxa sampled by
quadrats (Q), and the infauna sampled by cores (C). Figures A and B graph the
mud beach distributions (total count=30 taxa, with 19 in Cell 1, 22 in Cell 4, and
11 taxa common to both cells), Figures C and D show the sand beach
distributions (total count24 taxa, with 13 in Cell 1, 18 in Cell 2, and 16 in Cell
3, and 9 taxa common to Cells 1 and 2, and 5 taxa common to Cells I and 3),
Figures E and F illustrate the cobble beach distributions (total count=26 taxa,
with 24 in Cell 1, 17 in Cell 4, and 15 taxa common to both cells).



Table 4.5. Taxa contributing the most to among cell and within bay similarity (ranked by
percent contribution). Listed taxa are the best indicator organisms for the cell group.
Indicator taxa common to all cells are highlighted in bold.

Mud

Gracilaria pacifica 27 27
Ulvoids 20 47
Neolrypaea californiensis 19 66
Notomastscs tenuis 7 73
13uSd. clam or shrimp holes 7 80
Juvenile macouts 6 85
Haminoea vesicula 3 91
TeiJina sp. 5 96
Berm grapsus oregonensis 4 100

B. Sand

Dendraster excentricus 45 45
Ulvoids 40 85
Polysiphoniasp. 15 100

1997 CellS samples
Taxa (2 of 16) % Cum%

Denth-aster excentrtcu$ 79 79
Scoloplos armiger 21 100

C.

Taxa (13 of 24) % Cum%
Ntomastus tenuis 13 13
Ulvoids 12 25
Ba/anus glandula ii 37
Ophiodromuspugenensis 10 47
Hemipodus borealis 10 57
Crepidula dorsi 9 66
Micropodarki dubia 9 75
Glycinde picta 8 83
Cancer .p. 5 88
Acrosiphonia sp. 4 92
Unid. red crust 3 95
Unici. Nemertea 3 98
Nereisprocera 2 100

Neotrypaea californiensLc 17 17

Glycindepicta 14 31

Notomastus ten uls 9 40
Pinnotheridsp 8 48

Unid. clam or shrimp holes 7 56

Unid. Nemertea 7 63
Hemipodus borealis 6 69
Scieroplax granulata 6 75
Crvp:ornya ccl (fornica 6 81

Protothaca stwninea 5 86

Ba/anus glandula 5 91

Pseudopythina rugfera 5 95

Juvenile macoma 5 100

Taxa(9of18) % Cum%
Spiochaetoplerus costarian 33 33
Unici clam or shiimp holes 27 60
Edward Ia sipwzculoides 9 69
Nephsysferruginea 8 77
Notomastu.t lineatus 6 83
Grace/aria pacfica 5 88
Leptosynapta darki 4 92
Punctaria lobata 4 96
Neotrypaea cal iforniensis 4 100

Taxa %

(not enough replicates)

134
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calforniensis and Glycinde picta in Cell 4 (31% combined contribution). No algae

were found in Cell 4. Ghost shrimp dominated the infauna of both groups but their

commensal taxa were only sampled in Cell 4, even though it is likely that they occur in

Cell I but were missed by the cores. The lack of a clear mechanistic link between the

biota and the nearshore cell properties precludes explanations of why these

communities are different. The warmer nearshore water in Cell 1 may be related to the

algae appearing there. As a further indication of the strong difference, the sample

groups share only 4 taxa from the list of organisms that contribute to within group

similarity. The trophic class distribution (Figure 4. 14A) shows differences in the

number of carnivores and commensals, with more of each in Cell 4. Cell 4 had higher

infaunal richness and lower epifauna and mac.roalgal counts than Cell I (Figure

4.14A).

For sand beaches, the MDS plot shows that the sample points group separately,

with Cell I samples arranged vertically along the right side of the plot, Cell 2 samples

arranged vertically along the left side of the plot, and Cell 3 samples arranged

horizontally (Figures 4.13C and D, and 4.14C and D, Table 4.513). A high global R-

value and a low level of significance support the observed difference. The results of

pairwise tests show that Cells I and 3 are more similar than either Cells I and 2, or

Cells 2 and 3. This is probably due to the high volume of fresh water input at the head

of the bay into Ccli 2. This plume of river water stays along the west side of the bay

(see Figure 4.4A), and compared to the other cells in Carr Inlet, the slightly warmer

and lower salinity water in Cell 2 may have a negative affected on sand dollars.

Without this active bioturbator the community structure shifts considerably. The

SIMPER analyses show that Dendraster excentricus and ulvoids dominated the

community in Cell 1, Spiochaetopterus costa rum, unidentified clam holes, and the

burrowing anemone Edwardsia sipunculoides dominating Cell 2, and Dendraster

excentricus and the polychaete Scoloplos armiger dominating in Cell 3. From these

lists, the only shared organism is the sand dollar in Cells I and 3. The 3 sample groups

are quite different in trophic class distribution with suspension feeders dominating in
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Cell 3, deposit feeders in Cell 2, and carnivores in Cell I (Figure 4. 14C). Figure

4. 14D shows that infauna dominated in all, as expected on sand beaches.

The analysis results for cobble beach communities in different nearshore cells

are shown on Figures 4. 13E and F, and 4. 14E and F, and Table 4.5C. The comparison

of cobble beach communities showed that Cells I and 4 are different even though

segments 1 and 174 converge on the ordination plot and are quite similar. We could

not find enough cobble replicates in Cell 4 to complete the sampling and comparison

for this habitat type, but the results at least suggest that our hypothesis also applies to

these beach types. Although only 2 samples were collected in Cell 4, the MDS plot

clearly shows the separation between groups of points representing Cells 1 and 4. The

test for group difference is not significant but the high global R-value suggests that a

difference exists. SIMPER analysis was not possible with only 2 samples in Cell 4.

Figure 4. 14E shows the trophic class distribution but note that any comparison should

reflect that Cell I has 3 samples and Cell 4 has only 2 samples. In the discussion on

species richness above, we showed that most of the taxa are accounted for in the first

30 samples, so a difference of 10 samples between Cell 4 and Cell I will make a big

difference in any frequency distributions. Macroalgae and surface dwelling

invertebrates were more numerous on this harder substrate (more stable) as shown on

Figure 4.14F.

Nearshore cells within a basin

The last hypothesis we tested was that biotic communities will be similar

among beach segments with the same physical attributes among nearshore cells with

the same physical conditions. For muddy habitats in the different inlets, replicate

beaches could not be found in replicate nearshore cells. Cell I in Carr Inlet would best

be compared to Cell 8 in Case Inlet where the salinity is the same, but Cell 8 had no

mud beaches. Cell 9 in Case Inlet was chosen instead. Similarly, Cell 5 in Budd Inlet

would be a better choice for comparing to Cell 9 or Cell 1 but there were no mud
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beaches there. Nevertheless, even with these constraints, the mud biota we compared

in the three inlets supported the hypothesis that more-similar cells contain more-

similar benthic communities. The MDS plot of mud beach segments from cells in

Carr. Case, and Budd Inlets (Figures 4.ISA and B, and 4.16A and B, Table 4.6A),

shows that the 3 samples from Can Inlet are grouped vertically along the right side of

the plot, the Case Inlet samples are arranged horizontally across the top, and the Budd

Inlet samples are along the left side. We expected the Budd samples (18, 19 and 20) to

be separate from the others because of the differences in physical conditions. The head

of Budd Inlet is warmer, less saline, and more stratified than any other nearshore cell.

Note that Budd Inlet samples 18 and 20 are separate from 19. Sample 19 was taken

from a mud beach used for depositing sandy dredge spoils, thus the community

structure was expected to differ from the others. Case Inlet sample 12 is also separate

from the others in Cell 9. This mud beach segment supports an aquaculture operation

and the surface biota was dominated by taxa associated with oyster shells. Also this

beach had been tilled for clams a year prior to the samplmg. The ANOSIM global test

had 280 permutations and the pairwise test had 10. The global R-value is fairly low,

suggesting that the significance level is reliable. The mud segment communities in

these 3 inlets are not significantly different, but the significance level is low enough to

cast doubt on any conclusions of ecological similarity. Pairwise tests show that

samples in the nearshore cells of Can and Case Inlets are more similar, as expected,

than either one is to samples in Budd Inlet. The SIMPER analyses strongly support this

result. In Budd Inlet, only 43% of the sampled taxa contributed to within group

similarity. Unidentified clam or ghost shrimp holes, a commensal crab Scieroplax

granulata, and the clam Macoma nasuta were the primary contributors. In Can Inlet,

33% of the sampled taxa contributed to within cell similarity. These samples were

characterized by juvenile clams, Mediomastus sp., ulvoids, unidentified clam or ghost

shrimp holes, and Punctaria lobata. For Case Inlet, 38% of the sampled taxa

contribute.d to within group similarity, and Nereis procera, unidentified clam or ghost

shrimp holes. ulvoids, the snail Nassarius mendicus, and the shore crab Hernigrapsus

ore gonensis accounted for most of this similarity. Out of the 11 Can Inlet indicator
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Figure 4J 5. Figures A and B show comparisons of mud segments (16, 34, 84 in Can Inlet Cell 1,
11, 12, and 13 in Case Inlet Cell 8, and 18, 19, and 20 in Budd Inlet Cell 7, stress=0. 13). ANOSIW
global R=0.30, sig. level=8%; (pairwise tests: Can vs. Case sig. level=50%, Can vs. Budd sig.
level 10%, Case vs. Budd sig. level=30%). C and t) show the sand segments (56,98, 107 in Cart
Inlet Cell 1, and 1, 2, and 3 in Case Inlet Cell 8, and 7, 8, and 9 in Budd Inlet CellS, stress=0.16).
ANOSIM global R=O.45, sig. level=4%; (pairwise tests: Cart vs. Case sig. level=50%, Cart vs.
Budd sig. level=l0%, Case vs. Budd sig. level=10%.). E and F show the pebble segments (27, 53,

102 in Cart Islet Cell 1, and 15, 16, and 17 in Case Inlet Cell 9, and 4,5, and 6 in Budd Inlet Cell
7, stress=O.16). ANOSIM global R=0.45, sig. level=1%; (pairwise tests: Cart vs. Case sig
level=10%, Cart vs. Budd sig. level=10%, Case vs. Budd sig. level=10%.
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Figure 4.16. Figures A, C, and E show the cummulative counts of suspension
feeders, deposit feeders, carnivores, herbivores, primary producers, scavengers,
commensals, and omnivores. Bars are shaded to represent the different sample
groups. Figures B, D, and F show the counts of macroalgae and invertebrate taxa
sampled by quadrats (Q), and the infauna sampled by cores (C). Figures A and B
graph the mud beach distributions (total count=41 taxa, with 33 in Can Inlet Cell
1, 32 in Case Inlet Cell 9, and 14 in Budd Inlet Cell 6, and 23 taxa common to
Carr and Case, and 10 taxa common to Carr and Budd Inlets. Figures C and D
show the sand beach distributions (total count23 taxa, with 16 in Can, 13 in
Case, and 14 in Budd, and 7 taxa common to Carr and Case, and 7 taxa common
to Can and Budd. Figures E and F graph the pebble beach distributions (total

count=47 taxa, with 40 in Carr, 34 in Case, and 38 in Budd, with 27 taxa common
to Carr and Case, and 31 common to Can and Budd Inlets.



Table 4.6. South Puget Sound beach taxa contributing the most to within bay similarity (ranked by percent contribution). Listed taxa are the best indicator organisms
for each bay group. Indicator taxa common to Carr and Case Inlets and indicator taxa common to Carr and Budd Inlet are highlighted in bold. S. C, and B refer to fully
nested ANOVA tests of fourth root transformed taxa abundances within segment, within cell, and among bays respectively, where (n) indicates no significant
difference, () indicates p-values < 0.05, and (') indicates p-values<0.01 (degrees of freedom=36, 6, and 2). Totals refer to the number of non-significant p-values.

A. Mud

Taxa (II of33) % Cum% S C B Txa (12 0132) % Cum% S C B Taxa (6 of 14) % Cum% S C B
Juvenile macoma 16 16 a * a Nereirprocera 20 20 a a (mid, clam or shrimp holes 44 44 *
Mediomasius sp. 15 31 a a * Ibid. clam or shrimp holes I 8 38 n * a Scieroplax granulara 14 58 *
Ulvolds IS 46 a n tJlvolds 13 51 a * a Macotmnaxua 13 70 n n
Unid. clam or shrimp holes 15 61 a * n Nassarius mendicus 9 60 fl * a Cryptomya cal ifornica 10 80 tt * a
Punctaria lobala 13 74 a a a Hemigrapsus oregonensis 7 67 a a Glycinde p1 era 10 90 n a n
Leizoscoloplos pugertensis 5 80 + a n Nephlys caecoides 6 72 a a a Plztnoiherid .sp. 10 100 a ' a
Protothaca starninea 5 84 n a a Unid. Nemertea 6 78 a n a
Spiochaelopl eras costarum 4 89 + * a Spiochuetoplerus costarum 5 83 + * n
CUnocardiwn nuttalhi 4 93 + a + juvenile macoma 5 88 a *
!iaminoea vesicula 4 97 n n a Hemipadus borealis 5 93 a a n
Lepsosynapra clarki 3 100 a a a Notomastus tenuis 4 97 * *

Tellina bodegen.cis 3 (00 a * a

B. Sand Segments
Cair Inlet Case Intel Budd bnle.t

Taxa (9 of 16) % Cum% S C B Taxa (3 of 13) % Cum% S C B Taxa (8 of 14) % Curn% S C B
Dendraster excentrlcus 24 24 a a a 1.Thvolds 36 56 a n n Baanus glandula 24 24 a a *
Ulvolds 24 48 a n a Llendraslerexcenfricus 34 9t ' a Hemgrapsus oregonensis 17 41 n * n
Nosomassus tenuis 9 57 a n n Nepheys caeca 9 100 a n n Dendrasfrr excentricus 17 57 * C

Neotrypaea californiensis 9 65 a a Armandia brepis 15 72 a n +
Glydnde picta 8 74 n a a Ulvotds 15 87 a a
Nepluys eaeca 8 81 a a a Nassarlus mendicus 5 92 a a n
Polydora kempijaponica 6 88 a a Clinocardium nuttallil 4 97 n a a
Spiochaetopteruscostarurn 6 94 n * n Juveralemacoma 3 100 n a a
Unid. clam holes 6 100 + *

a
0



Table 4.6 - continued.

C. Pebble Segments
Cair Inlet Case Inlet Budd Inlet

Taxa 25 of 40) % Cum% S C B Txa (26 of 34) % cuin% S C B Taxa (22 of 38) % Cum% S C B
Ulvoids 7 7 + n Loltiapelta 9 9 * * n Ulvoids 8 8 + *

Balanusglandu(a 1 14 + * n Ralanusglandula 9 18 + * n Hernigrapsusoregononsis 8 15 *
Mytilus Irossalus 6 20 n * n Hemipodus borealis 8 25 n * n Unid. red crust 7 23 n * +
Hemlgrapsus oregonensis 6 26 n * n Nolomastus tenuis 7 33 * n Pagarus sp. 7 30 n * is
Mediomastus .vp. 6 32 a * .i- Unid, red crust 7 40 n * + Balanus glandula 7 37 + * ii
Armandia brevis 6 38 n is + Lillorina scululata 7 46 * n Ma.clocarpus papillatus 7 43 * *
Crep 14 ala Jorsata 6 43 is n a Juvenile maconia 6 53 a is a Nolomastus tenui,c 6 50 n *
Lottia pelta 5 49 * * is Ulvoids 6 59 * ii Leptosynapta clarki 6 56 i *
Pagurus ep. 5 54 n * a Leptosynapta clarki 6 65 ii * n Lollia plta 6 62 * *
Notomastus tenuis 5 60 a * a Protothaca staminea 3 68 * n is Mopalia lignosa 6 67 *
Spiochaetopteruscostarum 5 65 n * a Ophiodromuspugettensis 3 71 ii * a Spiochaetopieruscostarum 5 73 is *

Unid. darn hoks 5 70 n a Potysiphonia sp. 2 74 a * a Unid. Sabeffid S 78 ii a +
Unid.Nesnertea 5 75 a ft n Edwardeiasipwwuloides 2 76 * a n Crepidulafornicata 3 81 * * is
Hemipodus borealis 5 80 a * ft Hemigrapsus oregonensis 2 78 is * a Nassarius mendicus 3 84 + *
Unid.scale worm 4 84 is * a Alia gausapata 2 80 is n A/ia gausapata 2 86 ii *
Ala gausapata 2 86 a * a Crepidula dorsata 2 83 a a is Unid.scate worm 2 88 a *
Mopalia lignosa 2 88 ii * n Leitoscoloplospugeirensis 2 85 + n a Tifytilus frossatus 2 91 t * is
Polysiphonia sp. 2 90 is * a Mylilus trossulus 2 86 is * a Crepidula dorsata 2 93 n is n
Onchidoris bilamellata 2 92 a * a Lophopanopeus beilus 2 88 is * a Clinocardim nuttallui 2 95 a a n
Juvcnilenmcoma 2 93 a n n Notomastuslineatus 2 90 is a n Hensipodus borealis 2 97 *

Lophopanopeus bell us 1 95 n * a Mastocarpuspapillatus 2 92 * * n UnicJ, Nmertea 2 99 n n is
Nereis procera 1 96 + * a Scytosiphon lomenlaria 2 94 * * a Terebellid sp, 1 100 n + is
Leptosynapta clarki 1 98 n * n Spiochaetopterus costarum 2 95 ii * ii
TerebellW sp. 1 99 is + n Nereisprocera 2 97 + *

Nassarius mendicus 1 100 + n Unid. clam holes 2 99 * ft

Pagurussp. 1 100 fl * ft
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taxa, 4 also occur in Case Inlet where they represent 33% of the sampled community,

arid only one was found in Budd (17%). The nested ANOVA tests showed that the

variability for 8 out of 29 population abundances was not significant at any of the 3

scales of comparison, so that these taxa abundances can be scaled up from segment

samples to all 9 beaches in the 3 nearshore cells of Carr. Case, and Budd Inlets.

For sand beaches, the MDS plot shows that the Budd Inlet samples are grouped

and separate from the sample points for Carr Inlet (Figures 4.15C and D, and 4.16C

and D, Table 4.6B). The Carr Inlet points are arranged linearly along the bottom of the

plot, and the Budd Inlet points are clustered in the upper left portion. The Case Inlet

points are not as tightly grouped but stay along the right side. The ANOSIM test had

enough permutations (280) for a meaningful significance level but the global R-value

is mid-range, indicating that there are no clear similarities or differences in the sample

groups. Because of slight differences among compared cells in temperature and

salinity, we expected the sand flat communities to be more similar between Carr and

Case Inlets than between Carr and Budd. The pairwise tests (10 permutations) show

this to be the case, despite the sand dollar Dendraster excentricus occurring in such

dense concentrations in Case Inlet that few other taxa could survive. Sand dollars and

ulvoids dominated the sand flats in Carr and in Case but in Budd their concentrations

were much lower, so that clams and the heart cockle Clinocardium nuttallii appear.

The.re were no distinguishing characteristics of these beaches noted in the field to

explain the group differences, but the nearshore cell in Budd Inlet had lower salinities

and higher water temperatures than either those in Carr or Case Inlets (see Figure 4.4).

SIMPER results showed that within cell similarity was contributed by 56% of the taxa

in Carr Inlet, 23% of the taxa in Case Inlet, and 43% in Budd Inlet. The nested

ANOVA tests showed that for S out of 18 population abundances, variability was not

significant at any of the compared scales of observation. The trophic distributions

(Figure 4.1 6C) showed no consistent patterns. Suspension feeders were highest in

Budd Inlet and lowest in Cam deposit feeders highest in Carr and lowest in Budd,

carnivores highest in Can and lowest in Case. There are 7 taxa common to Can and

Case, and 7 (different) taxa common to Can and Budd.
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The salinity in Can Inlet Cell 1 is more similar to Budd Inlet Cell 7 than either

are to Cell 9 in Case Inlet (Figure 4.5), so we expected the biota to follow this pattern.

The MDS plot shows that the Can- and Budd Inlet sample points overlap considerably

and that the Case sample points stay horizontally along the bottom of the diagram

(Figures 4.1 SE and F, and 4.1 6E and F, Table 4.6C). The mid-range global R-value

indicates that the samples are not distinctly similar or different, even though the

significance level is very low (1% with 280 permutations). The pairwise tests showno

greater similarities between any of the sample group pairs (10 permutations). This is

an indication that the beaches and nearshore cells are well matched. SIMPER results

showed that in Carr Inlet 63% of the taxa contributed to within nearshore cell

similarity, in Case 77%, and in Budd Inlet 59%. Characteristic taxa in Can are the

ulvoids (7% contribution), in Case it is the limpet Lottia pelta (9% contribution), and

in Budd it is again ulvoids (8% contribution). In Can- Inlet, 12 taxa are required to

accumulate a combined contribution of 70%, in Case 11 taxa, and in Budd 11 taxa. All

9 pebble communities had many taxa in common, more than for any other habitat

comparison. Of the 25 indicator taxa for Can Inlet (68% of the sampled community),

17 also appear in Case and Budd Inlets where they comprise 65% and 77% of those

communities, respectively. This indicates that the communities are very similar even

though the relative abundances are different. The high diversity, and relatively small

but even percentages that each taxon contributes to within sample group similarity, is a

distinctive feature of these communities. With the lack of any dominantly abundant

taxa, it is difficult to show quantitative similarity among these communities. This is

also reflected by the nested ANOVA tests which show that most of the population

abundances are not significantly different within segments (68%), but mostare

different among the segments in each nearshore ccli (73%), and at the among

nearshore cells scale most taxa are not different (89%). So population abundances on

pebble beaches in South Puget Sound vary more from beach to beach than either

within a beach or among bays even though the community members are very similar.

The trophic distributions (Figure 4.1 6E) are fairly consistent among bays with

suspension feeders and deposit feeders highest in Can and Budd, carnivores highest in
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Case and Budd, and primary producers highest in Can and Case Inlets. Can Inlet had

an equal number of taxa found in quadrats and cores while Case and Budd had more

taxa found in core samples than quadrats (Figure 4.16F). There were 47 total taxa

found among all the pebble samples, with 27 common to Can and Case, and 31

common to Can and Budd Inlets.

DISCUSSION

The objective of this study was to test for a deterministic organization of

communities among replicate soft-sediment beach segments in South Puget Sound.

We hypothesized that benthic communities of macroalgae and invertebrates are similar

within groups of replicate segments in estuarine environments. The results support this

hypothesis and show that aggregating physically homogeneous segments of the

nearshore is a rigorous method for translating fine-scale biological relationships to

coarser scales with minimal aggregation errors. Reducing physical and chemical

differences among biological sample sites thus reduces the environmental variation

that inevitably results in biotic variation. However, any attempt to force natural

gradients into discrete categories is going to encounter problems since ecosystems are

multidimensional continua (Bell et al., 1993). When we infer to larger spatial scales,

the number of potentially interacting small scale spatial and temporal gradients can

increase system complexity (Rastetter et al., 1992). Therefore, models of coarse-scale

systems will not be able to retain the degree of detail and ecological resolution used in

models of fine-scale systems.

In many cases intertidal communities are chosen for studies of biological and

bio-physical interactions because these environments have strong gradients in space

and time, thus creating complex systems within spatial scales that are easily sampled.

However, these gradients also cause physical heterogeneity. In fact, within any given

beach polygon that may be classified as a single habitat, physical factors often vary

substantially at small spatial scales. Bell et al. (1993) argue against assuming
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environmental uniformity because environments are heterogeneous at all scales and

the variance of the physical environment tends to increase indefinitely with distance.

Therefore, the likelihood of an organism encountering a different environment as it

moves away from its original location will increase. If this is the case for nearshore

ecosystems then generalizations about biotic communities and populations become

Increasingly inappropriate with distance. In the nearshore systems that we have

studied, most (95%) of the taxa broadcast propagules into the ocean which are then

carried by the prevailing currents to a location suitable for settlement and recruitment.

Therefore, as these propagules are transported, the chance of finding a suitable habitat

for settlement becomes more remote with increasing distance from the point of origin.

Taxa have different tolerances for environmental variance so the issue of community

generalization is compounded by the low odds of finding the exact community in any

two places at the same time. Our studies in Puget Sound have demonstrated that as we

scale up our observations, we are adding new sources of variation to the data.

Predictions of community structure are most likely to be valid among replicate

segments within the spatial range of relative oceanic uniformity.

Communities among physically similar, replicate beach segments in one

nearshore cell of Can Inlet showed a high degree of similarity for each of the habitats

sampled. Communities among replicate beach segments sampled both in 1997 and

1998 in Carr Inlet showed a high degree of similarity within years. All communities

changed to some extent among years, but often these shifts were in the same direction

in all segments, suggesting parallel community responses to physical and biological

interactions. The 1997 study in Can Inlet showed that, for all 3 habitat types in Carr

Inlet, the communities sampled from replicate beaches were different in nearshore

cells with different water properties, thus supporting our hypothesis of the importance

of nearshore cell conditions. In the small bays of South Puget Sound, it is difficult to

find matching nearshore cells in the same bay because of the steep gradients in

salinity, water temperature, and wave energy. However, nearshore cells from different

bays may in some cases be more similar than those within a bay, thus arguing for

carefully quantifying properties of the nearshore ocean so that meaningful comparisons
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can be made over large spatial scales. We showed that biotic communities will be

similar among replicate beach segments in different bays if the nearshore cells have

the same water properties.

Rahel (1990) argued that assessments of community persistence are

appropriate only among comparable spatial, temporal and ecological resolutions.

Communities are most persistent or stable when the absolute abundance of each taxon

remains the same over scales of space and time. The data presented here show this

most closely at the within-cell, within-year scale on sand and mud habitats. A lower

level of stability would involve taxa abundances fluctuating but the relative rankings

in the community staying the same. This occurred at the within-cell and among-year

scale on sand, mud, and cobble habitats. The lowest level of community stability is

when the population abundances and rankings in the community fluctuate but the same

taxa are always present. This was found for sand, mud, and especially pebble habitats

at the spatial scale of different bays, when the nearshore cells have similar water

properties. The least stable condition occurs when the presence and absence of taxa

cannot be predicted, such as shown here within Carr Inlet in the comparison among

cells with different water properties.

We conclude that the nearshore biota of South Puget Sound are tightly linked

to physical properties of the benthos and nearshore ocean. This knowledge can allow

us to reduce biotic variation among beaches chosen for ecological sampling, thus

helping to solve the problems of change detection and scaling-up that plague both

basic and applied ecological studies. Our research strengthens data on organism-

environment linkages, although specific linking mechanisms remain poorly

understood. However, some of the clearly defined spatial patterns found suggest

profitable avenues for further mechanism-level research. Our studies in Puget Sound

have demonstrated a phenomenon that is likely to be true at larger spatial scales:

whenever we scale up our observations, we are adding new sources of variation to the

data. At some point in this scaling process, the communities in similar beaches are

likely to become so different that comparisons are no longer meaningful.
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CHAPTER 5

BlO-PHYSICAL COUPLING OF EXPOSED SANDY BEACH COMMUNITIES
AND OCEAN PROCESSES ON THE OLYMPIC COAST OF WASHINGTON

ABSTRACT

The ecology of the nearshore benthos has been studied in detail at many coastal

locations in the U.S., but the linkage between nearshore and oceanic processes is

poorly understood. Limited data suggest that bottom-up effects, such as increased

productivity in high-nutrient waters, may affect the abundance and growth rates of

nearshore organisms. Understanding the linkage between nearshore and intertidal

community structure and the physical and biological processes of the inshore and

nearshore ocean has many applications in science and resource monitoring.

The objective of this research was to detect spatial and temporal patterns in

intertidal communities linked to persistent patterns of nearshore and inshore oceanic

processes. The intertidal zone of the Olympic Coast National Marine Sanctuary in

Washington was delineated and partitioned into physically homogeneous segments.

The high zone biota were sampled from replicate sand beaches and compared at scales

of meters within a segment and at hundreds of kilometers among segments.

The results shows that high zone sand beach community structure is not

significantly different within homogeneous beach segments within a nearshore cell of

limited oceanic variability, but is different among beaches from different cells.

Comparisons of community structure among cells on the outer Olympic Peninsula

coast revealed intriguing patterns that suggest connectivity with primary production in

shallow water closed systems, and deep water upwelling centers. Sandy beaches far

from either shallow water systems or an upwelling center were relatively depauperate.

The data also show temporal shifts in community structure that may be related to the

1997-1998 ENSO.



INTRODUCTION

The general objective of this research was to detect spatial and temporal

patterns in nearshore communities linked to persistent patterns of nearshore and

inshore oceanic processes. The nearshore is a region of high biological productivity

with many economic links to our social infrastructure. Therefore an understanding of

the relationships between biological productivity in the nearshore and the inner

continental shelf could yield important knowledge about the portion of the marine

system with the highest value to mankind. This understanding of oceanic-nearshore

linkages is also critical if we are to scale up what is known of local nearshore

processes to larger areas. Many of our most pressing issues are concerned with

processes operating on scales of the landscape or region, but our conventional

knowledge base is comparatively fine-scale. For example, anthropogenic climate

change broaches issues of very large scale importance, butour best empirical

understanding of the mechanism of ecological response is at the level of the individual

organism. As a consequence, we know little about how large scale oceanic

heterogeneity affects small scale ecological processes. Such understanding is

especially critical as we try to make predictions about impacts of large-scale

environmental phenomena, from oil spills to short term shifts in weatherpatterns and

wind driven processes, to global climate change. With the exception of Menge et al.

(1995; 1997a), who examined the predatorlprey interactions within intertidal rocky

communities along the Oregon coast under varying conditions of nutrient and

phytoplankton availability, previous studies of linkages between coastal oceans and

nearshore environments have generally neglected the inshore region for logistical

reasons (i.e. shallow water) and the difficulty of untangling physical and biological

processes.

Nearshore habitats are defined by a suite of environmental variables including

tidal range, substrate characteristics, wave energy, water temperature, salinity, food

availability, and processes and patterns of coastal sediment transport (Barry and

Dayton, 1991). Interactions among these variables produce complex mechanisms that
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influence the abundance, distribution and diversity of organisms in a given area. In

addition, many intertidal organisms rely on mass dispersion into the nearshore ocean

to propagate their populations, and recruitment from the plankton to colonize suitable

habitats. Nearshore oceanographic processes are an important element in

understanding the structure and distribution of nearshore communities. Many benthic

nearshore organisms are adapted to specific habitats and are generally found in highest

abundance where the physical and biological conditions are optimum for their life

history and ecosystem function (Sebens, 1991). At landscape scales, their population

success is often dependent on the presence, dimension and distribution of appropriate

habitats (Maurer, 1999).

Consideration of spatial pattern is essential to understanding how organisms

interact with one another and with their environment, since some physical-biological

processes are only coupled at small scales while others are coupled only at larger

scales. Historically, many researchers have examined physical-biological coupling

processes at a number of sites (Connell, 1961; Dayton, 1971; Menge, 1976; Paine,

1966), but there have been few attempts to conduct experiments among replicate

nearshore habitats where the physical attributes were quantified and matched a priori.

Underwood and Chapman (1996) studied spatial patterns of organisms in the intertidal

zone and found that small-scale differences at 1-2 rn were likely to be determined by

behavioral responses to small scale patches of microhabitats, and that large scale

differences in abundance at hundreds of meters were likely to be caused by differences

in propagule dispersal mechanisms by adults. They also found that little variation was

added from comparisons of shores separated by hundreds of meters to shores separated

by tens of kilometers. Menge et al. (1997b), however, found that when rocky shore

communities were compared across an oceanic gradient of primary productivity,

community structure was considerably different.

The physical processes controlling oceanic temperature, salinity, wave energy,

currents, and nearshore productivity have long been suspected to have direct and

indirect effects on intertidal organisms, although most research in this area has been

exclusively correlative. Various physical forcings directly influence intertidal plants
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and animals by controlling habitat structure and exerting (or ameliorating) direct

stresses. On small to moderate spatial scales (cm to km), hydrodynamical forces such

as local wave exposure interact with shoreline type and aspect, local topography, and

wave-borne sand or logs to create patchy assemblages (Foster et al., 1988; Menge et

al., 1983; Paine and Levin, 1981; Raimondi, 1988). On a geographic scale, species

composition is affected by broad oceanographic conditions such as current patterns

(Alexander and Roughgarden, 1996), salinity, water temperature (Roughgarden et al.,

1988), and wave climates (Denny, 1988; 1995). Biogeographic provinces (very large-

scale variation in species composition) correlate well with marine climate boundaries

which integrate the above oceanographic conditions (Hayden and Dolan, 1976; Ray,

1991).

Indirectly, one clear linkage appears to be in the dispersal and delivery of

larvae and spores. Recruitment of benthic organisms from the plankton can be strongly

affected by upwelling (Alexander and Roughgarden, 1996; Roughgarden et al., 1986),

relaxation of upwelling (Wing et alL, 1995), embayment flushing (Gaines and Bertness,

1992), topographically generated fronts (Ebert and Russell, 1988; Wolanski and

Hamner, 1988), and wind- or wave-driven surface currents (Bertness et al., 1992;

Bertness et al., 1996).

An extensive literature documents how biological factors such as competition,

predation, and recruitment also contribute to spatial and temporal variation in rocky

intertidal assemblages (Connell, 1961; Duggins and Dethier, 1985; Menge, 1991;

Paine, 1974). Modeling and field work suggest that on local spatial scales, such biotic

factors interact with physical factors to produce community patterns (Dayton, 1984;

Menge and Olson, 1990). It is not apparent, however, if production in some intertidal

communities is regulated by the delivery of nutrients from the coastal ocean or by

drainage from nearby rivers and estuaries (Menge et al., 1997a). Wave energy in

exposed areas may affect the productivity of intertidal algae and invertebrates, but

mechanisms are not well known (Leigh et al., 1987). There is some evidence that

inshore nutrient levels directly affect productivity of nearshore algae; growth rates of

intertidal macroalgae have been found to clearly correlate with late-summer upwelling
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along the southern Arabian coast, and the literature documents correlations between

productivity of intertidal rnicroalgae and nutrient levels (Bustamente et aL, 1985;

Ormond and Banaimoon, 1994). Even in nutrient-poor tropical waters, high

productivity of algal turfs can occur because of the energetic, constant water flow

caused by trade-wind-driven currents (Adey and Goertemiller, 1987). Feeding and

growth rates for a variety of suspension-feeding organisms are generally enhanced in

higher flow (Eckman et al., 1989; Frechette and Bourget, 1985; Lesser et al., 1994;

Sanford et al., 1994). Menge et al. (1997a) demonstrated a correlation between

nearshore concentrations of chlorophyll-a and growth rates of rocky-shore organisms

at 2 sites within an upwelling region but 10's of km apart. They suggest that oceanic

processes (e.g., local water-exchange rates alongshore or inshore-offshore) may be

driving these site differences. On sandy beaches, McLachlan (1990) found variation in

communities that appear related to differences in levels of nutrients.

Oceanic gradients in temperature, nutrient concentrations, and primary

productivity occur at multiple spatial and temporal scales and are often associated with

physical processes of vertical mixing and horizontal circulation of nutrient rich water.

Nutrient sources include upw&ding of bottom water from submarine canyons,

upwelling along eastern ocean basins, river or estuarine input, and localized recycling

of nutrients through the food web.

North winds along an eastern ocean basin boundary are known to initiate

upwelling events during the spring transition (Thomas and Strub, 1989). The U.S West

Coast typically has episodic north winds in the summer that force nearshore water

offshore, so that cold, deeper waters are drawn onshore and upward, bringing nutrients

to the surface (Small and Menzies, 1981). In the Strait of Juan de Fuca, between

Vancouver Island and Washington State, Freeland and Denman (1982) showed that

north winds in the summer force water centered over a spur of the Juan de Fuca

Canyon into a cyclonic gyre, bringing cold and nutrient rich water from the deep

canyon to the surface, and creating an alongshore gradient during the summer

upwelling season. Hickey (1997) showed this also for the Astoria and Quinault

canyons bisecting the continental shelf off the coast of Washington. The high nutrient
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levels promote primary productivity, which in turn may supply food to the adjacent

nearshore and intertidal communities. Thus, proximity to, and the direction of

alongshore and across-shore flow from an upwel]ing center may affect the spatial and

temporal variability of biomass along a shoreline.

Besides forcing from the Pacific Ocean, tides and local winds, the shelf waters

off the coast of Vancouver Island and Washington State are forced by a coastal

buoyancy flux. The two principal sources of low density water are outflow from rivers

along the coast and the Strait of Juan de Fuca (Crawford and Dewey, 1988).

Discharge from the Strait is the major source of fresh water. The estuarine circulation

of the Strait consists of a seaward flow of relatively fresh water in the upper layer and

a landward flow of more saline water at depth. The discharge is maximum in the early

summer and minimum in the winter.

A localized source of nutrients in shallow water sand beach systems was

studied by Lewin (1989) and Heyman and McLachlan (1996). Figure 5.1 shows a

schematic of this process. Nutrient pulses (e.g., upwelling events) initiate periodic

phytoplankton blooms over the inshore shelf, causing rapid biomass increase seaward

of the breakers. This phytoplankton biomass is grazed and recycled by zooplankton,

recycled by the microbial loop, transported to the surf zone by onshore winds, and/or

sedimented to the bottom seaward of the breakers (Heyman and McLachlan, 1996;

Josefson et aL, 1993). Nutrients and recycled nutrients advected into the surf zone are

utilized by surf diatoms and recycled locally in the microbial loop, grazed by

macrofauna, or transported to shore by wind and wave action. Turbulence within the

surf zone is probably sufficient to prevent significant sedimentation of organics;

however, sedimentation of organics could occur seaward of the summer surf zone and

be reintroduced to the water column during winter storms when the surf zone is wider.

Particulate organics, primarily surf diatoms, transported to shore are the food source

sustaining sand beach infaunal communities (Bosworth, 1977; Kemp, 1985). Surf

diatoms are endemic to the surf zone and have the interesting characteristic of

attaching to air bubbles in the sea foam generated by breaking waves (Lewin et al.,

1989). This stabilizes the bubbles, enabling the diatoms to rise to the surface and
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remain photosynthetically active for long periods. The final delivery of biornass to

shore occurs by swash action and wave pumping that concentrates organics at the

upper-most extent of infragravity wave runup. Water delivered to the upper beach

zone is filtered through the sand; the particulate organics are effectively strained out

within the first few centimeters, and become food for the observed populations of

polychaetes and amphipods concentrated in this zone (McLachlan, 1989). Rafts of

diatom foam have been observed settling into the beach at the level corresponding to

highest abundance of beach infauna (pers. obs.).

Since the linkage between the nearshore ocean and sand beach communities

has been established, sand beach habitats were chosen for this project to evaluate

community structure over multiple spatial scales. Sand beaches are appropriate for this

type of comparison because they are physically uniform at many scales of observation.

The grain size distribution, wave energy dissipation, and dimensions of the beach

account for most of the physical processes affecting community structure. Few studies

of the role of physical forcings have been attempted on sandy shores, although these

are "amongst the most physically controlled of all marine ecosystems" (McLachlan,

1990). There clearly exist links between grain size, beach slope, wave energy, and

abundance of macroinfauna (mostly small crustaceans and polychaetes) (Jaramillo and

McLachlan, 1995).

The community structure of sandy beaches is also relatively simple compared

to rocky shores. Sand beach biota consist primarily of burrowing invertebrates that are

suspension feeders, deposit feeders, and carnivores. Because most sand beach infauna

(with the exception of large clams) are small, grow fast, have short generation times,

and feed directly or indirectly on organic matter brought to shore by waves (Lewin et

aL, 1989), we might expect them to constitute a model community for examining the

linkage between offshore productivity and nearshore organismal communities.

In general, the small temporal and spatial scales of nearshore and intertidal

communities make them particularly difficult ecosystems to study. Dramatic changes

can occur based on variations in the interactions between local wave climate, shoreline

type, aspect, and shifts in substrate types. Larger scale changes may be driven by



155

variations in offshore salinity and temperature as well as nearshore circulation. Even

apparently uniform sandy beaches show biotic heterogeneity (albeit on larger scales)

which may be the result of variations in delivery of offshore nutrients. In addition to

physical variatIons, ecological processes such as competition, predation, and

recruitment can contribute to spatial and temporal variation in nearshore and intertidal

assemblages (Paine and Levin, 1981). Thus, habitat heterogeneity has made it difficult

to generalize from one location to another, which is essential if we are to develop

models of temporal and spatial change. Variations within a habitat, whether they are

the result of biotic or abiotic forcings, can be equal to the variation between habitats,

thus making it difficult to infer general principles.

The patchiness in biotic communities resulting from abiotic and biotic

processes causes problems for researchers studying natural systems because of the

high variance in sampled populations. Shoreline communities (of any substrate type)

can be best understood by removing the effects of abiotic processes through systematic

quantification of habitat attributes or physical forcings. When these forcings are

accounted for, then the remaining variability can be attributed to internal forcings at

smaller, or external forcings at larger scales. The effects of external forcings can be

limited by comparing among habitats that are the same. Internal forcings can be

limited by working within homogeneous habitats. When identical homogeneous

habitats are compared, then the remaining non-linearity or variability in the data can be

attributed to biological interactions.

Physical homogeneity can be achieved at different scales depending on the

complexity of the shoreline. For example, sandy beaches are often homogeneous at

many spatial scales, whereas on highly crenulated or creviced rocky or boulder shores

it is usually difficult to achieve homogeneity at any scale. Thus, these shores are often

biologically complex compared to sandy beaches, and it is difficult to separate

variability attributed to physical processes from that attributed to biological processes.

The approach used to evaluate the effects of ocean properties on nearshore

communities was to first identify replicate beach segments by quantifying their

physical attributes. By then comparing the taxa among replicate beaches, distributed at
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different spatial scales, we are in a better position to separate the external effects of the

ocean from the internal effects of biological and bio-physical interactions on a given

beach segment. Underwood and Petraitis (1993) proposed that a highly stratified

sample design be used to isolate replicate intertidal habitats before attempting any

comparative analysis. They also noted that implementing this design over a large

enough area to ensure adequate replication of a specific habitat type would be a

daunting task. One approach being tested for systematically identifying replicate

beaches in Washington State, is the Shoreline Classification and Landscape

Extrapolation model (SCALE). This model partitions a shoreline into a continuous

series of spatially nested physically uniform segments. The result is a spatially explicit

database of physical attributes quantifying individual beach segments from which

replicate sample sites can be chosen. This has important implications for resolving

multi-scale investigations in community studies since different scales may influence

community characteristics differently (Levin, 1992).

The project area lies within the boundaries of the Olympic Coast National

Marine Sanctuary (Figure 5.2). The Sanctuary extends approximately 250 km from

Cape Flattery south to the Copalis River and encompasses about 8,500 km2 of

seafloor. It is bordered to the east by the Olympic National Park, and to the north by

the Strait of Juan de Fuca. The Juan de Fuca Canyon lies along the north boundary

with depths to 365 m, but south from Cape Flattery a shallow shelf margin broadens

within 20 km to a continental shelf over 50 km wide and to a depth of 200 rn.

METHODS

Night time imagery from the Advanced Very High Resolution Radiometer

(AVHRR) satellite sensor (from the National Environmental Satellite Data and

Information Service) provided high resolution (1.1 km ) time series of sea surface

temperatures (SST). A time series from May-June, 1994-1997, provided data to
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Figure 5.2. This project lies within the boundaries of the Olympic Coast National
Marine Sanctuary. The Sanctuary extends approximately 247 km from Cape
Flattery south to the Copalis River and encompasses about 8,500 km2 of seafloor.
The inshore bathymetry is characterized by a uniform sloping inner shelf with
depths less than 50 m in the southern 2/3 of the project area, and to the north the
Juan de Fuca Canyon bisects the shelf with depths of over 200 m. It is bordered
to the east by the Olympic National Park, and to the north by the Strait of Juan de
Fuca. The shoreline habitats are a heterogeneous mix of sandy pocket beaches
generally separated by steep bedrock headlands and wide bedrock benches with
veneers of boulder, cobble and sand.
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identify the magnitude of the alongshore gradient and map seasonally persistent

patterns of nearshore SST.

In June 1996, a survey of nutrient gradients was conducted in the alongshore

and across-shore directions over the inner shelf. Five parallel alongshore transects

were sampled at 1 km intervals from the edge of the surf zone. One transect was

sampled each day for five consecutive days. Sample points were spaced 100 m apart

along the transect closest to shore, thereafter the spacing was increased with each

successive transect to 1 km apart at the farthest offshore transect. At each sample

station, the in situ chorophyll-a concentration was estimated using the ratio between

upwelled radiance at 443 and 555 nrn measured with a Tethered SpectroRadiometer

Buoy (TSRB, Satlantic Inc.). Water samples were collected for analysis of chorophyll-

a measured by fluorometry (Strickland and Parsons, 1972) and nutrients by standard

autoanalyzer techniques.

The intertidal zone of the outer Olympic Peninsula coast was delineated

between the extreme high and low water lines, and segmented into physically

homogeneous alongshore units from 10-100 m in length, and quantified by 12

attributes. Descriptions of the sampling and delineation procedures are detailed in

Chapter 2. Table 5.1 shows the attributes used to quantify the beach segments.

Replicate sand habitats were identified by grouping segment attributes on particle size

distribution and wave energy dissipation.

A baseline data set was used to evaluate the long term spatial structure of sand

beach communities (Dethier, 1991). These data consist of a time-series (1989-1995) of

intertidal population abundances and community structure from 5 sand beaches.

Invertebrates were collected from 10 cm diameter cores to a depth of 15 cm. The

samples were sieved through a 1 mm mesh, and infauna were counted and identified.

This sampling was repeated over the entire beach face (to about 1 m below MLLW)

with a 10 m grid over a shore length of 40 m. All sampling was conducted during June

or July.

In 1996, these data were supplemented by more intensive sampling in the high

zone of the same beach sites, plus an additional site in Makah Bay (Site 1).



Table 5.1. Attributes and categories for the SCALE nearshore segmentation and classification model. Physical shoretype units are nested within
nearshore cells (not shown), alongshore segments are nested within shoretype units, and across-shore sub-zones are nested (vertically) within the
alongshore segments. For each shore partition, the listed attributes are quantified, categorized, and ranked to formgroups of segments controlled by
the same physical forces, thus allowing for highly stratified sampling designs to facilitate comparisons among biological populations and communities,

Physical Shoretype Units (see Howes et al., 1994)
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lO-lOOm 10-lOOm

Wave Power Mean Vertical
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Anticipating a response by the intertidal invertebrates to the strong El Nino-Southem

Oscillation (ENSO) of 1997-98, 3 more sites were established at Shi-Shi to the north

(Site 2), on the Quinault Reservation (Site 8), and at Ocean City (Site 9). High zone

invertebrate abundances were sampled using a 10 cm core to a depth of 15 cm. These

samples were sieved through a 1 mm mesh and the infauna were identified and

counted. Within-site sampling was increased to better characterize the beach segments

and to increase the power of statistical comparisons. Five cores were taken at 10 m

intervals at stations spaced every 100 m along the high zone beach face for a total

distance of 1 km. All sampling was conducted during June or July and winter surveys

in January of 1998.

Comparisons of high zone community structure were made within segments,

and among segments from different cells. These data were analyzed using the

multivariate methods of Clarke (1993) and PRIMER software (Primer, 1997). The

invertebrate frequency and abundance values from the 5 cores at each sample station

were combined into one value according to Dufrene and Legendre (1997). A fourth
root transformation was applied so that subsequent analyses considered both high and

low values, a matrix of Bray-Curtis similarities was generated, and the technique of

non-metric multidimensional scaling (MDS) was used on the matrix. Similarity

percentage analyses (SIMPER) were used to identify the taxa contributing most to

average similarity within groups. Analyses of similarity (ANOSIM) tested the

significance of any apparent differences among spatial scales.

The correlation between oceanic gradients and taxa abundances was evaluated

using standard multivariate regression between the mean number of organisms as the

response variable and nearshore cell, nitrate and silicate nutrients, and chlorophyll

pigments as explanatory variables. The analysis was performed using SPSS software

(SPSS, 1998).
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RESULTS

AVHRR imagery from May-June, 1994-1997, showed a strong and seasonally

persistent SST gradient with low temperatures over the Strait of Juan de Fuca to

warmer shallow southern waters. Figure 5.3A shows an example of the temperature

distribution resulting from an upwelling event in June, 1996 after 4 days of north to

northwest winds recorded on Tatoosh Island, at the northwest tip of the Olympic

Peninsula. This gradient, which averaged about 6°C for the entire length of the project

shoreline, along with the configuration of nearshore bathymetry and shore orientation

(which affected wave energy), contributed to the array of nearshore cells shown on

Figure 5.3B. The mean, maximum, and minimum SST for each nearshore cell is

summarized in Figure 5.3C. There is a difference of approximately 1°C between each

nearshore cell with the exception of Cells 3 and 4 which are differentiated primarily by

wave energy.

Figure 5.4 shows the mean sea surface temperature, chlorophyll-a and nutrient

concentrations for samples collected adjacent to intertidal monitoring sites along the

20 rn isobath in June, 1996. The alongshore SST pattern is consistent with the

AVHRR time series, showing cooler water over, and adjacent to, the Juan de Fuca

Canyon and warmer water over the broad continental shelf at Site 6. The chlorophyll-a

pattern shows a decrease from north to south between sample Sites 1 and 6, then an

increase at Site 7. The nutrients NO3 and SiO4 are very low between Sites 1 and 5 then

higher at Site 6, and low again at Site 7. The spatial distribution of chlorophyll-a and

nutrients over the continental shelf are more clearly shown by the contour maps on

Figure 5.5. Also shown on these figures are the relative abundances for amphipods and

polychaetes counted in June, 1996 at sandy beaches adjacent to the ocean sample sites.

Field partitioning of the intertidal zone in 1994 resulted in 1880 alongshore

segments. Bedrock shores dominate the northern portion of the coast in the Strait of

Juan de Fuca and the Cape Flattery area. The northern third of this shoreline is mostly

rocky headlands and bedrock shelves with gravel veneers. These are broken by

occasional pockets of sand and pebble beaches. The center third is mostly sand and
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Figure 5.3. Outer Olympic Peninsula sea surface temperature gradients were
determined from AVHRR imagely May-June, 1994-1997, where SST is
represented by green (cool) and red (warm) in (A), nearshore Cells 1-8 were
identified from these data (B), and the mean, maximum and minimum SST
values for each cell summarized (C).
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Figure 5.6. Case Study 3 nearshore habitat distribution for the outer
Olympic coast ranked by substrate size, nearshore cell and wave energy.
Groups 1-55 are sandy beaches, groups 56-206 are pebble and cobble
segments, and the remainder are bedrock shores of different slope angles.
The highlighted groups represent habitats monitored for long term trends in
intertidal biota. Note that sandy habitats dominate this shoreline in tenns of
length, pebble and cobble beaches are the most diverse (largest number of
groups but few segments per group), and bedrock shores also dominate the
shore by length but the individual segments are all relatively short
compared to the sand beaches.
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pebble beaches broken by occasional rocky headlands. Sand beaches dominate the

southernmost shoreline. High zone polygons were grouped by substrate size, nearshore

cell, and wave energy, producing 273 groups. Figure 5.6 shows the distribution of

these groups in terms of shoreline length. The total shore length of the project area is

247 km, with an area of 1.71 x io m2. The large spikes towards the left side of the

graph represent sandy beaches in nearshore Cells 2-8. This indicates the importance of

these habitats in terms of characterizing the shoreline length even though they are only

20% of the total number of groups. Pebble and cobble beaches represent 55% of the

groups but the distribution graph shows that none of these groups characterize much of

the shoreline length (many groups with few segment members). Bedrock shores

account for 25% of the. total groups; but only 3 groups have more than 10 segment

members. The shoreline length represented by bedrock is still very small compared to

the sand beaches.

Table 5.2 lists the physical attributes for the selected sand beaches. Note that 2

beaches were selected in Cell 3, 2 in Cell 4, 2 in Cell 5, 1 in Cell 6, and 2 in Cell 8.

They are spaced approximately 20 km apart, and with the exception of the 2

southernmost beaches, they are separated by significant geographic barriers such as

headlands or extensive bedrock benches. In terms of wave energy, all of these beaches

are dissipative with a swash period >30 seconds, small particle sizes (<1 mm), and

with the exception of Second Beach near the Quilliente River, there are no major

rivers nearby.

The intertidal slope for each of the selected beaches is comparable, but when

the slope was calculated to the 10 m bathymetric contour, differences appeared among

the 9 sandy sites as shown on Figure 5.7. The 3 southern beaches at Kalaloch,

Quinault, and Ocean City (Sites 7-9) have much lower slope angles than the others.

The slope of the shelf is steeper adjacent to beaches at Sites 1-6. This difference in

slope angle allows larger waves to come closer to shore before breaking, thus creating

a higher energy environment on the intertidal beach face, especially during winter

storms. The lower slope angles of the southern beaches cause waves to break farther

from shore, dissipating wave energy.
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Table 5.2. Physical attributes used to identify the sand beach replicates selected for
biological sampling.

Station Beach Attributes
Site Name Particle Size Iribarren# Slope Length Width Nearest River Est.Discharge

1-Hobuck <2mm 0.09 0.8 1700 234 927 m 100 cfs
2-Shi-Shi <2mm 0.11 0.8 lOOm <50cfs
3-Sandpoint <2mm 0.11 0.9 1654 187 9233ni IOOcfs
4-Cedar <2mm 0.12 1.0 1119 174 2Mm <5Ocfs
5-Second <2mm 0.11 09 1415 184 2973m 1500 cfs
6-Goodman <2mm 0.12 0.9 1082 206 435m l00-200cfs
7-Kalaloch <2mm 0.11 0.8 1802 247 630m <lOOcfs
8-Quinault <2mm 0.09 0.7 2003 275 200 m 100 cfs
9-Ocean City <2 mm 0.09 0.7 3452 264 927 m 100 cfs
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Figure 5.7. Sand beach replicate slope profiles from MT-IIHW to 10 m depth.
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Table 5.3. Sand beach invertebrates sampled from replicate beaches on the outer Olympic
coast by Dethier 1991). Values are mean frequencies (%) of observation for cores at each
sampled level and for the combined total of all sediment cores.

Taxa Frequency
Very Very

All High High Middle Low Low
Zones Zone Zone Zone Zone Zone

Emerita analoga 1 0 0 2 0 0
Eohaustorius washingtonianus 54 0 41 58 65 61
Eteone spp. 1 0 1 2 0 1

Euzonus mucronatus 8 0 25 4 0 0
Excirolana kincaidi 10 12 20 3 3 4
Luxnbrinereids 0 0 0 8 7 0
Nemerteans 5 0 3 9 9 8

Nephtyids 6 0 0 0 10 15

Nereids 5 0 0 0 0 0
Olivella biplicata 0 0 1 0 0 3

Phoxocephalids 4 0 2 8 3 2
Pro boscinotus 1oqua 4 0 6 3 2 4
Siliqua patula 0 0 0 0 0 1

Spionids 1 0 1 1 0 1

Talitrids 3 88 1 0 0 0
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Table 5.3 lists the sandy beach taxa identified during the 5-year monitoring

program and the frequency of occurrence in the sample cores from different levels on

the beach. These taxa, therefore, represent all levels of the beach lace from MHHW to

about -1 m below MLLW. The most frequent infauna observed were deposit feeding

polyehaetes (the bloodworm Euzonus inucronatus), amphipods (Eahaustorius

washingtonianus, Proboscinotus loquax, and unidentified phoxocephalids), and

isopods (Excirolana kincaidi), and nemertean worms. Of these, the highest counts

were from Euzonus, Eohaustorius, and Excirolana. The high zone (at about 3 m), or

the region of the beach wetted at every tide but retaining only capillary water during

low tide (McLachlan, 1990), consistently has the highest counts and frequencies of

infauna.

Figure 5.8A shows the 5-year mean abundance (counts) for these taxa from

each intertidal site (Makah Bay counts at Site I are based on data from only one

sample in July, 1996). Note the general trend of decreasing infauna abundance from

north to south, with the exception of Site 7, the station near Kalaloch at the southern

end of the project area. Figure 5.8B shows the species richness for each site. The

decrease in richness at Goodman (Site 6) is spatially consistent with the low counts.

The taxon with highest biomass on the sampled beaches is Euzonus. At Sites 1

and 7, core samples yielded mean counts of 35/core (with a maximum of 158/core on

beach 7), or 3,500/rn2. Thus, for a high zone band typically about 3 meters wide,

estimated biomass is about 1000 kg per kilometer of beach (mean weight per worm is

0.08 g, S.D.0.02, N=20).

The 1996 abundances of Euzonus and Eahaustorius correlate spatially with

chlorophyll-a measured in June of that year (adj r2 .82 and .76, respectively, N=32),

and as expected, are negatively correlated to total N (adj r2 = .83 and .79 respectively,

N=32). Invertebrate abundances correlate poorly with SST (adj r2 = .47 and .61 for

Euzonus and Eohaustorius respectively, N=32).

The mean counts for the 4 most frequent high zone taxa from June samples in

1996, 1997, and 1998, and a winter 1997 sample are shown on Figure 5.9. The spatial

pattern is consistent with the 5-year means with high abundances of Euzonus,
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Eohaustorius, and Proboscinotus in the north at Sites 1, 2, and 3, low abundances at

Sites 4, 5, and 6, and high abundances in the south at Sites 7, 8, and 9. Excirolana is

high in the north and low in the south. Euzonus abundances increase from 1996 to

1998 at Sites 1, 3, 4, 6, 7, and 8, decrease slightly at Sites 2 and 9, and were never

observed at Site 5.

Table 5.4 shows the results of within-site SIMPER community analyses for

each year where the lists rank the taxa contributing the most to site similarity. The

increasing dominance of Euzonus in forcing community similarity is evident at most

sites between 1996 and 1998. ANOSIM tests of within-site homogeneity among the 10

sample stations in each year are also listed on Table 5.5. These results show that only

Site 6 in 1998 tested significantly different indicating that these sand beach habitats, at

scales of 10-1000 m, are mostly uniform and that the biota are distributed relatively

evenly along the high zone.

The MDS ordination plot on Figure 5.10 shows that the Site data group

together by year, and that a shift in community structure occurred at all sites from 1996

to 1998. The plot shows that the greatest difference in community structure occurred

between 1997 and 1998 among the southern sites. The community structure is very

different among years as indicated by the low significance level of the global

ANOSIM test. Figure 5.11 shows that in 1996 carnivores contributed the most to

within-year similarity, but in 1997 were displaced by filter feeders, and in 1998 both of

these trophic levels were displaced by deposit feeders.

DISCUSSION

The high zone macroinfauna of sandy beaches appear to be model organisms

for studying oceanic-benthic linkages because of their rapid growth, short life cycles

(often less than a year) and direct filter- or deposit-feeding trophic modes as well as

the homogeneity of their physical habitat. The community sampled on the outer

Olympic coast is dominated by the deposit feeding polychaete Euzonus rnucronatus,



Table 5.4. Olympic coast high zone sand beach taxa contributing the most to within-site similarity (ranked by percent
contribution). Listed taxa are the best indicator organism for each site (see map on Figure 5.10). Organism names are
abbreviated to Euz. for Euzonus mucronatu , Eo. for Eohaustorius washingtonianus, Ex. for Excirolana kincaidi,
and Prob. for Proboscinotus loqua. The significance level (%) and the global R-value for the within-site comparisons
(shown below each list) were computed using the ANOSIM program with 5000 permutations. Note the shift in
community distribution from 1996 to 1998 as Euzonus becomes more dominant in forcing community similarity. At
sites 2, 3, 4, 6, and 7 Eohaustorius is displaced by Euzonus during this period.

Site 1 Site 2 Site 3 S1te 4 Site 5 Site 6 Site 7 Site 8 S1te 9
Taxa % Cum. Taxa % Cum Taxa % Curn. Txa % Curn. Taxa % Cum. Tasa % Cuin. Taxa % Cum. Taxa % Cutu. Taxa % Cum.

1996 Euz 31 31
Not sampled

Eu 34 34 Eu 60 60 Eo 70 70 Eu 62 62 Eu 56 56
Not sampled Not sampledProb 30 61

jn1996 Ex 33 67 Ex 40 100 Es 30 100 Es 38 100 Euz 16 71 1n1996Ex 28 89 Euz 25 92. Prob 15 86
Eo 11 100 Prob 8 100 Es 14 100
(SL=82, R=.04) (SI.=16, R=.21) (SL=6, P.=.59) (SL=27, R=.38) (SL=33, R=.25) (SL=16, R=.24)

1997 Euz 31 31 Eu 35 35 Eo 46 46 Eu 75 75 Eo 73 73 Euz 69 69 Eo 44 44 Euz 34 34 Prob 34 34
Prob 30 61 Euz 35 70 Euz 29 75 Ex 14 89 Es 27 100 Eu 31 100 Euz 43 87 Prob 34 67 Fuz 33 67
Ex 28 89 Prob 15 85 Es 18 93 Euz 11 100 Ex 7 94 Eo 33 100 Eu 33 100
Eo 11 100 Es 15 100 Prob 7 100 Pob 6 100
SL71l..17) (SL=56,R=.01) (SL=8,R=.l0) (S1.=52,R=.02) SL=46,R=.0t) (SL=9,R=.30) (SL=6,R.40) (SL=19,R=.28) (SL=13,R=.33)

1998 Euz 45 45 Eus 36 36 Enz 33 3 Eu 50 50 flo 88 88 Euz 88 88 Eus 48 48 Euz 42 42 Pus 85 85
Es 20 65 P.o 35 71 Po 31 64 Euz 43 93 Ex 12 100 Es 8 96 Ex 30 78 Bo 39 82 Eu 15 100
Prob 19 84 Es 23 94 Prob 19 83 Es 7 100 Eo 4 100 Eu 21 99 Prob 18 tOO
Eo 16 100 Pcob 6 1.00 Es 1.7 lOt) Prob I 100
(SU=16,R=.14) (SL=66,R=.01) (SL=6,R=.34) (SL=28,R=.09) (SL=9,R=.34) (SL=3,R=,46) (SL=10,R=.34) (SL=96,R=.00) (SL=8,R=,24)
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the filter feeding amphipod Eohaustorius washingtonianus, and the predatory isopod

Excirolana kincaidi.

Kemp (1985) studied the life history of Euzonus on Oregon beaches, and found

that the bloodworm dominates macrofaunal numbers and biomass in the upper

intertidal of many beaches, occurring at densities up to 98,000/rn of shoreline with an

equivalent biomass of 780 g dry weight. On a per-rn2 basis, the maximum reported

biomass of Euzonus was over two orders of magnitude greater than the average

biornass of other sand beach macrofauna (average 2.26 g dry weight/rn2). Euzonus

larvae probably spend about 2 weeks in the water column. Assuming alongsbore

transport at a velocity of 9-26 km/day (Hickey, 1997; Huyer et al., 1975), the source

population could be between 120 to 364 km distant. The coastal countercurrent along

the Olympic Peninsula flows north (Hickey, 1989), so presumably the seed

populations are further south. Recruitment occurs during 1-2 months in early summer

and juveniles settle across the beach face but survive only in the high zone (- 2 m

above MLLW). Mortality occurs during the summer and fall by predatory shorebirds,

during the winter by beach erosion (and possibly increased availability to predatory

fish), and during the summer by reproductive stress. The life span is typically about 2

years with reproduction occurring in both years. Populations of Euzonus are subject to

fluctuations in the recruitment of planktonic larvae which may result in annual

variations in population size.

The principal food source of Euzonus is not known but food availability must

depend on the input of organic matter from outside the beach. Fall is the season of

maximum deposition of kelp debris on Pacific beaches. Surf diatoms (Chaetoceros

ar,natum). which may be a major source of organic matter to beaches of Washington

and Oregon, are most productive during fall and winter (Lewin and Schaefer, 1983).

The abundance of bloodworms on some beaches indicates the rich supply of nutrient

material in sand that may initially seem barren. Euzonus deposit feed by eating the

sand and assimilating detrital carbon directly (Kemp, 1985). The most unusual

characteristic of Euzonus is its extremely rapid ingestion rate, which, if little

sedimented organic carbon is available, may be the key to its acquisition of sufficient
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food in the sand beach environment. Euzonus can pass a load of sand with detritus

through its gut every 15 minutes; thus if the population is large, continuous organic

loading of the beach must occur to sustain it.

Eohaustorius has no free-swimming planktonic larvae, so all dispersal is by

juveniles. The females brood their eggs in a mar.supium for 3-4 weeks. Studies in

Oregon by Bosworth (1977) found that the greatest number of brooding females

occurs in February but gravid females were found throughout the year. The

reproductive cycles of Eohaustorius testify to adaptations which maintain populations

on sandy beaches separated by rivers and rocky headlands of the Olympic coast.

Reproductive activity occurs during the winter and early spring months when rains and

storms erode sandy beaches. The peak of the reproductive cycle coincides with the

time of greatest habitat instability and this could be an adaptation ensuring dispersal of

young to other locations. Dispersal to, and colonization of new habitats cannot be as

rapid as in species with a planktonic stage such as Euzonus, but it is easy to see how

species could disperse for several hundred meters within a beach per generation using

this strategy (Bousfield, 1970). The peaking of reproductive activity during the winter

also coincides with peaks of primary productivity in vigorous surf zones. The

availability of phytoplankton to newly arrived young may result in higher chances of

survival. Other species of amphipods also release young to coincide with phyto- and

zooplankton blooms (Bousfield, 1970). Eohaustorius feed by filtering the interstitial

water using setose appendages to extract food (particulate organics). Gut content

studies showed that Eohausrorius feed mostly on detritus and diatoms (Bosworth,

1977). This species lives for about 1 year. The primary predators of these amphipods

are shorebirds, fishes, the isopod Excirolana and possibly large Phoxocephalid

amphipods (Bosworth, 1977).

In the high zone, the carnivorous-scavenging isopod Excirolana is generally

abundant and has been observed preying on Eohaustorius, Euzonus, and decaying

organics (and bare feet, peTs. obs.). Their reproductive peak is during August when the

greatest numbers were observed by Bosworth (1977). Despite being found in every

sand beach sampled, its means of dispersal are limited. No reliable data exists for this



179

species but the same genus in tropical waters was studied by Dexter (1977). The

females brood 4-17 embryos, then release them into the parental habitat. Adults remain

buried in the sand during low tide beach exposure. At high tide, they emerge into the

water column to feed and may attach to prey, but usually release after a few minutes.

The population is estimated to turnover at about 4 months.

Euzonus, with a longer life span, is a better candidate for detecting interannual

change, while the Eohaustorius populations are expected to fluctuate more with the

seasonal variability of food resources, and Excirolana populations possibly covary

with abundance fluctuations of both Euzonus and Eohaustorius, but with a lag period.

The data show two interesting patterns. The first is the persistent high summer

abundance of Euzonus at sites 1-3 in the north and at sites 7-9 in the south. No

Euzonus were ever found at site 5. Eohautorius were consistently found at all sites,

and the highest abundances are at sites where Euzonus was absent or in low

abundance. The other intriguing pattern is the shift in community structure at all sites,

from a carnivore dominated community in 1996, to a community dominated by filter

feeders in 1997, and then dominated by deposit feeders in 1998.

The spatial pattern of high Euzonus abundances in the north and south during

the summer can be explained by the processes driving primary productivity and food

delivery to the intertidal beach face. From Figure 5.9 we know that Euzonus and

Eohaustorius practically disappeared from Sites 1-6 in the winter of 1997. Thus, all

the Euzonus observed in the summer of 1998 were probably cohorts recruited from the

plankton earlier that spring. It is not clear how Eohaustorius populated the northern

beaches since each beach is isolated from the rest by rocky headlands, but presumably

the juveniles were carried by the strong northward currents in the spring. We also

know that, even though the intertidal beachface at each site is similar in slope angle,

the nearshore bathymetry is quite different with much lower slope angle at Sites 7-9. It

should be noted that research on high zone sand beach invertebrates in Washington

arid Oregon has been conducted exclusively on beaches with offshore profiles similar

to Sites 7-9 (Bosworth, 1977; Hughes, 1982; Kemp, 1985), and little is known about

similar beaches with steeper offshore bathymetry. Steeper offshore profiles will



decrease the width of the surf zone, and Lewin (1983) showed that wide surf zones are

associated with high surf diatom productivity.

He.yman and McLachlan (1996) proposed that sand beaches with very shallow

offshore water behave as closed systems where nutrients are recycled by microbes.

Lewin (1989) showed that zooplankton are not considered significant grazers

compared to the macroinfauna within the surf zone system, and that surf diatoms

preferentially utilize ammonium over other sources of nitrogen. Thus, ammonium

introduced to the surf zone from zooplankton grazing beyond the breakers may be a

limiting resource. The surf zone at Sites 7-9 is wider and more vigorous than further

north, thus more conducive to higher surf diatom concentrations (Lewin et al., 1989).

A large store of sedimented biomass accumulates at the edge of the summer surf zone.

During the winter this is resuspended by turbulent wave action and the nutrients are

recycled through the microbial loop (Heyman and McLachlan, 1996). These factors

combine to produce a trophic momentum that maintains a rich supply of food for sand

beach infaunal communities during the winter.

The sandy pocket beaches at Sites 1-6 are probably not closed systems because

the offshore shelf slopes steeply, and therefore the volume of sedimented planktonic

biomass available for resuspension is considerably reduced. These northern sites have

narrower surf zones, lower surf diatom production in the winter, and less efficient

nutrient recycling. However, sites 1-3 show robust infauna communities during the

summer, with a distinct decrease in abundances of all taxa from north to south. Kemp

(1985) showed that Euzonus ingest large amounts of sand in order to assimilate

nutrients. It follows that a large population would require a constant food supply

delivered to the beach from an outside source. If this food supply was interrupted then

the population abundance would be compromised. Results from the regression analysis

support a spatial correlation between invertebrate abundances at sites 1-6 and the Juan

de Fuca Canyon upwelling center, and this presents intriguing research possibilities.

There is a potential linkage between infaunal populations at sites 1-6 and summer algal

blooms associated with the upwelling center, or nutrients emanating from Puget Sound



181

and the Strait of Juan de Fuca, or perhaps food derived from the dense Macrocystis

and Nerocystis kelp canopies that develop annually north of site 3.

The observed community shift from 1996 to 1998 at all sites is equally

intriguing. The shift occurred because filter feeding amphipods became abundant in

1997, displacing carnivorous isopods as the best indicator organism. Then in 1998,

deposit feeding polychaetes became abundant, filter feeders remained relatively stable,

and carnivores continued to decrease. This pattern would be expected if detrital food

supply increased both in the water and on the beach face in the 1997-1998 winter. The

available data weakly support an association with the ENSO event, but the mechanism

is not at all clear. The vigorous storms that occurred during the 1997-1998 winter,

however, probably caused the surf zones adjacent to sites 7-9 to widen, thus producing

a larger area for surf diatom production. If this increased volume of food to the beach

face allowed for higher secondary productivity by Euzonus and Eohaustorius, then this

would be reflected by larger populations to the north during the following summer

since the southern beaches are most likely the seed populations for the northern

beaches.

Given the importance of the high zone sand beach invertebrates to winter

populations of shorebirds, it follows that a catastrophic impact on the seed populations

from the southern beaches would have a cascading effect up the coast. The recent

grounding of the bulk carrier New Carissa on a sandy beach in Oregon, and

subsequent oil discharge from submerged fuel tanks, is an example of a catastrophic

impact that could be manifested over very large spatial scales. A similar perturbation

on the seed populations at the southern sites of the Washington study, in the spring

during the time of propagule dispersal, could cause the northern populations to

collapse with potential effects on higher trophic level organisms.
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CHAPTER 6

SUMMARY

The intertidal zones of rocky shores have been the prototypical systems for

ecologists exploring the connection between biodiversity and ecosystem functions.

The structure of rocky intertidal communities can vary tremendously due to

geophysical gradients and biological interactions operating at multiple spatial scales.

In addition, many intertidal organisms rely on mass dispersion to propagate their

populations, and recruitment from the plankton to colonize suitable habitats. Thus, the

interaction between oceanographic processes and nearshore community structure,

where populations are connected via an open system, creates an area of challenging

interdisciplinary research.

This study describes a model for determining landscape scale patterns in

nearshore biota based on the physical characteristics of shoreline partitions.

Homogeneous alongshore segments are nested within nearshore cells of relatively

uniform water properties. Segments with similar physical attributes are grouped

together forming Sets of replicate beaches where the biota can be sampled and

compared. In reality, exact replicates in nature are extremely rare and no two beaches

will be physically identical at all scales of observation. The limitations of this model

must therefore be recognized, especially in terms of making large scale inferences

about community similarity and population abundances. The degree of physical

similarity among replicate beach segments will depend on the number and choice of

attributes used to characterize a beach, the effort involved in quantifying segment

attributes, the number and range of increments used to categorize each attribute, and

the number of attributes chosen for segment aggregation.

Using this method to partition a rocky shore on San Juan Island, predictions of

community structure and in most cases population abundances were valid when based

on a limited selection of sample sites. Distinct distribution patterns in intertidal fauna

and flora were found to be associated with specific shore characteristics. The results
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show that organismal distributions were not significantly different within beach

segments or between beach segments of the same group, even when several kilometers

apart. Organismal distributions on dissimilar beaches were significantly different, even

when the physical differences among these groups are relatively subtle (e.g., slight

changes in shore slope).

In South Puget Sound, communities among physically similar, replicate beach

segments in one nearshore cell of Can Inlet showed a high degree of similarity for

each of the mud, sand, and cobble habitats sampled. Communities among replicate

beach segments sampled both in 1997 and 1998 in Can Inlet showed a high degree of

similarity within years. All communities changed to some extent among years, but

often these shifts were in the same direction in all segments, suggesting parallel

community responses to physical and biological interactions. The 1997 study in Cart

Inlet showed that, for all 3 habitat types in Can Inlet, the communities sampled from

replicate beaches were different in nearshore cells with different water properties, thus

supporting the hypothesis of the importance of nearshore cell conditions. In the small

bays of South Puget Sound, it is difficult to find matching nearshore cells in the same

bay because of the steep gradients in salinity, water temperature, and wave energy.

However, nearshore cells from different bays may in some cases be more similar than

those within a bay, thus arguing for carefully quantifying properties of the nearshore

ocean so that meaningful comparisons can be made over large spatial scales. Biotic

communities were shown to be similar among replicate beach segments in different

bays if the nearshore cells have the same water properties.

The outer Olympic coast data showed two interesting patterns. The spatial

pattern of high Euzonus abundances in the north and south during the summer can be

explained by the processes driving primary productivity and food delivery to the

intertidal beach face. The observed community shift from 1996 to 1998 at all sites is

equally intriguing. The shift occurred because filter feeding amphipods became

abundant in 1997, displacing carnivorous isopods as the best indicator organism. Then

in 1998, deposit feeding polychaetes became abundant, filter feeders remained

relatively stable, and carnivores continued to decrease. This pattern would be expected



if detrital food supply increased both in the water and on the beach face in the 1997-

1998 winter. The available data weakly supports an association with the ENSO event,

but the mechanism is not at all clear. The vigorous storms that occurred during the

1997-1998 winter, however, probably caused the surfzones adjacent to sites 7-9 to

widen, thus producing a larger area for surf diatom production. If this increased

volume of food to the beach face allowed for higher secondaiy productivity by

Euzonus and Eohaustorius, then this would be reflected by larger populations to the

north during the following summer since the southern beaches are most likely the seed

populations for the northern beaches.

This research has shown that it is important to any natural resource database

acquisition program to address not only a species inventory, but also abundance,

distribution, food sources and productivity of breeding populations, so that statistically

valid conclusions may be drawn from the data. Coastal de pendent species utilize

particular habitats at various times in their life histories. Their population success is

dependent on the presence and dimensions of appropriate habitats. Thus, if detailed

life histories are luiown and required habitats are inventoried and mapped, an

assessment of the present status and likely fate of a population can be made. Critical or

sensitive habitats can be identified during such an analysis. Studies of physical habitats

such as the intertidal, subtidal, and upland terrestrial fringes and watersheds are

important to a holistic coastal management program. The inventory and monitoring of

coastal fauna/flora communities, including seabirds, migratory waterfowl, shorebirds,

raptors, marine mammals, terrestrial mammals, anadromous commercial and sport

fish, etc., are considered fundamental requirements for a minimum level of data

necessary to adequately assess the effects of marine pollution, changing climatic

patterns or other environmental stresses.

The diversity of life in the oceans is being dramatically altered by the rapidly

increasing and potentially irreversible effects of activities associated with human

population expansion. The most critical contributors to changes in marine biodiversity

are now recognized to include fishing and removal of the ocean's invertebrate and

plant stocks, chemical pollution and eutrophication, physical alteration to coastal
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habitats, invasion of exotic species, and global climate change (National Research

Council, 1995). Evaluating the scale and consequences of changes in the ocean's

biodiversity due to human activities is seriously compromised by critically inadequate

knowledge of the patterns and the basic processes that control the diversity of life in

the sea. Studies applied to the nearshore are helping to define the patterns and the

processes influencing marine biodiversity. If the processes determining patterns in

nearshore habitats can be defined as shown by this study, then they have a potentially

significant contribution to resource management and policy decisions for coastal areas

where the spatial distribution of habitats is a resource management concern.
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