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Foundation species are important components of ecosystems because they 

provide habitat and ameliorate stressful conditions for residents. This thesis considers 

the role of surfgrasses (Phyllospadix spp.) as dynamic foundation species on the coast 

of Oregon in two studies. Chapter 2, which presents an observational survey of two 

Phyllospadix congeners, investigates the ways in which surfgrass morphology and 

observed oceanographic conditions influence associated macroinvertebrate 

communities throughout a calendar year. Chapter 3, which presents an experimental 

manipulation of the system, considers the ways in which macroinvertebrates and 

surfgrass interact. 

Surfgrasses (Phyllospadix spp.) are ubiquitous foundation species on the coast 

of Oregon, USA, protecting resident invertebrates from waves and providing them 

access to sandy substrate in an otherwise rocky habitat. We investigated whether 

native congeneric species function similarly by comparing the two species’ resident 



 

macroinvertebrates, plant morphology, and sediment accretion at three capes that vary 

in oceanographic conditions. The results showed that while the macroinvertebrate 

abundance was the same between surfgrass species, species richness, composition, and 

functional groups varied considerably. P. serrulatus also had fewer tillers, rhizomes, 

and lower biomass per given area but greater sediment accretion than its congener P. 

scouleri. There was a large difference in macroinvertebrate abundance among capes, 

with Cape Perpetua having 2.5-3 times more animals per given area than Cape 

Foulweather or Cape Blanco. Overall, we found that while the two co-occurring 

surfgrass congeners provided functionally different habitat for resident 

macroinvertebrate species, regional oceanographic processes (upwelling, productivity) 

were more influential in determining the overall abundance and productivity of these 

highly diverse animal communities. 

The interaction between surfgrass (P. scouleri) and resident macroinvertebrates 

may be an example of mutual facilitation if surfgrass provides shelter and 

macroinvertebrate residents reciprocate with nutrient input. We hypothesized that this 

positive interaction could vary depending on oceanographic conditions. Sites with 

intermittent upwelling, low retention of upwelled waters, and high nutrient delivery to 

the intertidal are often dominated by macroalgae and seagrasses, while sessile 

invertebrates dominate intermittent upwelling sites with high water higher retention 

and relatively low nutrient delivery to the intertidal. We expected the positive 

influence of macroinvertebrates upon surfgrass to be strongest at a site with possible 

nutrient limitation stress. We used manipulative field experiments to examine the 



 

interaction between Phyllospadix and macroinvertebrate residents at sites known to 

differ in coastal oceanography. Treatments were applied in situ to vary 

presence/absence of residents and nutrient conditions.  Results indicate that the 

community of macroinvertebrates varies greatly in both abundance and composition 

between the two sites (ca. three fold higher abundance at Strawberry Hill than at 

Fogarty Creek), but the amount Phyllospadix habitat available to macroinvertebrates 

does not vary between the two sites. This variation is therefore driven by something 

external to local habitat, and is likely related to regional oceanography. Furthermore, 

there is some evidence that macroinvertebrates do have some positive nutrient effect 

upon surfgrass productivity.  

Together, these studies provide critical descriptive information about 

community structure associated with the Phyllospadix system on the Oregon coast. 

This work contributes to the ever-increasing body of literature suggesting importance 

of regional oceanography in structuring coastal communities.  
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Surfgrasses (Phyllospadix spp.) as Dynamic Foundation Species for 
Macroinvertebrates along the Oregon Coast 

 
CHAPTER 1.  

General Introduction 
 

Foundation species, including the classic examples of trees, grasses, corals, 

and seaweeds, are one type of ecosystem engineer so named for the ability to provide 

structure and physical definition to entire ecosystems (Hay et al. 2004). These large 

and structurally complex organisms can provide important ecosystem functions for 

associated resident species including refuge from predation or amelioration of 

physically demanding conditions, thus enhancing diversity and abundance (Bertness 

and Callaway 1994, Hacker and Gaines 1997, Stachowicz 2001, Bruno et al. 2003).  

Meadow-forming seagrasses are important foundation species in that they add 

a three dimensional structure of vegetation with branching rhizomes and roots in an 

otherwise two-dimensional habitat, providing substrate for attachment of sessile 

invertebrates, and protection against predation. Seagrasses are successful primary 

producers, ensuring an abundant supply of organic matter that forms a foundation for 

food webs. The physical structure provided by seagrasses creates a microhabitat that 

protects organisms from waves and currents and stabilizes sediments (Hemminga and 

Duarte 2000).   

Ecosystem engineering foundation species, those which often produce strong 

positive benefits for other species, can create, modify or maintain abiotic habitat 

factors for themselves and other species (Jones et al. 1997, Gutierrez and Jones 2008), 

sometimes increasing local diversity (Stachowicz 2001). The benefits provided by 
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ecosystem engineers generally include protection from predators and amelioration of 

harsh physical conditions (Gutierrez and Jones 2008, Barbier et al. in review). 

Interactions that occur between foundation species and associated residents are 

sometimes reciprocally positive. Resident species, which reap obvious benefits from 

foundation species (e. g., protection or food), in some cases return critical benefits to 

the foundation species (Ellison et al. 1996, Stachowicz 2001). For example, fiddler 

crabs can increase salt marsh grass productivity by burrowing in the root mat of the 

grasses (Bertness 1985). These burrows serve as protection for the crab but also 

increase soil drainage, oxygenate marsh sediments, and increase decomposition of 

plant-generated underground debris through the crabs’ burrowing activities.   

Mutualisms such as the one described above are normally conditional, and the 

strength of these interactions can vary greatly depending on environmental context 

(Bronstein 1994).  Interspecific interactions that are mutually beneficial in one 

ecological setting may shift to neutral or even negative under different conditions. 

Bertness and Callaway (1994) hypothesize that positive interactions are more common 

under high physical stress and/or high consumer pressure where species can act to 

ameliorate or protect associated species. Furthermore, asymmetry in mutualism is 

generally the rule: strong dependence in one direction of an interaction is normally 

accompanied by a much weaker dependence in the other direction (Thompson 2006). 

Most studies of conditionality in positive interactions consider them at small, local 

scales (e.g., see a review by Callaway 1995), but important large-scale differences 

exist within ecosystems that merit additional investigation.  
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Nutrient availability is often a key limiting factor for productivity (Dugdale 

1967). Because oceanic nutrients can vary over large spatial scales (Menge et al. 

1997a), an important next empirical step in exploration of positive interactions in 

marine systems is to consider how interactions such as these could change at larger 

geographic scales. Oceanic upwelling processes are influential in structuring coastal 

communities in the Pacific Northwest (Menge et al. 1997a, Connolly et al. 2001, 

Freidenburg et al. 2007). The Oregon coast is characterized by intermittent seasonal 

upwelling (Menge et al. 2004). During periods of upwelling, cold, nutrient-rich water 

is brought to the surface and becomes available to shallow water phytoplankton and 

intertidal organisms. Gyre-like patterns that occur at locations with broad continental 

shelves can retain larvae and phytoplankton in the nearshore environment, causing an 

uneven pattern of productivity and recruited intertidal invertebrates. The Oregon coast 

is made up of multiple, distinct, upwelling regions bounded by discontinuities in 

geography and therefore oceanography (Menge et al. 1997a, Freidenburg et al. 2007).  

Local variation within a larger upwelling region may have major ecological 

consequences. The coastal Oregon upwelling system is a useful one for studying how 

differences in oceanographic conditions at a regional scale influence the interaction 

between a foundation species and its associated residents. 

Seagrasses of the genus Phyllospadix (surfgrass) are perennial angiosperms 

and the only flowering plants that attach to rocky intertidal substratum. P. scouleri 

Hook., P. serrulatus Rupr. ex Ascher., and P. torreyi Wats. are all native in the Pacific 

Northwest. P. torreyi often grows subtidally, or in deep tidepools, while P. serrulatus 
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and P. scouleri occur in the low intertidal zone on emergent substrate or in tidepools 

(Turner 1985). Vegetative spread of this genus occurs via a branching rhizome that 

gives rise to densely packed leaves, generally 2-4 mm wide and about 0.5 m long, and 

rootlets that secure the plant to the rock (Turner 1985).  The essential function of 

Phyllospadix rootlets is attachment, not nutrition (Gibbs 1902), and, unlike other 

flowering plants, surfgrass leaves may be the primary source of nitrogen acquisition 

(Terrados and Williams 1997). As a foundation species, Phyllospadix is an important 

structuring component of the rocky Pacific Northwest lower intertidal zone (Menge et 

al. 2005). Rhizomes are highly adapted to heavy surf, as characterized by extensive 

rootlet development, a thick-walled layer in the outer cortex, and production of an 

adhesive material that allows binding to substratum.  Once established, this plant is 

able to trap large amounts of sediment from the water column and plays a role in 

stabilization of rocky substratum against wave surge and erosion (Gibbs 1902, Crouch 

1991). 

 This thesis investigates the importance of Phyllospadix spp. as foundation 

species to macroinvertebrates in the Oregon rocky intertidal zone, as well as the way 

in which this function can change along a gradient in oceanographic conditions. I use 

both observational and experimental methods to quantify the interaction between 

Phyllospadix spp., a genus of foundation species, and its resident macroinvertebrate 

community.  

In Chapter 2, I present an observational survey of two surfgrass congeners, P. 

scouleri and P. serrulatus, which broadly overlap in the lower rocky intertidal zone on 
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the Oregon coast. This survey was conducted at nine sites on three capes on the 

Oregon coast during eight separate months spanning an entire calendar year. This 

chapter considers the role of Phyllospadix spp. as a foundation species for intertidal 

macroinvertebrates, and the ways in which that role changes between surfgrass 

congeners and along a gradient in oceanic upwelling conditions.  

In Chapter 3, I focus on P. scouleri, and consider the community-level 

interaction between this foundation species and macroinvertebrate residents. This 

chapter describes a manipulative experiment I conducted during the summer of 2009 

to test for both the effects of Phyllospadix habitat on macroinvertebrate abundance and 

richness and the effects of an intact macroinvertebrate community on Phyllospadix 

productivity.  

Finally, in Chapter 4, I present general conclusions about the relative 

importance of Phyllospadix, macroinvertebrate communities, and regional 

oceanography in influencing ecological relationships in the Oregon rocky intertidal 

zone. Both Chapters 2 and 3 are in preparation for submission for publication as multi-

author papers, with my advisor Sally D. Hacker as co-author. In each case, Dr. Hacker 

provided guidance with study design and analysis and comments on the text. 
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CHAPTER 2.  
Congeneric variation and environmental gradients influence community 
structure: Surfgrasses and macroinvertebrates along the Oregon coast 

 

ABSTRACT 

Foundation species are important components of ecosystems because they 

provide habitat and ameliorate of stressful conditions. Comparisons of congeneric 

foundation species have mostly been limited to comparisons of native and invasive 

species, with surprisingly little attention paid to multiple native species. Surfgrass 

(Phyllospadix spp.) is a ubiquitous foundation species on the coast of Oregon, USA, 

protecting resident invertebrates from waves and providing them access to sandy 

substrate in an otherwise rocky habitat. Two native species, Phyllospadix scouleri and 

P. serrulatus, have superficially similar morphological characteristics and co-occur 

within the same rocky intertidal zones. We investigated whether these native 

congeneric species function similarly as foundation species by comparing the two 

species’ resident macroinvertebrates, plant morphology, and sediment accretion at 

three capes that vary in oceanographic conditions. The results show that while the 

macroinvertebrate abundance was the same between surfgrass species, 

macroinvertebrate species richness, composition, and functional groups varied 

considerably, with more infauna and deposit feeders found within P. serrulatus. P. 

serrulatus also had fewer tillers, rhizomes, and lower biomass per given area but 

greater sediment accretion than its congener P. scouleri. One surprisingly strong result 

was the difference in macroinvertebrate abundance among capes, with Cape Perpetua 

having 2.5-3 times more animals per given area than Cape Foulweather or Cape 
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Blanco. Overall, we found that while the two co-occurring surfgrass congeners 

provided functionally different habitat for resident macroinvertebrate species, regional 

oceanographic processes (upwelling, productivity) were more influential in 

determining the overall abundance and productivity of these highly diverse animal 

communities. 
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INTRODUCTION 

Large and structurally complex organisms can provide important ecosystem 

functions for associated resident species including refuge from predation or 

amelioration of physically demanding conditions, thus enhancing diversity and 

abundance (Bertness and Callaway 1994, Hacker and Gaines 1997, Stachowicz 2001, 

Bruno et al. 2003). Trees, grasses, corals, and seaweeds are classic examples of 

species that function in this way, and are often termed foundation or dominant species 

because of their ability to provide structural and physical definition to entire 

ecosystems (Dayton 1971, Hay et al. 2004). Foundation or dominant species have 

large effects on the community by virtue of their high abundance or biomass (Power et 

al. 1996). In many cases, foundation species have community-wide effects via direct 

and indirect means (e.g., see Table 8.2 in Bruno and Bertness 2001 for examples) and 

they can be strong competitors or facilitators of space, nutrients, or light depending on 

the mediated physical conditions (e.g., Bertness and Hacker 1994, Bertness et al. 

1996). 

In traditional ecological literature, foundation species are typically viewed in a 

general way with little consideration of their specific functional roles for associated 

species. Jones et al. (1994) used of the concept of “ecosystem engineers” to exemplify 

how these foundation species can modify their physical environment. Despite the 

recent increase in research on ecosystem engineers and the functional role of 

foundation species, questions remain about foundation species, especially those that 

are closely related taxonomically. For example, are their roles general and thus highly 
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redundant, or does each have specific functions that make them particularly unique? 

Given the important role these species play in maintaining species diversity (Hacker 

and Gaines 1997, Bruno et al. 2003), understanding the variability between different 

foundation species has important conservation and management implications.  

Investigations concerning the functional roles of closely related foundation 

species primarily have focused on comparisons between native and nonnative 

congeners. For example, two species of eelgrass, Zostera marina (native in temperate 

regions of the Pacific and Atlantic basins) and Zostera japonica (native between 

northeastern Russia and tropical Vietnam), currently co-occur on the Pacific 

Northwest coast of North America, a region where Z. marina has evolved in the 

absence of Z. japonica (Bando 2006, Ruesink et al. 2010). Studies on their co-

occurrence have shown that Z. japonica can alter several components of the estuaries 

they invade (e.g., nutrient dynamics (Hahn 2003, Larned 2003) and benthic 

community structure (Posey 1988)). Structural differences between these congeners 

(e.g., canopy density, height, blade width; Ruesink et al. 2010) result in variation in 

the retention of planktonic larvae and the overall quality of nursery and feeding habitat 

for commercially important marine species (Jenkins and Sutherland 1997, Webster et 

al. 1998). Interspecific competition between Zostera spp. congeners can also lead to 

habitat-altering structural changes, including reductions in aboveground Z. marina 

biomass, potentially altering its effectiveness as a foundation species (Ruesink et al. 

2010). This example and many others in the invasive species literature (e.g., 

Trowbridge 1995, Hacker et al. in press) suggest that foundation species with similar 
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phylogeny, habitat, and morphology may have very different functional consequences 

for associated species. Surprisingly, although the invasive species literature is rich 

with such native/non-native congener examples, similar studies comparing native 

congeners are rare (but see Ellison et al. 2005). Even less common are examples that 

consider the role of the physical context (e.g., nutrients, sedimentation, wave action, 

precipitation) in how native congeners function, which has been shown to be 

important for some foundation species (e.g., Hacker and Dethier 2006, 2009, Hacker 

et al. in press). 

In this study, we focus on the functional role of native seagrass congeners, 

surfgrasses in the genus Phyllospadix spp., as habitat for a diverse and understudied 

macroinvertebrate community along the Oregon coast, USA. Generally, seagrasses 

serve many important estuarine and coastal functions including habitat and food for 

invertebrates and fishes, attenuation of waves and stabilization of sediments, and 

nutrient and carbon uptake (Barbier et al. in review). As a result, faunal diversity and 

abundance are often higher within seagrass meadows than in adjacent unvegetated 

areas, particularly sandy substrate (Hemminga and Duarte 2000). However, the 

functional role of surfgrasses as habitat has been poorly studied (except see Stewart 

and Meyers 1980, Turner and Lucas 1985) despite the observation that they occupy 

more space than any other single species in the lower rocky intertidal of Oregon 

(Turner 1985, Menge et al. 2005). Surfgrasses have several adaptations to withstand 

heavy surf, including extensive rootlet development, rhizomes with a thick-walled 

outer cortical layer, production of adhesive material for binding to rocky substratum, 
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and basal meristematic tissue in their leaves (Gibbs 1902, Dennis and Halse 2008). 

Once established, they accrete sediment from the water column, creating ‘sandy beach 

islands’ (Crouch 1991) and thus playing a role in stabilization of rocky substratum 

against wave surge and erosion (Gibbs 1902). Phyllospadix flourishes in relatively 

high-energy environments (Fishlyn and Phillips 1980), and thus provides an important 

protective habitat for small macroinvertebrates that might otherwise be excluded from 

these turbulent, high-energy conditions. 

Three species of Phyllospadix occur along the Pacific Northwest coast of the 

United States: P. serrulatus Rupr. ex Ascher., P. scouleri Hook., and P. torreyi Wats.. 

Phyllospadix torreyi grows in more protected low intertidal to subtidal zones, and is 

almost exclusively subtidal in Oregon except in large tidepools. Phyllospadix scouleri 

and P. serrulatus occur in the low intertidal zone, primarily in areas of heavy surf, 

with P. serrulatus sometimes occurring at slightly higher and more protected areas of 

the intertidal than P. scouleri (Dennis and Halse 2008, this paper). Both P. scouleri 

and P. serrulatus may be found within the low zone of the intertidal at the same site 

and in many cases appear nearly identical, but can be distinguished by the number of 

rootlets at rhizome internodes (two groups of 6-10 short rootlets in P. scouleri, exactly 

two longer rootlets in P. serrulatus), leaf venation (3 veins in P. scouleri, 5-7 in P. 

serrulatus), and blade width (1.5-4 mm in P. scouleri and 2-8.5 mm in P. serrulatus) 

(Dennis and Halse 2008).  

In this study, we used field surveys to quantify abundances and morphological 

differences between the two congeners, P. scouleri and P. serrulatus, as well the 
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community of infaunal and epibiotic macroinvertebrates associated with Phyllospadix. 

Because both surfgrass species occur along the entire coast where we know that 

oceanographic conditions that strongly affect rocky intertidal community structure can 

vary dramatically due to gradients in ocean upwelling and productivity (Menge et al. 

1997a, b, 2004, Connolly et al. 2001, Freidenburg et al. 2007), we made our 

collections at nine sites nested within three capes along this ocean upwelling gradient. 

This type of biogeographic sampling allowed us to consider the functional role of 

congeners as mediated by oceanographic context to the macroinvertebrate community. 

Specifically, we asked three questions. (1) Do macroinvertebrate communities differ 

between surfgrass congeners P. scouleri and P. serrulatus? (2) How does oceanic 

upwelling modify these communities? (3) What controls the differences in 

invertebrate community structure between Phyllospadix species and along an 

upwelling gradient? 

 

MATERIALS AND METHODS 

We surveyed the distribution and abundance of all three Phyllospadix 

congeners native to Oregon, as well as the physical structure and associated 

macroinvertebrate assemblages of P. scouleri and P. serrulatus, using censuses and 

collections from nine sites among three capes on the Oregon coast, spanning over 200 

km (Fig. 2.1). Cape Foulweather (ca. 44˚50’ N, 124˚4’ W; near Depoe Bay, OR) sites 

were, from north to south, Fogarty Creek (FC), Boiler Bay (BB), and Manipulation 

Bay (MB). Cape Perpetua (ca. 44˚15’ N, 124˚7’ W; near Yachats, OR) sites were, 
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from north to south, Yachats Beach (YB), Strawberry Hill (SH), and Tokatee 

Kloochman (TK). Cape Blanco (ca. 42˚49’ N, 124˚27’ W; near Port Orford, OR) sites 

were, from north to south, Cape Blanco North (CBN), Port Orford Head (POH), and 

Rocky Point (RP). The distribution and proportional abundance of all three surfgrass 

species (P. scouleri, P. serrulatus, and P. torreyi) was mapped in July 2010 by 

walking the entirety of each study site and counting patches of each species as they 

were encountered. A patch was defined as an area of surfgrass with distinct edges, 

thus separated from other patches, and patch area was highly variable. 

A maximum of five samples of surfgrass and associated macroinvertebrate 

species and sediment were collected at each site during eight ‘minus tide’ series over a 

one-year period, with monthly collections in summer months (24-30 April 2009, 22-27 

June 2009, 20-25 July 2009, 18-22 August 2009, 17-22 September 2009) and bi-

monthly collections in alternate months in the winter season (30 November - 2 

December 2009, 28-31 January 2010, and 26 March - 1 April 2010). Samples were 

selected haphazardly with an inter-sample distance of 3-10 m, from Phyllospadix beds 

at a tidal height of ca. 0 m mean lower low water at the most wave-exposed area that 

was feasibly accessible. In most cases, all of one or the other Phyllospadix species was 

collected from a site during a particular month. For each collection, we removed 10 

cm x 10 cm plots of Phyllospadix spp., keeping all rhizomes, blades, accreted 

sediment, and macroinvertebrates between the rocky substrate and blade tips within 

each sample plot intact. Each sample was placed into an individual quart-sized plastic 

bag in the field, and then stored at –20º C prior to processing. Six samples are missing 
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from the dataset: hazardous conditions prevented collection of any of the five planned 

September 2009 RP samples, and one July 2009 YB sample was omitted due to 

collection technique error. A total of 354 sample plots were collected over the duration 

of this study.  

To determine macroinvertebrate community composition, surfgrass 

morphology, and accreted sediment, we processed samples individually in the 

laboratory. Each plot was rinsed into nested stainless steel sieves with mesh sizes 63 

µm, 125 µm, 710 µm, and 2 mm. Sediment was loosened from among rhizomes with a 

continuous flow of tap water and manual agitation. Macroscopic invertebrates were 

removed from the blades and among the rhizomes and placed into 70% ethanol for 

storage. All macroinvertebrates were counted and identified to the lowest practical 

taxonomic group (including species, genus, and family). Of the 354 samples collected, 

352 macroinvertebrate samples were counted and identified, as two samples were 

rendered uncountable due to errors in preservation resulting in decomposition. 

Sediment trapped on size-class sieves between 63 µm and 2 mm, the geological grain 

size range for ‘sand,’ was combined, dried to constant mass at 70º C (ca. 48 h), and 

then weighed. For each plot, we recorded tiller density and tiller height (mean length 

in cm of two longest blades). Above ground and belowground biomass was 

determined by separating tillers from rhizomes and drying to constant mass at 70º C 

(ca. 48 h) and then weighing. P. scouleri and P. serrulatus blade widths were sampled 

in August 2010 by collecting 30 blades of each species (10 blades from each of three 
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haphazardly selected discontinuous patches) from Cape Foulweather and Cape 

Perpetua.  Width was measured just above the top of the sheath. 

We used a two-factor fixed effects ANOVA to investigate the effect of 

Phyllospadix species, cape, and their possible interactions, on the following response 

variables: relative abundance of each Phyllospadix species, macroinvertebrates living 

in Phyllospadix (abundance, taxon richness), Phyllospadix morphology (tiller density, 

tiller length, above ground biomass, below ground biomass), and sediment accretion 

around Phyllospadix rhizomes. Fisher’s F-Protected Least Significant Difference 

(LSD) tests were conducted on significant factors, unless interactions were found, in 

which case one-factor ANOVAs and Fisher’s F-Protected LSD comparisons were 

conducted between levels of each factor (Underwood 1997).  

To consider macroinvertebrate community composition between the 

Phyllospadix species and among sites, we also performed multivariate analyses using 

PC-ORD 6.158 beta (McCune and Mefford 2010). Lumping macroinvertebrate survey 

data into one taxa matrix and one environmental matrix resulted in a sample size of 

352 plots, with 37 taxa present in the data set. The macroinvertebrate taxa matrix (352 

plots x 37 taxa) contained log-transformed (log (x+1)) counts of individual 

macroinvertebrates (as well as two uncommon vertebrate fish genera) within a plot at 

the time of collection. The environmental matrix contained measurements of habitat 

and experimental design variables (e.g., tiller density, plant biomass, accreted 

sediment, site, cape) to provide context for communities. Non-metric 

multidimensional scaling (hereafter NMS) (Kruskal 1964) was used with PC-ORD 
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‘autopilot’ settings on ‘medium thoroughness’ and Sørensen distance measure to 

ordinate survey plots in macroinvertebrate taxon space. Ordinations were plotted as 

sample units (survey plots) in macroinvertebrate taxon space using a joint plot to 

demonstrate any strong relationship between environmental variables and ordination 

scores. Following ordination, multi-response permutation procedures (MRPP) were 

performed to test the null hypothesis of no difference in macroinvertebrate community 

structure between 1) the two surfgrass species within the full data set, and then 2) each 

of these surfgrass species separately at the nine sites nested within the three capes 

(Cape Foulweather, Cape Perpetua, and Cape Blanco). 

 For the four most abundant macroinvertebrate groups (together representing 

ca. 78% of total abundance), we performed two-factor fixed effects ANOVAs to 

investigate the effect of species and cape, and their possible interactions, on the 

abundance of these groups within Phyllospadix. In an effort to simplify the statistics, 

and given the results from the statistics above, we conducted one-factor fixed effects 

ANOVAs to investigate the effect of time of year on macroinvertebrate taxon 

abundance on each Phyllospadix species separately. Fisher’s F-Protected LSD tests 

were conducted on significant factors, unless interactions were found, in which case 

one factor ANOVAs and Fisher’s F-Protected LSD comparisons were conducted 

between levels of each factor (Underwood 1997). 

Finally, we performed an analysis on the macroinvertebrate functional groups 

found within the two Phyllospadix species. Taxa were categorized by the following 

characteristics: habitat usage (infauna vs. epifauna), feeding strategy (deposit feeder, 
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suspension feeder, scavenger, predator, and grazer), and diet (herbivore, omnivore, 

and carnivore) (Appendix Table 2.A). To simplify the statistics, we compared the 

proportion of organisms within each category for each kind of functional group 

between the two Phyllospadix species (but not each cape) using paired Student t-tests. 

We initially conducted a series of F tests and then used the appropriate t-test 

depending on whether variances were equal or unequal.  

 

RESULTS 

Distribution and abundance of Phyllospadix spp. among capes 

 Distribution and abundance of the three Phyllospadix congeners varied with 

species and cape (Table 2.1; species x cape F4, 21 = 9.8, p < 0.0001). P. scouleri was 

most abundant at Capes Foulweather and Blanco (between which abundances of this 

species did not differ) and least abundant at Cape Perpetua (Table 2.1; one-way 

ANOVA and post-hoc tests). P. serrulatus was most abundant at Cape Perpetua, then 

Cape Blanco, and least abundant at Cape Foulweather (Table 2.1). Finally, P. torreyi 

was most abundant at Cape Foulweather compared to Cape Perpetua; none was found 

at Cape Blanco (Table 2.1).  

Macroinvertebrate community structure between surfgrass congeners and among 

capes 

Abundance of macroinvertebrates differed dramatically by cape but not 

between the two surfgrass species, and the effect of cape did not vary by species (Fig. 

2.2A; two-way ANOVA: species F1, 348 = 0.3, p = 0.60; cape F2, 348 = 40.8, p < 0.0001; 
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species x cape F2, 348  = 0.3, p = 0.73). Macroinvertebrates were 2.5-3.0 times more 

abundant at Cape Perpetua than at either Cape Blanco or Cape Foulweather, but did 

not differ between the latter two Capes (Fig. 2.2A). Macroinvertebrate taxon richness 

was context dependent, varying by species and cape (Fig 2.2B; two-way ANOVA: 

species x cape F2, 348 = 3.4, p = 0.04). By surfgrass species, taxon richness in P. 

serrulatus varied by cape (two-way ANOVA: cape F2, 101 = 7.01, p = 0.001) with Cape 

Blanco having the highest taxon richness compared to the other two capes (Fig. 2.2B). 

Taxon richness in P. scouleri did not differ among capes (two-way ANOVA: cape F2, 

350 = 2.32, p = 0.1) although taxon richness of macroinvertebrates tended to be higher 

in P. scouleri compared to P. serrulatus at all capes except Cape Blanco (where there 

was no between-species difference) (Fig. 2.2B). 

Taxon composition of macroinvertebrates differed between the two 

Phyllospadix species (MRPP, log-transformed abundance data, Sørensen (Bray-Curtis) 

distance measure, A = 0.065, p < 0.0001, Appendix Fig. 2.A). We also found that, for 

a given Phyllospadix species, macroinvertebrate taxon composition varied among the 

three capes (MRPP, P. scouleri log-transformed abundance data, Sørensen (Bray-

Curtis) distance measure, A = 0.067, p < 0.001; MRPP, P. serrulatus log-transformed 

macroinvertebrate abundance data, Sørensen (Bray-Curtis) distance measure, A = 

0.118, p < 0.0001, Appendix Fig. 2.B). To look more specifically at the differences in 

taxon composition, we calculated the cumulative abundance of each taxon (37 total). 

Of the 38,481 individual macroinvertebrate specimens collected in the yearlong 

duration of this survey, roughly 78% of individuals fell into four taxonomic groups: 
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Idotea wosnesenskii Brandt (16,135 individuals, ca. 40% of total), Naineris dendritica 

Kinberg (species formerly included with N. laevigata) (7,020 individuals, ca. 17% of 

total), gammaridean amphipods (6,115 individuals, ca. 15% of total), and Mytilus sp. 

(2,442 individuals, ca. 6% of total) (Fig. 2.3). Due to their overwhelming dominance, 

these species were the focus of subsequent analyses.  

The four most abundant macroinvertebrate taxa exhibited different abundance 

patterns depending on Phyllospadix species, cape, and month during the one-year 

observational study (Fig. 2.4, 2.5). Analyses of abundance over time were performed 

at Cape Perpetua only, as P. serrulatus was not collected in all months at other capes. 

The abundance of the isopod I. wosnesenskii (a motile epifaunal scavenging 

omnivore) differed by cape but not Phyllospadix species, varied consistently among 

capes by species (Fig. 4A; two-way ANOVA: cape F2, 348 = 30.3, p < 0.0001; species 

F1, 348 = 0.2, p = 0.6; species x cape F2, 348 = 0.2, p = 0.8). I. wosnesenkii were more 

abundant at Cape Perpetua than the other two capes, which did not differ (Fig. 2.4A). 

Abundance of I. wosnesenskii in each surfgrass species at Cape Perpetua did not vary 

over time (Fig. 2.5A, B; one-way ANOVA for each species: P. scouleri F6, 32 = 1.5, p 

= 0.2; P. serrulatus F6, 73 = 2.1, p = 0.06). 

The abundance of the orbinid polychaete (N. dendritica, a motile infaunal 

deposit feeding herbivore) varied differentially by Phyllospadix species and cape (Fig. 

2.4B; two-way ANOVA, species x cape F2, 348 = 7.1, p = 0.001).  N. dendritica were 

most abundant at Cape Perpetua  in P. serrulatus (Fig. 2.4B). Abundance of N. 

dendritica at Cape Perpetua varied over time in both P. scouleri and P. serrulatus 
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samples (Fig. 2.5C, D; one-way ANOVAs: P. scouleri F6, 32 = 2.8, p = 0.03; P. 

serrulatus F6, 73 = 6.3, p < 0.0001). 

Abundance of amphipods (motile epifaunal grazing herbivores) differed 

between capes but not between Phyllospadix species (Fig. 2.4C; two-way ANOVA: 

cape F2, 348 = 5.1, p = 0.007; species F1, 348 = 3.0, p = 0.09; species x cape F2, 348 = 1.6, p 

= 0.2). Amphipods were most abundant at Cape Perpetua (Fig. 2.4C). Abundance of 

amphipods at Cape Perpetua did not vary over time in P. scouleri but did vary in P. 

serrulatus (Fig. 2.5E, F; one-way ANOVAs: P. scouleri F6, 32 = 1.2, p = 0.3; P. 

serrulatus F7, 72 = 9.0, p < 0.0001). 

Variation of the abundance of juvenile (< 2 cm) Mytilus sp. (a sessile 

epifaunal suspension feeding omnivore) was context-dependent, varying by both cape 

and surfgrass species (Fig. 2.4D; two-way ANOVA:  species x cape F2, 348 = 3.5, p = 

0.03). Mytilus sp. were most abundant in P. scouleri and at Cape Perpetua (Fig. 2.4D). 

Abundance of Mytilus sp. at Cape Perpetua varied over time within P. scouleri but not 

P. serrulatus (Fig. 2.5G, H; one-way ANOVAs: P. scouleri F6, 32 = 2.75, p = 0.03; P. 

serrulatus F7, 72 = 0.8, p = 0.6). 

Macroinvertebrate functional group differences between surfgrass congeners 

The habitat usage by macroinvertebrates varied between the surfgrass species 

(Fig. 2.6A). There were proportionally more epifauna within P. scouleri than within P. 

serrulatus (t350 equal variance = 2.6, p = 0.01) and the opposite was true for infauna. 

The feeding strategies of macroinvertebrates also varied between surfgrass species 

(Fig. 2.6B). There were proportionally more suspension feeders (animals that feed by 
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straining suspended particles from water) (t334 unequal variance = 12.3, p < 0.0001) 

and grazers (animals that feed by ingesting plants and other multicellular autotrophs) 

(t278 unequal variance = 8.6, p < 0.0001) within P. scouleri and proportionally more 

deposit feeders (animals that feed on detritus that collects on or in benthos) (t154 

unequal variance = -7.1, p < 0.0001), scavengers (animals that consume animal tissue 

not eaten by a predator) (t153 unequal variance = -3.9, p < 0.0001), and predators 

(animals that feed on organisms that they attacks and usually kill) (t119 unequal 

variance = -1.9, p = 0.03) within P. serrulatus. Finally, the diet types among 

macroinvertebrates varied between surfgrass species in some cases (Fig. 2.6C). There 

were proportionally more omnivores (animals that consume both plants and animals as 

primary food source) in P. scouleri (t350 equal variance = 3.3, p = 0.001), more 

herbivores (animals that consume plant or algal tissue) in P. serrulatus (t350 equal 

variance = -2.4, p = 0.02), and the same proportion of carnivores (animals that 

consume animal tissue) in both habitats (t140 unequal variance = -1.8, p = 0.07).  

Surfgrass morphology between Phyllospadix congeners and among capes 

We found that many surfgrass morphological features and associated accreted 

sediment varied by Phyllospadix species and cape (Fig. 2.7). Phyllospadix scouleri 

and P. serrulatus differed either as main effects or through interactions with cape in 

several measures: tiller density (Fig. 2.7A; two-way ANOVA here and in the 

following parentheses: species x cape F2, 348 = 5.1, p = 0.01), tiller length (Fig. 2.7B; 

species F1, 348 = 5.7, p = 0.02;), tiller biomass (Fig. 2.7C; species F1, 348 = 4.9, p = 

0.03;), and rhizome biomass (Fig. 2.7D; species x cape F2, 348 = 4.3, p = 0.02). In all 
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cases, P. scouleri had higher values compared to P. serrulatus at all capes, except for 

tiller density and rhizome biomass, which did not differ between the two species at 

Cape Blanco only (Fig. 2.7). In addition, for P. serrulatus, tiller density and rhizome 

biomass were higher at Cape Blanco compared to the other two capes (Fig. 2.7). 

Morphological measures of P. scouleri did not differ among capes. Moreover, the 

sediment accreted by Phyllospadix rhizomes varied by species and cape (Fig. 2.7E; 

two-way ANOVA: species x cape F2, 348 = 3.6, p = 0.03). Phyllospadix serrulatus had 

roughly 2.3 times more sediment than P. scouleri (Fig. 2.7E) but this depended on 

cape, with Cape Blanco showing no difference in accreted sediment between both 

species (Fig. 2.7E). Finally, August 2010 measurements of blade widths at Capes 

Foulweather and Perpetua showed that P. serrulatus blades are significantly wider 

than P. scouleri blades, and this did not vary by cape (mean widths: P. scouleri = 2.4 

mm, P. serrulatus = 3.7 mm; 2-way ANOVA cape F1, 116 = 0.34, p = 0.56, 

Phyllospadix species F1, 116 = 142.3, p < 0.0001, cape x Phyllospadix species F1, 116 = 

0.08, p = 0.77).  

 

DISCUSSION 

Large and complex foundation species commonly create significant amounts of 

benthic marine habitat (Orth 1977, Witman 1985, Zimmerman et al. 1989). Due to 

their ubiquity, these foundation species indirectly facilitate the establishment and 

persistence of associated resident populations via creation of spatial refuge from 

environmental stress, protection from predation, enhancement of local propagule 
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supply, entrapment, and retention and supply of food and other necessary resources 

(Bruno and Bertness 2001). In this study, we show that two outwardly similar 

congeneric surfgrass species, which co-occur at many Oregon sites, vary significantly 

in terms of their function as habitat for resident species. In particular, we found that 

resident macroinvertebrate species and functional groups differed between the two 

surfgrass species, Phyllospadix scouleri and P. serrulatus, despite similarities in 

macroinvertebrate abundance (Fig. 2.2-2.6). In addition, we discovered that the 

abundance of macroinvertebrates was 2.5-3 fold higher at one particularly productive 

region along the Oregon coast (Cape Perpetua) even though the amount of surfgrass 

habitat available was essentially identical (Fig. 2.2B, 2.4). Thus our results suggest 

that this abundant and diverse assemblage of phytal macroinvertebrates is responding 

to both subtle local-scale functional differences between the surfgrass species and 

regional differences in the productivities of different capes due to nearshore 

oceanography.  

Functional differences in the two surfgrass congeners 

We explored the functional reasons why these very similar foundation species 

might harbor different species by comparing the macroinvertebrate species and 

functional groups within these habitats with the morphological differences of the 

grasses themselves. Two basic patterns were found. First, P. scouleri, which has 

greater tiller biomass and density but thinner blades compared to P. serrulatus (Fig. 

2.7A-C), seems to provide a better habitat for epifaunal species, especially grazing and 

suspension feeding species such as amphipods, isopods, and juvenile mussels (Fig. 
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2.6). Although there was no difference in the numbers of the isopod, I. wosnesenskii, 

in either habitat (Fig. 2.4A), there were more amphipods in P. scouleri (Fig. 2.4C) 

suggesting that it provided a better habitat in which to cling. Gammaridean amphipods 

have been shown to be particularly sensitive to habitat architecture, especially algal 

branch number and width, possibly due to their dorsal-ventral elongated body plan 

(Hacker and Steneck 1990). This may be less important for isopods, which are more 

flattened in the dorsal-ventral plane and thus could cling to a wider variety of branch 

widths.  

Second, even though the rhizomes of P. scouleri were found to be larger (in 

most cases) than P. serrulatus (Fig. 2.7D), they accreted much less sand than those of 

their congener (Fig. 2.7E) suggesting that the amount of interstitial space between the 

rhizomes is an important functional difference between these surfgrasses. Deposit 

feeding and scavenging infaunal species (mostly worms) were much more abundant in 

P. serrulatus than P. scouleri (Fig. 2.6). This is unsurprising, as these species require 

burrowing substrate and unicellular benthic organisms as food supply. One 

particularly abundant species, Naineris dendritica, is commonly found in the sediment 

of sandy beaches (Ricketts et al. 1985) but is also abundant in the rocky intertidal in 

areas of stabilized sediment (Crouch 1991, this paper). Naineris worms are “conveyor-

belt” deposit feeders, in that they rework surrounding sediment, removing particulate 

organic matter, particularly single-celled dinoflagellates (Giangrande et al. 2002). 

These worms are effective burrowers (an escape mechanism from unfavorable 

conditions) with a ciliary system to allow for efficient water-circulation inside their 
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burrow (Giangrande and Petraroli 1991). Although the relatively low rhizome biomass 

and corresponding thick sediment associated with P. serrulatus provides ideal habitat 

for burrowing worms such as Naineris, P. scouleri rhizomes seem to be a more 

suitable settling substrate for juvenile Mytilus sp. (Fig. 2.4D), possibly because of the 

lack of sediment. 

Regional differences in the abundance and richness of phytal macroinvertebrates 

At the local scale, it is clear that morphological differences exist between the 

two surfgrass congeners that provide different kinds of habitat for phytal 

macroinvertebrates. However, we found that these animals also responded to regional 

scale differences, with many more individuals present for the same amount of habitat 

at Cape Perpetua, a region on the Oregon coast well known for very high 

phytoplankton and sessile invertebrate production (Menge et al. 1997a, b), than at the 

two other capes (Fig. 2.2A, 2.4). These results suggest that gradients in oceanic 

upwelling and productivity play an even larger role in structuring of communities 

associated with Phyllospadix spp. than we initially anticipated.  

Research on other species by Menge and colleagues (Menge et al. 1997a, b, 

2004, 2008, 2009, Connolly et al. 2001, Freidenburg et al. 2007, Leslie et al. 2005, 

Barth et al. 2007, Broitman et al. 2008, Kavanaugh et al. 2009) shows that seasonal 

oceanic upwelling processes are critical in structuring sessile invertebrate and 

macrophyte communities along the Pacific coast. Blooms of phytoplankton caused by 

upwelling of nutrients from depth can have several effects on intertidal biota, 

including direct bottom-up effects on growth of filter-feeding invertebrates, larval 
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development, and recruitment (Menge et al. 1997b, 2004, 2008, 2009, Barth et al. 

2007, Broitman et al. 2008). Phytoplankton abundance can negatively influence 

macrophyte communities if fast-growing invertebrates are able to preempt space or if 

phytoplanktonic blooms attenuate light availability (Menge et al. 1997a, 2004, 2008, 

Freidenburg et al. 2007, Kavanaugh et al. 2009).  

Intensity of upwelling and retention of upwelled water along the west coast of 

North America varies with both latitude and geographic features (Hickey and Banas 

2003). Major coastal headlands, including Cape Foulweather, Cape Perpetua, and 

Cape Blanco, show strengthened upwelling of nutrient rich water, as this is where 

favorable winds become more intense and the southward flowing California Current is 

deflected offshore. Cape Foulweather (the most northern cape sampled in this study), 

just north of Depoe Bay, OR, USA, has a narrow offshore continental shelf (ca. 5 km) 

resulting in relatively rapid offshore shunting of coastal waters, along with 

phytoplankton and larvae. Thus sessile invertebrate recruitment and growth is lower 

than at Cape Perpetua.  Cape Perpetua, just south of Yachats, OR, USA, has a broad 

continental shelf (ca. 15 km), producing a gyre of relatively stationary water, which 

fuels massive blooms of phytoplankton, increased larval development, retention, and 

recruitment, and boosted sessile invertebrate and predator secondary production. 

Finally, Cape Blanco, near Port Orford, OR, USA, is a major headland in southern 

Oregon and a boundary between two distinct oceanic upwelling regimes along the 

California Current (Connolly et al. 2001). A separating coastal upwelling current at 

Cape Blanco (Barth et al. 2000) can result in both high nutrient delivery and high 
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sessile invertebrate recruitment, making it particularly good for both sessile 

invertebrates and macrophytes (Hacker and Menge unpublished data).  

Our research suggests that this pattern in productivity at the regional or cape 

level is also reflected in the mobile phytal macroinvertebrate community, irrespective 

of the amount or type of surfgrass habitat available. Even though both P. scouleri and 

P. serrulatus occur in different proportions among the capes (Table 2.1), together they 

cover roughly the same amount of area in the low intertidal at the three capes (roughly 

15%; Hacker and Menge unpublished data).  

Taxon richness was not consistent across all capes (Fig. 2.2B, Appendix Table 

2.A, Appendix Fig. 2.B), providing further evidence that regional processes modify 

the composition of these communities of macroinvertebrate residents. 

Macroinvertebrates at Capes Foulweather and Perpetua, though vastly different in 

overall abundance, had the same number and types of taxa (Fig. 2.2B, Appendix Table 

2.A, Appendix Fig. 2.B). Cape Blanco, though, had slightly more species (Fig. 2.2B, 

Appendix Table 2.A). Species seen at Cape Blanco and not at Foulweather or Perpetua 

were very rare (occurring only once in the dataset) and include a juvenile crab from 

the genus Cancer and a juvenile urchin, Strongylocentrotus purpuratus. In other cases, 

species occurring at very low abundances at Cape Foulweather or Perpetua were found 

at higher abundance at Cape Blanco (e.g. anemones, Petrolisthes spp., Hemigrapsus 

sp., Nereis brandti). Cape Blanco is in an area of biogeographic overlap: a 

convergence of distinct currents occurs within this region that results in consistently 

higher species richness when compared to adjacent capes (Sotka et al. 2004). 
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The four most abundant macroinvertebrate taxa, I. wosnesenskii, N. dendritica, 

gammaridean amphipods, and Mytilus sp., exhibited strong seasonal patterns in 

abundance, and these patterns varied by Phyllospadix species (Fig. 2.4, 2.5). Despite 

different community composition in association with each Phyllospadix species 

(Appendix Fig. 2.A), the most abundant invertebrates species occurred in relatively 

high densities at all the capes with the exception of the isopod, I. wosnesenskii, which 

occurred almost exclusively at Cape Perpetua (Fig. 2.4A). This species seems to be a 

habitat generalist, occurring in similar numbers in both P. scouleri and P. serrulatus. 

Isopod species from the genus Idotea have strong jaws used in scraping and 

processing food. These organisms are omnivorous, but commonly feed upon fouling 

epiphytes via biting or scraping of seaweed or seagrass surfaces (Naylor 1955). 

Epiphytic microscopic algae may be more common at Cape Perpetua, where 

planktonic algal blooms are occasionally extremely high (especially in midsummer). 

These isopods utilize direct development via brooding in reproduction instead of 

production of pelagic larvae thus local retention of juveniles at Cape Perpetua could be 

a contributing factor in the high abundance of this species at this location.  

Implications of local and regional differences in macroinvertebrate community 

structure 

Two important implications follow from the results we report here. First, 

subtle but significant differences in congeneric foundation species can have important 

implications for associated resident species. We found that differences in plant 

morphology (tiller density, blade width, above and belowground biomass) and 
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sediment accretion exist between the two surfgrass congeners that change their 

function as foundation species. Without the knowledge of major differences in faunal 

composition between these congeners, a whole functional group of deposit feeders 

might be left undetected or the true abundance of epifauna might be under or 

overestimated. The conservation implications of these differences are significant 

because coastal foundation species contribute to so many important ecosystem 

functions and services (Barbier et al. in review). As decisions are made regarding 

shoreline zoning and protection, it will be increasingly important to understand the 

important similarities and differences in the functions of these foundation species, 

particularly congeners.  

Second, understanding the relative role that larger spatial scales play in 

moderating the effects of foundation species is equally important to conservation. In 

this study, the absolute amount of habitat provided by these two foundation species 

was less important to the abundance, and in some cases, richness of macroinvertebrate 

species than the oceanography and corresponding productivity of the region in which 

they were located. As has been shown previously for algal and invertebrate 

recruitment and community composition, Cape Perpetua is a major hotspot for 

macroinvertebrate diversity (Schoch et al. 2006) and abundance (Leslie et al. 2005). A 

suite of interacting factors, some of which have been documented here, drives the 

occurrence of this diversity and abundance. The research reported here emphasizes the 

functional and scale dependent complexity of the relationship between foundation 

species and their residents. 
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TABLE 2.1. Proportional abundance (± SE) and statistics (ANOVA, Fisher’s F-
Protected LSD) for three Phyllospadix congeners at three Oregon capes (CF = Cape 
Foulweather, CP = Cape Perpetua, CB = Cape Blanco) as measured in July 2010.  

Species Foulweather Perpetua Blanco F p Post Hoc 

P. scouleri 0.73 ± 0.07 0.41 ± 

0.003 

0.80 ± 

0.12  

4.9 0.05 CB = CF 

> CP 

P. 

serrulatus 

0.04 ± 0.04 0.53 ± 0.02 0.20 ± 

0.12 

7.0 0.02 CP > CB 

= CF 

P. torreyi 0.23 ± 0.04 0.06 ± 0.02  0 25.4 0.0006 CF > CP = 

CB 
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FIGURE 2.1. Satellite image showing the nine observational study sites on the Oregon 
coast, USA. From north to south, sites are located on capes Foulweather (Fogarty 
Creek, Boiler Bay, and Manipulation Bay), Perpetua (Yachats Beach, Strawberry Hill, 
and Tokatee Kloochman), and Blanco (Cape Blanco North, Port Orford Head, and 
Rocky Point). 
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FIGURE 2.2. Mean (± SE) A) abundance and B) taxon richness of macroinvertebrates 
inhabiting two Phyllospadix species (P. scouleri and P. serrulatus) across three 
Oregon capes (Foulweather, Perpetua, and Blanco). Significant post hoc tests (Fisher’s 
Protected LSD p < 0.05) are differentiated by capital letters for capes and by asterisks 
for Phyllospadix species. Sample sizes are as follows: Foulweather P. scouleri n = 
101, P. serrulatus n = 19; Perpetua P. scouleri n = 39, P. serrulatus n = 80; Blanco P. 
scouleri n = 110, P. serrulatus n = 5).  
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FIGURE 2.3. Cumulative abundance of each observed macroinvertebrate taxon 
collected within each Phyllospadix species (P. scouleri and P. serrulatus). Overall 
macroinvertebrate abundance was 38,481 (P. scouleri n = 20,152; P. serrulatus n = 
18,329). 
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FIGURE 2.4. Total abundance of four most common macroinvertebrate taxa collected 
from P. scouleri and P. serrulatus at Capes Foulweather, Perpetua, and Blanco. 
Significant post hoc tests (Fisher’s Protected LSD p < 0.05) are differentiated by 
capital letters for capes and by asterisks for Phyllospadix species. Sample sizes are the 
same as in Fig. 2.2. 



 

 

42 

 

 

FIGURE 2.5. Mean abundance (± SE) of four most common macroinvertebrate taxa at 
Capes Foulweather, Perpetua, and Blanco in association with the two Phyllospadix 
species over a calendar year, April 2009-March 2010; I. wosnesenskii (A: P. scouleri, 
B: P. serrulatus), N. dendritica (C: P. scouleri, D: P. serrulatus), gammaridean 
amphipods (E: P. scouleri, F: P. serrulatus), and Mytilus (G: P. scouleri, H: P. 
serrulatus). Asterisks indicate significant differences in dates for a particular cape. 
Note the large differences in the scale of values among the y-axes of plots. 
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FIGURE 2.6. Mean proportional abundances macroinvertebrates categorized by 
ecological functional groups for the two surfgrass species, P. scouleri and P. 
serrulatus. Groupings are habitat usage (A), feeding strategy (B), and diet (C). Total 
number of samples was 352 (P. scouleri n = 248, P. serrulatus n = 104). 
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FIGURE 2.7. Mean (± SE) A) tiller density, B) tiller length, C) tiller biomass, D) 
rhizome biomass, and E) sediment for different Phyllospadix species (P. scouleri and 
P. serrulatus) across Oregon capes (Foulweather, Perpetua, Blanco). Significant post 
hoc tests (Fisher’s Protected LSD p < 0.05) are differentiated by capital letters for 
capes and by asterisks for Phyllospadix species. Sample sizes are the same as Fig. 2.2. 
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CHAPTER 3.  
Evidence of a mutualism between surfgrass (Phyllospadix scouleri) and resident 

macroinvertebrates on the central Oregon coast 
 
 

ABSTRACT 

The interaction between the foundation species surfgrass (Phyllospadix 

scouleri) and resident macroinvertebrates may be an example of mutual facilitation if 

surfgrass provides shelter and macroinvertebrate residents reciprocate with nutrient 

input. We hypothesized that this positive interaction could vary depending on 

oceanographic conditions. Sites with intermittent upwelling, low retention of upwelled 

waters, and high nutrient delivery to the intertidal are often dominated by macroalgae 

and seagrasses, while sessile invertebrates dominate intermittent upwelling sites with 

high water higher retention and relatively low nutrient delivery to the intertidal. We 

expected the positive influence of macroinvertebrates upon surfgrass to be strongest at 

a site with possible nutrient limitation stress. To investigate this hypothesis, we used 

manipulative field experiments to examine the interaction between Phyllospadix and 

macroinvertebrate residents at sites known to differ in coastal oceanography. 

Treatments were applied in situ to vary presence/absence of residents and nutrient 

conditions.  Response parameters measured were macroinvertebrate community 

composition at periodic removals and at takedown, surfgrass biomass allocation to 

rhizomes and tillers, tiller density, sheath lengths and accreted sediment at 

experimental takedown. Results indicate that the community of macroinvertebrates 

varies greatly in both abundance and composition between the two sites (ca. three fold 
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higher abundance at SH than at FC), but the amount of Phyllospadix habitat available 

to macroinvertebrates does not vary between the two sites. This variation in 

macroinvertebrates is therefore driven by something external to local habitat, and is 

likely related to regional oceanography. Furthermore, there is some evidence that 

macroinvertebrates do have some positive nutrient effect upon surfgrass productivity. 

This work contributes to the ever-increasing body of literature suggesting importance 

of regional oceanography in structuring coastal communities.  
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INTRODUCTION 

Foundation species are organisms that provide structure and physical definition 

to whole ecosystems (Dayton 1971, Hay et al. 2004). They can enhance species 

diversity by providing refuge from predation and/or amelioration of physically 

demanding conditions for associated resident species (Bertness and Callaway 1994, 

Hacker and Gaines 1997, Bruno and Bertness 2001, Stachowicz 2001). Sometimes the 

interactions that occur between foundation species and associated residents are 

reciprocal and positive (Bertness 1985, Bracken et al. 2007). Resident species can 

return important benefits to foundation species (Ellison et al. 1996, Stachowicz 2001). 

For example, Bertness (1985) explored the interaction between the marsh grass, 

Spartina alterniflora, and fiddler crabs in New England salt marshes. The marsh 

grasses experience low oxygen and nutrients and although dense plant growth 

distribution helps plants oxygenate the soil via radial oxygen loss, the burrowing 

activity of resident fiddler crabs further mitigates anoxic conditions. In this example, 

the marsh grass roots and rhizomes serve as protection for the crab, and the physical 

process of burrowing by crabs simultaneously increases salt marsh productivity by 

increasing soil drainage, oxygenating marsh sediments, and increasing decomposition 

of plant-generated underground debris. In another example, filter feeding by ribbed 

mussels and deposition of mussel feces maintains water clarity and increases soil 

nutrients, contributing to increased marsh productivity while ensuring a stable habitat 

for mussels (Bertness 1984). Mangroves face similar physical stresses as salt marshes, 

and in this habitat, too, fiddler crabs function to oxygenate soil while reaping benefits 
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of a protected habitat (Smith et al. 1991). Moreover, epiphytic sponges, which take 

advantage of plentiful vertical habitat substrate on mangrove roots structures, alleviate 

low nutrient levels by providing nitrogen to plants in a form that can be readily 

assimilated (Ellison et al. 1996). 

Mutualisms such as these are normally conditional, and the strength of these 

interactions can vary greatly depending on the environmental context (Bronstein 1994, 

Hacker 2009). Interspecific interactions that are mutually beneficial in one ecological 

setting may shift to neutral or even negative under different conditions. Bertness and 

Callaway (1994) hypothesized that positive interactions are more common under high 

physical stress and/or high consumer pressure where species can act to ameliorate or 

protect associated species. Furthermore, asymmetry in mutualism is generally the rule: 

strong dependence on one direction of an interaction is normally accompanied by a 

much weaker dependence in the other direction (Thompson 2006, Hacker 2009). 

Examples of this conditionality in positive interactions are accumulating but most 

studies consider them at small, local scales (e.g., see a review by Callaway 1995). A 

recent empirical study was conducted by Bracken (2004), who demonstrated a direct 

positive effect of intertidal mussels on intertidal algal biomass. At low tide, intertidal 

primary producers experience a period of isolation from oceanic nitrogen inputs. 

Bracken (2004) showed that ammonium excreted by intertidal mussels was a critical 

local-scale contribution to productivity in tide pools during low tide, as this input 

mitigated temporary nutrient isolation. The positive interaction was not observed in 

lower intertidal zones, where isolation from water column nutrients was far less 



 

 

49 

pronounced. Because oceanic nutrients can vary over large spatial scales (Menge et al. 

1997a, Barth et al. 2007), an important next empirical step is to consider how 

interactions such as these could be affected. In particular, a meta-ecosystem approach, 

where the flows of nutrients and/or organisms are explicitly considered (e.g., Loreau et 

al. 2003), is virtually unstudied in the context of positive interactions (Stachowicz 

2001).  

Marine surfgrasses (Phyllospadix spp.) and their macroinvertebrate residents 

are a promising system in which to look for positive interactions over large meta-

ecosystem scales (Moulton and Hacker in preparation). Surfgrasses are a genus of 

rocky intertidal seagrass with several adaptations to heavy surf, including extensive 

rootlet development, rhizomes with thick-walled outer cortical layer, production of 

adhesive material for binding to rocky substratum, and basal meristematic tissue in 

leaves (Gibbs 1902, Dennis and Halse 2008). Once established, this plant accretes 

sediment from the water column, creating ‘sandy beach islands’ (Crouch 1991) and 

thus playing a role in stabilization of rocky substratum against wave surge and erosion 

(Gibbs 1902). Phyllospadix flourishes in relatively high-energy environments (Fishlyn 

and Phillips 1980), a habitat from which small macroinvertebrates would likely be 

excluded without the structure provided by this plant. At many Oregon rocky intertidal 

sites, Phyllospadix spp. occupies more space than any other single species (Turner 

1985, Menge et al. 2005), and hosts an abundant and diverse community of 

macroinvertebrates that varies depending on oceanographic conditions (Moulton and 

Hacker in preparation).  
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Two capes on the central Oregon coast have differing coastal shelf topography 

and resultant oceanographic conditions that affect primary productivity and, thus, the 

food and recruitment success of intertidal organisms (Menge et al. 2002, 2004, Leslie 

et al. 2005). Cape Foulweather, just north of Depoe Bay, OR, USA, has a narrow 

continental shelf (ca. 5 km) resulting in relatively rapid offshore shunting of coastal 

waters, high oceanic nutrient input to the intertidal zone, low invertebrate recruitment 

as many larvae are shunted offshore prior to settling (Menge et al. 1997a), and 

relatively low phytoplankton abundance (Menge et al. 2002, 2004). Macrophytes and 

seagrasses, including Phyllospadix spp., are dominant intertidal space holders at Cape 

Foulweather (Menge and Hacker unpublished data). Cape Perpetua, just south of 

Yachats, OR, USA has a broad continental shelf (ca. 15 km), high retention of 

upwelled water, and relatively low oceanic nutrient input to the intertidal zone as 

nutrients are utilized by phytoplankton at the offshore upwelling front. Invertebrate 

recruitment is high at these sites due to gyre-like development of relatively stationary 

water adjacent to the coast, and productivity is high, as indicated by high chlorophyll a 

concentrations (Menge 2000, Leslie et al. 2005, Barth et al. 2007). Sessile 

invertebrates (i.e., barnacles, mussels) are typically the dominant space holding 

species at Cape Perpetua (Menge and Hacker unpublished data). We investigated the 

interaction between Phyllospadix scouleri Hook. and macroinvertebrate residents two 

sites: Fogarty Creek (FC) on Cape Foulweather and Strawberry Hill (SH) on Cape 

Perpetua, which are similar in general topography and wave exposure. Although three 

Phyllospadix congeners occur on the Oregon coast (Dennis and Halse 2008), P. 
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scouleri was chosen for this study as it is most abundant in the lower intertidal at both 

capes (Moulton and Hacker in preparation).  

We hypothesize that the interaction between the surfgrass and resident 

macroinvertebrates is two-directional and possibly mutualistic (Fig. 3.1A). 

Phyllospadix leaves and rhizomes provide macroinvertebrates with a protective habitat 

in the high wave energy lower intertidal zone, as well as accreted sediment on 

otherwise rocky substrate. This sediment provides habitat substrate for microalgal 

blooms, which in turn provide food supply for multiple groups of infaunal resident 

invertebrates (Naylor 1955, Giangrande et al. 2002). Macroinvertebrate excretion of 

nitrogenous wastes, grazing upon fouling algae, and turnover of sediment are 

examples of ways in which residents may return positive benefits to Phyllospadix. 

Acquisition of nitrogen by Phyllospadix occurs primarily at the leaves (Terrados and 

Williams 1997), and so the presence of an abundant epifaunal resident community 

(Moulton and Hacker in preparation) may provide nitrogen in a form readily 

assimilated by Phyllospadix. Bertness and Callaway (1994) predicted that positive 

interactions such as the ones suggest here are more apparent under stressful 

conditions. Where retention of upwelled waters on the coastal shelf is high, as occurs 

at Cape Perpetua, oceanic nutrient input to the intertidal zone should be low and 

invertebrate recruitment high. Here we hypothesize that the influence of 

macroinvertebrates on Phyllospadix is relatively important as excretion by 

macroinvertebrates may ameliorate nutrient-limitation stress (e.g., Bracken 2004), 

leading to increased Phyllospadix productivity (Fig. 3.1B). Where upwelled waters are 
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less retained on the coastal shelf, as occurs at Cape Foulweather, oceanic nutrient 

input to the intertidal should be high and invertebrate recruitment low. Here, we 

expected the influence of macroinvertebrates on Phyllospadix to be relatively 

unimportant, as Phyllospadix may not experience nutrient limitation and the small 

amount of additional nutrient input excreted by macroinvertebrates would not further 

influence plant productivity (Fig. 3.1C). To test these hypotheses, we considered (1) 

the effect of Phyllospadix scouleri on macroinvertebrate abundance and species 

richness, and (2) the effect of macroinvertebrates on the growth of Phyllospadix 

scouleri. In a comparative-experimental approach (e.g., Menge et al. 1994), we 

measured these effects under different oceanographic upwelling conditions at Cape 

Foulweather and Cape Perpetua along the Oregon coast.  

 

MATERIALS AND METHODS 

We conducted a manipulative field experiment at the two sites during summer 

2009.  As summarized elsewhere (e.g., Menge 1992, 2000), Fogarty Creek, a site on 

Cape Foulweather (ca. 44˚50’ N, 124˚4’ W; near Depoe Bay, OR), is dominated by 

macroalgae and seagrass. Strawberry Hill, a site on Cape Perpetua (ca. 44˚15’ N, 

124˚7’ W; near Yachats, OR), is dominated by sessile invertebrates.  

Replicate sets of polyvinyl chloride (PVC) frames (20 cm x 20 cm square 

pieces of Schedule 80 PVC each with a 12 cm x 12 cm square central opening) were 

installed into Phyllospadix scouleri beds at tidal height of ca. 0 m mean lower low 

water at each site with stainless steel lag screws. Frames surrounded 10 cm x 10 cm 
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grass patches, and plastic mesh with 1.3 cm openings was overlaid over the top of 

each patch. Blades of surfgrass were pulled through the mesh using 5.5 mm aluminum 

crochet hooks. Rectangular PVC bars and stainless steel wing nuts were overlaid on 

all four edges of the PVC frames above the plastic mesh to securely reattach surfgrass 

patches to the rocky substrate (Fig. 3.2).   

Five replicate blocks of four treatment plots were installed at each site. Four 

treatments were applied per replicate (one treatment haphazardly assigned to each 

plot). In the control treatment (C), rhizomes were left attached to substrate and 

accreted sediment and invertebrate community were left intact. In the rhizome 

detachment treatment (R), rhizomes were periodically cut from the substrate, 

preventing reattachment. In this treatment, accreted sediment and invertebrate 

community were left intact except for small amounts of sediment and few individuals 

dislodged by rhizome detachment. In the invertebrate removal treatment (RI), 

rhizomes were cut from the substrate and all invertebrates present as infauna or at 

blade bases were removed and collected. Invertebrate removal was performed using a 

30 sec freshwater submersion and then manual removal of invertebrates visible on any 

surface of the rhizome mat. In the invertebrate removal with nutrient fertilization 

(RIN), rhizomes were cut from substrate and invertebrates were removed periodically 

as described above. In addition, 250 g of Osmocote ® 14-14-14 fertilizer (slow-release 

N-P-K) was added to double-layer tulle sacks and placed below the rhizome mat 

before reattachment. All treatments were applied on ‘minus tide’ series, approximately 

every 14 days between 24 May 2009 and 20 August 2009 (24-28 May, 7-9 June, 23-25 
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June, 6-8 July, 22-25 July 2009). All collected macroinvertebrates from periodic 

removal treatments were preserved in 70% ethanol for storage.  

Plots were disassembled on 19 and 20 August 2009. Of the 44 plots installed, 

one was lost in the field prior to final removal so is not quantified here. To measure 

final macroinvertebrate community composition, seagrass architecture, and accreted 

sediment within plots, we processed plots individually in the laboratory. Each plot was 

rinsed into nested stainless steel sieves with mesh sizes 63 µm, 125 µm, 710 µm, and 

2 mm. Sediment was loosened from among rhizomes with a continuous flow of tap 

water and manual agitation. Macroscopic invertebrates were removed from blades and 

among rhizomes and placed into 70% EtOH for storage. All macroinvertebrates were 

counted and identified to the lowest practical taxonomic group. In some cases, 

identification to species level was not feasible. For example, “amphipods” refers to a 

set of multiple species of gammaridean amphipods. Sediment collected on all size-

class sieves between 63 µm and 2 mm, the geological grain size range for ‘sand,’ was 

combined, dried to constant mass at 70º C (ca. 48 h), and weighed. For each plot, we 

recorded overall patch height (mean length in cm of two longest blades), tiller density 

(total number of tillers 100 cm-2 plot), number of reproductive tillers (inflorescences), 

and average sheath length (mean taken from all measureable sheaths). Photosynthetic 

Phyllospadix material (blades, sheaths, inflorescences) and rhizome/rootlet material 

were separated at the sheath bases and dried separately to constant mass at 70º C (ca. 

48 h).  
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At experimental takedown, all Phyllospadix sheaths (length measured as 

distance between rhizome and base of blades) from all treatment plots were measured 

and averaged by treatment at each site. Seagrass leaf growth is a difficult parameter to 

measure effectively, and many commonly employed methods are destructive to plants 

and require multiple measurements within a growth period. Sheath length 

measurement is a simple, non-destructive method that allows reliable comparison of 

relative growth of plants at a single location (Gaeckle et al. 2006). 

We performed two-factor fixed effects analysis of variance (ANOVA) to 

investigate the effect of site and treatment, and their possible interactions, on the 

abundance and richness of macroinvertebrates within Phyllospadix plots. In an effort 

to simplify the statistics, and given the results from the statistics above, we conducted 

one factor fixed effects ANOVAs to investigate the effect of time on 

macroinvertebrate taxon abundance and richness on each site separately. Fisher’s F-

Protected Least Significant Difference (LSD) tests were conducted on significant 

factors, unless interactions were found, in which case one factor ANOVAs and 

Fisher’s F-Protected LSD comparisons were conducted between levels of each factor 

(Underwood 1997).  

To assess treatment effectiveness over time, we used a three factor fixed 

effects ANOVA to investigate influence of the factors ‘treatment,’ ‘site,’ and ‘removal 

date’ on both abundance and taxon richness of macroinvertebrates collected from 

removal treatment plots in comparison to adjacent observational (unmanipulated) 

survey plots (Moulton and Hacker in preparation). If no significant interactions were 
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identified, explanatory factors determined to be significantly influential were pursued 

with post hoc analysis (Fisher’s F-Protected LSD) to determine more specific patterns 

in dependent variable responses among treatments, between sites, and across removal 

dates during summer 2009. Furthermore, to determine whether experimental ‘removal’ 

plots were actually representative of a macroinvertebrate community less abundant 

than natural conditions, we compared the abundance of macroinvertebrates removed 

from experimental removal plots to survey plots via two-sample t-test. The 

‘observational’ plots used for comparison were taken from natural surfgrass beds 

located adjacent to experimental treatment plots and were sampled simultaneously 

with the experimental plots during summer 2009 (see Moulton and Hacker in 

preparation). Preliminary F-tests for the equality of variances between abundance from 

summer 2009 (June, July, August) survey and removal plots at Fogarty Creek and 

Strawberry Hill separately were conducted to determine variance equality of compared 

groups. Appropriate t-tests were selected depending on whether variances were equal 

or unequal.   

To consider macroinvertebrate community composition between the study sites 

and treatment groups, we also performed multivariate analyses using PC-ORD 6.158 

beta (McCune and Mefford 2010). Lumping all plot data into a single species matrix 

and single environmental matrix resulted in a sample size of 43 plots with 28 taxa 

present contained log-transformed (log (x + 1)) counts of individual 

macroinvertebrates (as well as two uncommon vertebrate fish taxa) within a plot after 

approximately 12 weeks of treatment. The environmental matrix contained 
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measurements of habitat and experimental design variables to provide context for 

communities.   

Non-metric multidimensional scaling (hereafter NMS) (Kruskal 1964) was 

used with PC-ORD ‘autopilot’ settings on ‘medium thoroughness’ and Sørensen 

distance measure to ordinate experimental plots in macroinvertebrate taxon space. 

Ordinations were plotted as sample units (experimental plots) in macroinvertebrate 

taxon space using a joint plot to demonstrate any strong relationship between 

environmental variables and ordination scores. Following ordination, multi-response 

permutation procedures (MRPP) were performed to test the null hypothesis of no 

difference in macroinvertebrate community structure between 1) the two sites within 

the full data set, and then 2) each of these sites separately at for the four experimental 

treatments, C, R, RI, and RIN. 

For the four most abundant macroinvertebrate groups (together representing 

ca. 92% of total abundance), we performed two-factor fixed effects ANOVAs to 

investigate the effect of site and treatment, and their possible interactions, on the 

abundance of these groups within Phyllospadix. In an effort to simplify the statistics, 

and given the results from the statistics above, we conducted one factor fixed effects 

ANOVAs to investigate the effect of time on macroinvertebrate taxon abundance on 

each site separately. Fisher’s F-Protected LSD tests were conducted on significant 

factors, unless interactions were found, in which case one factor ANOVAs and 

Fisher’s F-Protected LSD comparisons were conducted between levels of each factor 

(Underwood 1997). 
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We performed an analysis on the macroinvertebrate functional groups found 

within Phyllospadix plots at each site at the conclusion of the experiment. Taxa were 

categorized by the following characteristics: location within the surfgrass meadow 

(infauna vs. epifauna), feeding strategy (deposit feeder, suspension feeder, scavenger, 

predator, and grazer), and diet (herbivore, omnivore, and carnivore) (Appendix Table 

3.A) (Lamb and Hanby 2005). To simplify the statistics, we compared the proportion 

of organisms within each category for each kind of functional group between the two 

sites (but not each treatment) using paired Student t-tests. We initially conducted a 

series of F tests to determine whether variance was equal or unequal for each 

comparison, and then appropriate t-tests were chosen for comparison of categories 

based on these tests for variance equality. 

Finally, we applied two-factor fixed effects ANOVA to investigate influence 

of the factors ‘treatment’ and ‘site’ on Phyllospadix morphological features, and 

sediment accretion. Explanatory factors determined to be significantly influential via 

two-way ANOVA were pursued with post hoc analysis to determine more specific 

patterns in dependent variable responses between sites and among treatments. Fisher’s 

F-Protected Least Significant Difference (LSD) test was used for these analyses. 

 

RESULTS 

Macroinvertebrate community structure between sites and among treatments 

Abundance of macroinvertebrates in removal treatments  (RI, RIN) averaged 

across all removal dates (May to August 2009) varied by site, but not by treatment 
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(Fig. 3.3A; two-way ANOVA: site F1, 121 = 23.3, p < 0.0001; treatment F1, 121 = 2.5, p 

= 0.1; site x treatment F1, 121 = 0.4, p = 0.5). Macroinvertebrates were ca. 3 times as 

abundant at Strawberry Hill than at Fogarty Creek. Mean taxon richness in cumulative 

collections did not vary by site or treatment (Fig. 3.3B; two-way ANOVA: site F1, 121 

= 1.9, p = 0.2; treatment F1, 121 = 0.7, p = 0.4; site x treatment F1, 121 = 0.04, p = 0.9). 

Overall abundance of macroinvertebrates removed from RI and RIN plots varied over 

time at Fogarty Creek and at Strawberry Hill (Fig. 3.3A; one-way ANOVAs: FC time 

F5, 60 = 8.3, p < 0.0001; SH time F5, 53 = 12.4, p < 0.0001).  Similarly, overall taxon 

richness removed from RI and RIN plots also varied over time at both sites (Fig. 3.3B; 

one-way ANOVA: FC time F5, 60 = 31.4, p < 0.0001; SH time F5, 53 = 32.5, p < 

0.0001).  

Treatment effectiveness was examined in part via comparison of 

macroinvertebrates removed from removal treatment plots (RI and RIN) and adjacent 

observational plots (Moulton and Hacker in preparation) through time (June, July and 

August 2009). Total abundance of macroinvertebrates removed varied by site and 

month, but not treatment, and there were no interactions (three-way ANOVA; site F1, 

77 = 55.28, p < 0.0001; removal month F2, 77 = 12.43, p < 0.0001; treatment F2, 52 = 

1.69, p = 0.19; site x month F2, 77 = 1.47, p = 0.24; site x treatment F2, 77 = 0.32, p = 

0.72; month x treatment F4, 77  = 1.87, p = 0.12; site x month x treatment F4, 77 = 0.52, p 

= 0.72). The difference between sampled months was driven by August abundances, 

which overall were more than twice as high as in June or July. Disassembly of 

experimental plots in August 2009 involved more thorough macroinvertebrate removal 
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procedures, as all parts of belowground and aboveground plant structures could be 

separated in the lab. This at least partially explains the significant elevation in 

abundance at the end of the summer, but some of this elevation is tied to seasonal 

patterns in abundance of dominant macroinvertebrates. Overall, more than 3.33 times 

as many invertebrates were removed from Strawberry Hill plots than from Fogarty 

Creek (Fisher’s F-protected LSD p < 0.0001).  

At experimental takedown (19-20 August 2009), mean abundance (plot-1, 

including all treatments: C, R, RI, RIN) of macroinvertebrates varied by site, but they 

did not by treatment (two-way ANOVA: site F1, 35 = 34.5, p < 0.0001; treatment F3, 35 

= 2.7, p = 0.06; site x treatment F3, 35 = 1.5, p = 0.2). When considering all treatment 

plots at takedown only, there were ca. 4 times as many macroinvertebrates per plot at 

Strawberry Hill than at Fogarty Creek. Mean taxon richness did not vary by site or 

treatment (site F1, 35 = 1.65, p = 0.2; treatment F3, 35 = 2.8, p = 0.06; site x treatment F3, 

35 = 0.2, p = 0.9). 

Using multivariate analysis, we found that taxon composition of 

macroinvertebrates at experiment takedown differed between Fogarty Creek and 

Strawberry Hill plots (MRPP, log-transformed abundance data, Sørensen (Bray-

Curtis) distance measure, A = 0.164, p << 0.0001, Appendix Fig. 3.A). We also found 

that at Fogarty Creek, macroinvertebrate community composition varied among 

treatments (MRPP, FC log-transformed abundance data, Sørensen (Bray-Curtis) 

distance measure, A = 0.046, p = 0.014). At Strawberry Hill, however, there was no 

evidence that macroinvertebrate community composition varied among treatment 
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groups (MRPP, SH log-transformed macroinvertebrate abundance data, Sørensen 

(Bray-Curtis) distance measure, A = 0.024, p = 0.186). 

The cumulative macroinvertebrate assemblage collected from Phyllospadix 

plots at Fogarty Creek and Strawberry Hill at each removal date and at experimental 

takedown was made up of 22,754 individuals. Of these, 17,607 (77.4%) came from 

Strawberry Hill and just 5,147 (22.6%) came from Fogarty Creek. The cumulative 

assemblage was dominated by four taxa, which together made up 92.3% of total 

abundance: gammaridean amphipods (13,356 individuals), the isopod Idotea 

wosnesenskii Brandt (6,326 individuals), sabellid worms (712 individuals), and 

juvenile mussels Mytilus sp. (610 individuals), and none of these four groups occurred 

equally at the two sites. 

 For all four of these dominant macroinvertebrate taxa, cumulative abundance 

over the duration of the experiment varied by site and by treatment, and in two cases 

there was an interaction between the two factors (two-way ANOVA in all cases: 

amphipods: treatment x site F3, 139  = 9.7, p < 0.0001; Idotea wosnesenskii: treatment x 

site F3, 139  = 3.6, p = 0.01; Sabellid worms: site F1, 139 = 17.3, p < 0.0001; treatment F3, 

139 = 7.4, p < 0.0001; treatment x site F3, 139  = 1.9, p = 0.1; Mytilus sp.: site F1, 139 = 

6.6, p = 0.01; treatment F3, 139 = 2.9, p = 0.04; treatment x site F3, 139  = 1.7, p = 0.2). In 

all cases except for sabellid worms, abundance was higher at Strawberry Hill than at 

Fogarty Creek (amphipods were almost four times as abundant, I. wosnesenskii was 

about seventeen times as abundant, and juvenile Mytilus sp. was seven times as 

abundant at Strawberry Hill). Sabellid worms were ca. 4.5 times more abundant at 
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Fogarty Creek. Due to significant interactions between site and treatment for 

amphipods and I. wosnesenskii, and to gain clearer insight into changes, we analyzed 

these data separately.  Both amphipod and I. wosnesenskii abundance varied by 

treatment at Strawberry Hill but not at Fogarty Creek (one-way ANOVAs in all cases: 

amphipods: FC treatment F3, 74  = 1.0, p = 0.4; SH treatment F3, 65 = 12.5, p < 0.0001; 

I. wosnesenskii: FC treatment F3, 74  = 0.9, p = 0.5; SH treatment F3, 65 = 3.5, p = 0.02). 

At Strawberry Hill, mean amphipod and I. wosnesenskii abundance were highest in 

‘R’ plots, where rhizomes were detached from substrate but the macroinvertebrate 

community was not directly manipulated (Fisher’s F-Protected LSD p < 0.05).  

 All four dominant macroinvertebrate taxa removed from macroinvertebrate 

removal plots RI and RIN varied over time at Strawberry Hill, and all but I. 

wosnesenskii varied over time at Fogarty Creek (Fig. 3.5A; one way ANOVAs:  

amphipods: FC F5, 72  = 4.1, p = 0.002; SH F5, 63 = 0.9, p < 0.0001; Fig. 3.4B I. 

wosnesenskii: FC F5, 72  = 1.9, p = 0.1; SH F5, 63 = 6.1, p < 0.0001; Fig. 3.5C sabellid 

worms: FC F5, 72  = 13.0, p < 0.0001; SH F5, 63 = 5.3, p = 0.01; Fig. 3.5D Mytilus sp.: 

FC F5, 72  = 3.6, p = 0.006; SH F5, 63 = 3.1, p = 0.01). 

 At experiment takedown, abundance of all four dominant macroinvertebrates 

varied by site but not by treatment, and there were no interactions (Fig. 3.6A 

amphipods: site F1, 35 = 25.2, p < 0.0001; treatment F3, 35 = 2.0, p = 0.1; treatment x 

site F3, 35  = 2.3, p = 0.1; Fig. 3.6B I. wosnesenskii: site F1, 35 = 21.4, p < 0.0001; 

treatment F3, 35 = 2.1, p = 0.1; treatment x site F3, 35  = 1.4, p = 0.2; Fig. 3.6C Sabellid 

worms: site F1, 35 = 13.5, p = 0.0008; treatment F3, 35 = 0.2, p = 0.9; treatment x site F3, 
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35  = 0.5, p = 0.7; Fig. 3.6D Mytilus sp.: site F1, 35 = 6.8, p = 0.01; treatment F3, 35 = 1.1, 

p = 0.3; treatment x site F3, 35  = 1.1, p = 0.4). Amphipods, I. wosnesenskii, and 

juvenile Mytilus sp. were all more abundant at Strawberry Hill than at Fogarty Creek 

(ca. 3.8, 15.4, and 9.0 fold, respectively), and sabellid worms were ca. 4.2 fold more 

abundant at Fogarty Creek than Strawberry Hill. 

Macroinvertebrate functional group differences between sites 

Habitat usage by macroinvertebrates varied between sites. There were 

proportionally more epifauna in the macroinvertebrate community collected at 

experiment takedown at Strawberry Hill than at Fogarty Creek (t27 unequal variance = 

-4.05, p = 0.0002), and the opposite was true for infauna. The feeding strategies of 

macroinvertebrates also varied between sites, but not in all cases. There were 

proportionally more scavengers (t29 unequal variance = -4.19, p = 0.0001) at 

Strawberry Hill, proportionally more suspension feeders (t28 unequal variance = 4.24, 

p = 0.0002) and predators (t25 unequal variance = 2.83, p = 0.009) at Fogarty Creek, 

and the same proportion of deposit feeders (t38 unequal variance = 0.74, p = 0.5) and 

grazers (t41 equal variance = -0.6, p = 0.5) at both sites. 

Surfgrass morphology and sediment accretion between sites and among treatments 

 When final conditions from experimental plots were measured at experiment 

takedown, the Phyllospadix factors tiller density, tiller length, aboveground biomass 

(leaf), and belowground (rhizome) biomass did not differ by either treatment or site 

(Table 3.1; two-way ANOVA; treatment, site, treatment x site p > 0.1). Accreted sand 

did vary by treatment but not by site, and there was no interaction (Table 1; two-way 
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ANOVA; treatment F3, 35 = 3.5, p = 0.026; site F1, 35 = 0.67, p = 0.42; treatment x site 

F3, 35  = 0.09, p = 0.96). When compared to other treatments, dry mass of accreted sand 

was about twice as high in control plots (Fisher’s F-protected LSD p < 0.05). Control 

plots were those that underwent no additional manipulation post-installation.  

 Final sheath lengths within experimental plots varied by both site and 

treatment, and there was no interaction between these factors (Fig. 3.7; two-way 

ANOVA; site F1, 1819 = 3.85, p = 0.05; treatment F3, 1819 = 8.21, p < 0.0001; site x 

treatment F3, 1819  = 1.74, p = 0.16). When compared to other treatments, mean sheath 

length in ‘RI’ plots was 8-12 % shorter than sheaths in other treatments (Fisher’s F-

Protected LSD p < 0.05). Mean sheath length for all plots combined at Strawberry Hill 

was slightly longer than at Fogarty Creek. 

 

DISCUSSION 

In this study, we explicitly investigated both sides of a predicted interaction 

between the foundation species Phyllospadix scouleri (surfgrass) and resident 

macroinvertebrates. This interaction has the potential to be two-directional and 

mutualistic (Fig. 3.1A). We predicted that Phyllospadix structures provide 

macroinvertebrates with habitat substrate, food supply, and attenuation from full-force 

waves. Reciprocally, we predicted that macroinvertebrates could fertilize Phyllospadix 

via excretion of nitrogenous wastes, ameliorate shading by grazing upon fouling algae, 

and oxygenate sediment via turnover. We expected an asymmetry between influence 

of macroinvertebrates upon Phyllospadix and of Phyllospadix upon 
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macroinvertebrates at different sites according to differences in regional 

oceanographic conditions. Positive interactions may be more apparent under 

physically stressful conditions (Bertness and Callaway 1994), and so we expected that 

the positive influence of macroinvertebrates upon Phyllospadix would be more 

apparent at sites with potential nutrient limitation and shading via phytoplankton 

blooms, which are presumed to be key stresses to Phyllospadix. 

Importance of regional processes in macroinvertebrate community structure 

The influence of Phyllospadix upon macroinvertebrate communities was the 

same between the two study sites. From the perspective of macroinvertebrate 

residents, the habitat amount provided within the Phyllospadix bed (i.e., tillers and 

rhizomes) at Fogarty Creek and Strawberry Hill was equal. Of the Phyllospadix 

habitat variables measured at each site at experimental takedown (tiller density, 

rhizome biomass, tiller biomass, tiller length, and mass of sediment accreted by tillers 

and rhizomes), none differed between the two sites (Table 3.1). Cumulative abundance 

of macroinvertebrates collected over the duration of this experiment, however, was 

more than 3 fold higher at Strawberry Hill, located within one particularly productive 

region along the Oregon coast (Cape Perpetua) (Fig. 3.3A), even though the amount of 

surfgrass habitat available was essentially identical and the same number of taxa were 

present at each site. None of the Phyllospadix habitat parameters listed above varied 

by experimental treatment, indicating that Phyllospadix structures were not influenced 

by any manipulations during the timeframe of this experiment (Table 3.1). There was 

significantly more accreted sediment in control plots than other treatments, but this 
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was expected and is likely not strongly influential in these results since the two most 

abundant resident taxa, amphipods and I. wosnesenskii (comprising more than 86% of 

total macroinvertebrates at experimental takedown), are strictly epifaunal. 

Regional differences in macroinvertebrate community structure were also 

documented in multivariate analyses of communities based on similarity in abundance 

and composition of macroinvertebrate communities within plots. When sites were 

analyzed together in a single NMS ordination, an overwhelmingly strong signal for 

site identity made it clear that macroinvertebrate communities varied in both 

composition and abundance between sites (Appendix Fig. 3.A). Evidence for 

treatment effects within each site are less conclusive, indicating that macroinvertebrate 

mobility and subsequent recolonization may have played a major role in structuring 

communities within plots by two weeks post-manipulation. 

The above analyses on seagrass morphology and community composition and 

structure indicate that external forcing, presumably driven by regional oceanography, 

was more influential upon invertebrate recruitment and abundance differences than the 

physical habitat provided by this foundation species. Our results suggest that the 

abundant and diverse assemblage of phytal macroinvertebrates is responding to 

regional differences in the productivity of sites on different capes due to nearshore 

oceanography. Research by Menge and colleagues (Menge et al. 1997a, b, 2004, 2008, 

Connolly et al. 2001, Leslie et al. 2005, Barth et al. 2007, Freidenburg et al. 2007, 

Kavanaugh et al. 2009) have shown that seasonal oceanic upwelling processes are 

critical in structuring sessile invertebrate and macrophytes communities along the 
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Pacific Northwest coast, and many of these same studies have shown increased sessile 

invertebrate recruitment and growth at Cape Perpetua due to high retention of 

upwelled waters on a broad continental shelf.  

Evidence of macroinvertebrate contribution to Phyllospadix productivity 

In this study we used sheath length as a proxy measurement for seagrass 

growth (Gaeckle et al. 2006).  Pooled mean sheath length from experimental treatment 

plots showed site effects, whereby sheaths from surfgrass at Strawberry Hill were 

slightly longer than those at Fogarty Creek. Furthermore, plots within the RI 

treatments at both sites (plots with periodic removal of macroinvertebrates and no 

addition of fertilizer) were significantly shorter than the other treatments at both sites 

(Fig. 3.7). Thus there appears to be a positive influence of macroinvertebrate residents 

upon surfgrass. Moreover, Phyllospadix productivity at a regional scale may be 

enhanced by the difference in abundance of resident macroinvertebrates between sites. 

Abundance of macroinvertebrates at experimental takedown was four fold higher at 

Strawberry Hill than at Fogarty Creek (Fig. 3.4), and, correspondingly sheaths at the 

end of the experiment were longer at Strawberry Hill than at Fogarty Creek. 

Furthermore, a comparison of treatment plots indicates that the effect of 

macroinvertebrates upon Phyllospadix is likely partially that of nutrient enrichment. 

Sheath lengths in the RIN treatment (plots with periodic removal of 

macroinvertebrates along with fertilization), were significantly longer than those 

without fertilizer added, but they did not differ from plots with intact 

macroinvertebrate communities (C, R) (Fig. 3.7). Together, these results suggest that 
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the presence of macroinvertebrates increases the growth of Phyllospadix at both 

Strawberry Hill and Fogarty Creek.  

Although we did see significant differences in Phyllospadix sheath lengths and 

thus productivity between the two sites and among treatments, macroinvertebrate 

removal plots were not completely devoid of faunal residents at all times during the 

experiment. The abundance of macroinvertebrates collected from macroinvertebrate 

removal plots collected twice monthly was not significantly lower from the abundance 

collected from adjacent, unmanipulated observational P. scouleri plots (Moulton and 

Hacker in preparation). This indicates that our methods for removal were effective in 

collecting the majority of abundance naturally present in the Phyllospadix bed at the 

time of removal, but also highlights the mobility of the assemblage of 

macroinvertebrates associated with Phyllospadix at these sites. Our treatments were 

each separated by ca. 14 days, and in all cases we observed nearly complete recovery 

of dominant macroinvertebrate populations (including infaunal worms) (Fig. 3.5). It is 

likely that macroinvertebrate communities were in fact greatly reduced for a period of 

time shorter than two weeks, but we cannot say for sure what that timeline was. 

Therefore our macroinvertebrate removal effects are pulsed here, rather than pressed, 

which is often the case for manipulative studies in the lower intertidal zone that is only 

accessible for a few days each month.  

Conclusions 

In this work, we sought to identify conditionality in a positive interaction over 

different physical contexts. On the first side of the hypothesized interaction, the 
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influence of Phyllospadix upon residents, we saw that while there was a positive effect 

of surfgrass upon resident macroinvertebrates (generally higher growth in plots with 

intact macroinvertebrate communities than those without), this influence was 

unchanged between sites. Our evidence for this conclusion is the fact that the amount 

of physical habitat was identical between sites despite substantial variance in 

macroinvertebrate abundance. Abundance was not correlated with amount of available 

habitat, and this applied to both overall abundance and abundance of each of four 

dominant invertebrates at experimental takedown and through periodic removals. It is 

likely that regional nearshore oceanographic processes rather than direct effects 

conferred by Phyllospadix drove the discrepancy in resident abundance. On the 

alternate side of the interaction, however, there was evidence of a weak 

macroinvertebrate effect upon Phyllospadix. Sheath lengths at Strawberry Hill, the 

macroinvertebrate-dominated site chosen for high retention of upwelled waters, were 

slightly longer than those at Fogarty Creek. Almost four times more 

macroinvertebrates lived on plants at Strawberry Hill compared to Fogarty Creek and 

thus could have increased surfgrass productivity via excretion and grazing upon 

fouling algae. Furthermore, there is evidence of a slight macroinvertebrate-related 

nutrient effect, as observed from a comparison of sheath lengths in different plots at 

experimental takedown.  

The results presented here suggest that the interaction between Phyllospadix 

and its associated resident assemblage is commensalistic, and may be mutualistic at 

both Fogarty Creek and Strawberry Hill. Macroinvertebrates made extensive use of 
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habitat created by the plant, and there was a small nutrient effect of 

macroinvertebrates upon Phyllospadix, which was observed at both study sites. We 

therefore suggest that nutrient availability might be a limiting factor for Phyllospadix 

in the Oregon intertidal zone. The fact that sheath lengths and therefore surfgrass 

productivity were higher at Strawberry Hill than at Fogarty Creek supports our initial 

hypothesis that the influence of an intact macroinvertebrate community upon 

Phyllospadix would be more apparent at the site with high retention of upwelled 

waters, low nutrient delivery to the intertidal, and high invertebrate recruitment (Fig. 

3.1B).  

Although there seems to be a mutualistic relationship between surfgrass and 

macroinvertebrates at both sites, the influence of macroinvertebrates on Phyllospadix 

was stronger at Strawberry Hill than at Fogarty Creek. It is likely that lower nutrient 

conditions at Strawberry Hill (Menge et al. 1997a, Barth et al. 2007) may create 

stressful conditions for primary producers such as Phyllospadix, but the very high 

abundance of macroinvertebrates recruited to the sites could help to alleviate that 

stress at least in part due to nutrient enhancement (e.g., Bracken 2004, Bracken et al. 

2007). Nitrogen acquisition in surfgrass occurs primarily at the leaves (Terrados and 

Williams 1997), and so it follows that high numbers of epifaunal organisms associated 

with Phyllospadix at Strawberry Hill could be providing significantly more nutrient 

enhancement than the infaunal dominated community present at Fogarty Creek. The 

presence of four times more invertebrates overall within the Phyllospadix bed at 

Strawberry Hill than at Fogarty Creek may constitute an unanticipated, important, and 
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indirect way in which the interaction between foundation species and residents may be 

functioning.  

Based on these results, additional experimental manipulations would be logical 

to better identify the importance of each side of the interaction between Phyllospadix 

and resident macroinvertebrates. Artificial seagrass plots (e.g., plastic structures) 

compared to living surfgrass could show the importance of the biological 

characteristics of foundation species structure in creating habitat that were potentially 

not captured here (e.g., see Hacker and Steneck 1990). Manually controlled 

Phyllospadix plot characteristics (e.g., tiller density, length, et c.) could show whether 

physical habitat influences community composition. Finally, it would be important to 

exert more lasting control over the highly motile macroinvertebrate population in 

order to make more conclusive remarks about the effect of an intact macroinvertebrate 

community. True cages would not be feasible, as surfgrass meadows must be free to 

move in heavy surf, but simple biweekly removals as were performed in this 

experiment were ineffective at removing all the macroinvertebrates for the duration of 

the experiment.  

By incorporating the results presented in this paper and maintaining stronger 

control over each side of the predicted interaction, it is likely that future research will 

be able to more firmly assert what we suspect from our findings: that the interaction 

between the foundation species surfgrass and macroinvertebrate faunal residents is a 

strong commensalism in which surfgrass provides residents with important habitat, 
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and that this interaction may edge into a highly asymmetric mutualism that is more 

apparent under physically stressful conditions. 
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FIGURE 3.1. Hypothesized overall positive interactions (A) and conditional positive 
interactions (B & C) between surfgrass, Phyllospadix scouleri, and resident 
macroinvertebrates on the Oregon based on regional variations in ocean upwelling. 
Positive symbol (+) indicates hypothesized positive interaction, and zero (0) indicates 
no predicted influence.
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FIGURE 3.2. Photograph of an experimental plot installed into a Phyllospadix 
scouleri bed. Plots were constructed of Schedule 80 PVC, with external dimensions of 
12 cm x 12 cm and internal dimensions of 10 cm x 10 cm. 1/2” plastic mesh was fitted 
directly over plants to hold detached portions in place on rocky substrate. After 
installation, Phyllospadix plants remained a component of the natural meadow system, 
except that the rhizome mat was isolated from adjacent plant material. 
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FIGURE 3.3. Mean (± SE) A) abundance and B) taxon richness of macroinvertebrates 
collected from Fogarty Creek and Strawberry Hill macroinvertebrate removal plots 
(RI, RIN) over the duration of the experiment and at experiment takedown in late 
August. Asterisks indicate significant difference for either FC or SH at a particular 
time (Fisher’s F-Protected LSD p < 0.05). Sample sizes are as follows: Late May FC n 
= 10, SH n = 10; Early June FC n = 10, SH n = 10; Late June FC n = 12, SH n = 10; 
Early July FC n = 10, SH n = 10; Late July FC n = 12, SH n = 10; Late August FC n = 
12, SH n = 9.  
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FIGURE 3.4. Mean (± SE) A) abundance and B) taxon richness of macroinvertebrates 
collected from all Fogarty Creek and Strawberry Hill plots (C, R, RI, RIN, with 
removal plots lumped together) at experiment takedown (late August). Site differences 
are significant for abundance data (A) but not for richness data (B). No treatment 
differences are significant. Sample sizes are as follows: FC C = 6, R = 6, Removal = 
12; SH C = 5, R = 5, Removal = 9.
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FIGURE 3.5. Mean (± SE) abundance of A) gammaridean amphipods, B) Idotea 
wosnesenskii, C) sabellid worms, and D) Mytilus sp. juveniles collected from Fogarty 
Creek and Strawberry Hill macroinvertebrate removal plots (RI, RIN) over the 
duration of the experiment at experiment takedown in late August. Asterisks indicate 
significant difference for either FC or SH at a particular time (Fisher’s F-Protected 
LSD p < 0.05). Sample sizes are the same as in Fig. 3.3. Note vastly different scales 
on y-axes between A&B and C&D. 
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FIGURE 3.6. Mean (± SE) abundance of A) gammaridean amphipods, B) Idotea 
wosnesenskii, C) sabellid worms, and D) Mytilus sp. juveniles collected from Fogarty 
Creek and Strawberry Hill macroinvertebrate removal plots (RI, RIN; lumped) and 
non-removal plots (C, R) at experiment takedown in late August. For each dominant 
macroinvertebrate species, all differences between sites are significant (2-factor 
ANOVA; p < 0.05), but no differences between treatments are significant (2-factor 
ANOVA; p > 0.05). Sample sizes are the same as in Fig. 3.4. Note vastly different 
scales on y-axes.
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FIGURE 3.7. Mean (± SE) sheath length at experiment takedown (19-20 August 
2009) experimental treatments at Fogarty Creek and Strawberry Hill. Treatment means 
are plotted as separate bars (C = control, R = rhizome detachment, RI = 
macroinvertebrate removal, RIN = macroinvertebrate removal with fertilizer). 
Significant post hoc tests (Fisher’s Protected LSD p < 0.05) are differentiated by 
capital letters for sites and by asterisks for treatment at a single site. Note that the y-
axis begins at 3 cm. Sample sizes (number of measured sheaths) are as follows: FC C 
n = 279, R n = 235, RI n = 266, RIN n = 284; SH C n = 233, R n = 180, RI n = 210, 
RIN n = 140). 
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TABLE 3.1. Mean values (± SE) and statistics (ANOVA, Fisher’s F-Protected LSD) 
for five Phyllospadix plot response variables at two study sites capes (FC = Fogarty 
Creek, SH = Strawberry Hill) for four experimental treatments (C = control, R = 
Rhizome Detachment, RI = Rhizome Detachment + Macroinvertebrate Removal, RIN 
= Rhizome Detachment + Macroinvertebrate Removal + Nutrient Addition) as 
measured at experimental takedown on 19-20 August 2009. Sample sizes are given 
below treatment labels. 
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CHAPTER 4.  
General Conclusion 

 
In this thesis, I have addressed three broad questions pertaining to the 

ecological roles of surfgrass (Phyllospadix spp.) and its associated community of 

macroinvertebrates in the Oregon rocky intertidal zone. My questions were: (1) How 

do congeneric surfgrasses function as foundation species? (2) What is the interaction 

between foundation species surfgrass and resident macroinvertebrates? And (3) How 

do these results vary along an observed gradient in ocean upwelling conditions?  

Overall results indicate that the physical and habitat differences between 

different species of surfgrass have important implications for resident 

macroinvertebrate resident population structure and abundance, but that regional 

differences in ocean upwelling may be more influential than local features provided by 

the grass. Furthermore, my results suggest that macroinvertebrates may play an 

important role in productivity of surfgrass, but this merits further investigation before 

more extensive conclusions may be drawn. 

In Chapter 2, “Congeneric variation in surfgrass habitat: Implications for 

macroinvertebrates along an upwelling gradient on the Oregon coast,” my coauthor 

and I drew two broad conclusions from our findings. First, subtle but significant 

differences in congeneric foundation species can have important implications for 

associated resident species. We found that differences in plant morphology and 

sediment accretion exist between the two surfgrass congeners that change their 

function as foundation species. P. scouleri, characterized by low sediment accretion 

and high biomass of above and belowground plant structures, was highly populated by 
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epifaunal organisms, while high-sediment conditions of P. serrulatus were dominated 

by infauna (particularly one worm species, N. dendritica). Without the knowledge of 

these subtle differences in faunal composition, a whole functional group of deposit 

feeders might be left undetected or the true abundance of epifauna might be under or 

overestimated. The conservation implications of these differences are significant 

because coastal foundation species contribute to so many important ecosystem 

functions and services (Barbier et al. in review). As decisions are made regarding 

shoreline zoning and protection, it will be increasingly important to understand the 

important similarities and differences in the functions of these foundation species, 

particularly congeners.  

Second, we found that regional oceanography was critical to the abundance 

and richness of macroinvertebrates. In this study, the absolute amount of habitat 

provided by these two foundation species was less important to the abundance, and in 

some cases, richness of macroinvertebrate species, than the oceanography and 

corresponding productivity of the region in which they were located. As has been 

shown previously for algal and invertebrate recruitment and community composition, 

Cape Perpetua is a major hotspot for macroinvertebrate diversity (Schoch et al. 2006), 

species interaction strength (Menge et al. 2004, Freidenburg et al. 2007), and 

reproduction (Leslie et al. 2005). A suite of interacting factors, some of which have 

been documented here, drives the occurrence of this diversity and abundance. The 

research reported in this paper emphasizes the functional and scale dependent 

complexity of the relationship between foundation species and their residents. 
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In Chapter 3, “Evidence of a mutualism between surfgrass (Phyllospadix 

scouleri) and resident macroinvertebrates on the central Oregon coast,” we explicitly 

investigated both sides of the hypothesized interaction between the foundation species 

Phyllospadix scouleri (surfgrass) and resident macroinvertebrates. We predicted that 

Phyllospadix structures provide macroinvertebrates with habitat substrate, food 

supply, and attenuation from full-force waves. Reciprocally, we predicted that 

macroinvertebrates could fertilize Phyllospadix via excretion of nitrogenous wastes, 

ameliorate shading by grazing upon fouling algae, and oxygenate sediment via 

turnover. We expected an asymmetry between influence of macroinvertebrates upon 

Phyllospadix and of Phyllospadix upon macroinvertebrates at different sites according 

to differences in regional oceanographic conditions. Positive interactions may be more 

apparent under physically stressful conditions (Bertness and Callaway 1994), and so 

we expected that the positive influence of macroinvertebrates upon Phyllospadix 

would be more apparent at sites with potential nutrient limitation and shading via 

fouling algal blooms, which are presumed to be key stresses to Phyllospadix. 

On the surfgrass  macroinvertebrate side of this interaction, we found that 

although the amount of physical habitat provided by Phyllospadix scouleri at Fogarty 

Creek (Cape Foulweather) and Strawberry Hill (Cape Perpetua) did not differ, the 

abundance of macroinvertebrates utilizing the habitat differed dramatically. Surfgrass 

is a strong facilitator of resident faunal communities via provision of three-

dimensional habitat at both sites. On the macroinvertebrate  surfgrass side of the 

interaction, evidence of mutualistic feedback to the foundation species in the form of 
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nutrient enhancement was present but weak. Phyllospadix productivity at Strawberry 

Hill was slightly higher than at Fogarty Creek.  Further, there is evidence that 

surfgrass growth was less in experimental treatment plots with faunal removals and no 

nutrient fertilizer added as compared to other plots. Phyllospadix productivity at a 

regional scale may be enhanced by the difference in abundance of resident 

macroinvertebrates between sites, and the presence of macroinvertebrates was 

associated with increased Phyllospadix productivity at both Strawberry Hill and 

Fogarty Creek. Furthermore, we were successful in showing some conditionality in 

this observed mutualism – the influence of macroinvertebrates upon Phyllospadix was 

stronger at Strawberry Hill than at Fogarty Creek due to oceanographic conditions 

promoting high abundance of macroinvertebrates. 

Together, these studies provide a detailed description of the community of 

macroinvertebrates associated with Phyllospadix spp. on the Oregon coast, the ways in 

which this community varies seasonally, geographic variation of this community along 

a gradient in oceanic upwelling patterns, and a mechanistic explanation of how 

Phyllospadix, an widely distributed foundation species, interacts with its community 

of resident macroinvertebrates. The findings presented in this thesis will provide 

useful background information for further studies into this under-described system, as 

well as contribute to the growing body of literature demonstrating important regional 

variance in community structure based on oceanographic upwelling conditions. 
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APPENDIX TABLE 2.A. Classification of observed macroinvertebrate taxa into 
ecological functional groups, including location within surfgrass (epifaunal versus 
infaunal), feeding strategy (deposit feeder, grazer, scavenger, suspension feeder, 
predator) and diet (herbivore, carnivore, omnivore).  

Taxon Animal 
Type 

Abundance 
by 

Surfgrass 
Species 

(P. scouleri, 
P. 

serrulatus) 

Abundance by 
Cape 

(Foulweather, 
Perpetua, 
Blanco) 

Habitat 
usage 

Feeding 
Strategy 

Diet 

Amphipods Amphipod 4686, 1429 1138, 2507, 
2470 

Epifauna Grazer Herbivore 

Anemones Cnidarian 60, 62 1, 81, 40 Epifauna Predator Carnivore 

Apodichthys 
flavidus 

Fish 
(vertebrate) 

2, 0 1, 0, 1 Epifauna Predator Carnivore 

Balanus sp. Barnacle 107, 9 17, 45, 54 Epifauna Suspension 
feeder 

Omnivore 

Cancer sp. Crab 1, 0 0, 0, 1 Epifauna Scavenger Omnivore 

Clams Bivalve 29, 2 17, 6, 8 Infauna Suspension 
feeder 

Omnivore 

Cottidae Fish 
(vertebrate) 

1, 0 0, 0, 1 Epifauna Predator Carnivore 

Gnorimosph-
aeroma sp. 

Isopod 61, 2 18, 22, 23 Epifauna Scavenger Omnivore 

Halosydna sp. Worm 84, 20 43, 43, 18 Infauna Predator Carnivore 

Hemigrapsus 
sp. 

Crab 35, 1 22, 1, 13 Epifauna Scavenger Omnivore 

Idotea 
montereyens-

is 

Isopod 48, 23 8, 24, 39 Epifauna Scavenger Omnivore 

Idotea stenops Isopod 423, 245 140, 243, 285 Epifauna Scavenger Omnivore 

Idotea 
wosnesenskii 

Isopod 6455, 9680 162, 15383, 590 Epifauna Scavenger Omnivore 

Leptasterias 
pusilla 

Sea star 15, 0 2, 4, 9 Epifauna Predator Carnivore 

Limpets Snail 16, 20 18, 11, 7 Epifauna Grazer Herbivore 

Lumbrinerid-
ae 

Worm 27, 6 23, 3, 7 Infauna Predator Carnivore 
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Mopalia sp. Chiton 4, 0 2, 1, 1 Epifauna Grazer Herbivore 

Mytilus sp. Bivalve 2386, 56 272, 1255, 915 Epifauna Suspension 
feeder 

Omnivore 

Naineris 
dendritica 

Worm 1706, 5314 641, 5069, 1310 Infauna Deposit 
feeder 

Herbivore 

Nemertea Worm 12, 2 3, 4, 7 Infauna Predator Carnivore 

Nereidae Worm 980, 675 223, 864, 568 Infauna Scavenger Omnivore 

Nereis brandti Worm 102, 18 13, 38, 69 Infauna Deposit 
feeder 

Omnivore 

Nucella sp. Snail 177, 189 296, 16, 54 Epifauna Predator Carnivore 

Oedignathus 
sp. 

Crab 114, 0 29, 24, 61 Infauna Grazer Herbivore 

Pagurus sp. Crab 67, 59 64, 29, 33 Epifauna Scavenger Omnivore 

Petrolisthes 
sp. 

Crab 151, 7 105, 13, 40 Epifauna Grazer Herbivore 

Phascoloso-
ma sp. 

Worm 309, 66 179, 49, 147 Infauna Deposit 
feeder 

Omnivore 

Pisaster 
ochraceus 

Sea star 2, 0 1, 0, 1 Epifauna Predator Carnivore 

Pollicipes sp. Barnacle 12, 12 0, 24, 0 Epifauna Suspension 
feeder 

Omnivore 

Pugettia sp. Crab 221, 12 97, 27, 109 Epifauna Grazer Herbivore 

Sabellidae Worm 1617, 136 937, 273, 543 Infauna Suspension 
feeder 

Omnivore 

Strongyloce-
ntrotus 

purpuratus 

Urchin 1, 0 0, 0, 1 Epifauna Grazer Herbivore 

Styela 
montereyens-

is 

Tunicate 1, 0 0, 0, 1 Epifauna Suspension 
feeder 

Omnivore 

Tegula sp. Snail 222, 247 154, 192, 123 Epifauna Grazer Herbivore 

Unknown 
brittlestar 

Sea star 10, 0 6, 1, 3 Epifauna Scavenger Omnivore 

Unknown sea 
cucumber 

Sea 
cucumber 

8, 37 1, 37, 7 Epifauna Suspension 
feeder 

Omnivore 
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APPENDIX FIGURE 2.A. Nonmetric Multidimensional Scaling (NMS) ordination of 
all survey plots in macroinvertebrate taxon space, showing that communities differ in 
composition. Sørensen distance measure was used, with flexible beta linkage method 
(β = -0.25). Joint plot scaling cutoff r2 level (correlation) is 0.200. The binary variable 
“Phyllospadix” (parallel with Axis 2 in this plot) indicates Phyllospadix scouleri 
(versus P. serrulatus). 
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APPENDIX FIGURE 2.B. NMS ordination of Phyllospadix scouleri (left) and P. 
serrulatus (right) in macroinvertebrate taxon space showing that capes are distinct in 
community structure. Sørensen distance measure was used, with flexible beta linkage 
method (β = -0.25). Joint plot scaling cutoff r2 level (correlation) is 0.200. The binary 
variable “Cape” (parallel with Axis 1 in these plots) indicates Cape Perpetua (versus 
Foulweather, Blanco). 
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APPENDIX TABLE 3.A. Classification of observed macroinvertebrate taxa collected 
from all plots at experiment takedown (19-20 August 2009) into ecological functional 
groups, including location within surfgrass (epifaunal versus infaunal), feeding 
strategy (deposit feeder, grazer, scavenger, suspension feeder, predator) and diet 
(herbivore, carnivore, omnivore). Values in the two right-hand columns are 
abundances from all plots (number 100 cm-2) ± SE for FC (n = 24) and SH (n = 19). 
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APPENDIX FIGURE 3.A. Nonmetric multidimensional scaling (NMS) ordination of 
Fogarty Creek and Strawberry Hill experimental plots in macroinvertebrate taxon 
space, showing that sites differ in community structure. Plotted points are sample units 
(10 cm x 10 cm plots) arranged in log (x + 1) taxon space based on community 
similarity. Sørensen distance measure was used, with flexible beta linkage method (β 
= -0.25). Joint plot scaling cutoff r2 level (correlation) is 0.200. The binary variable 
“FC,” in this case parallel with Axis 1, indicates Fogarty Creek (versus Strawberry 
Hill). 


