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ABSTRACT: Foundation species are important components of ecosystems because they provide habi-
tat and ameliorate stressful conditions for residents. Comparisons of congeneric foundation species
have mostly been limited to comparisons of native and invasive species, with less attention paid to
multiple native species. Surfgrasses (Phyllospadix spp.) are ubiquitous foundation species on the coast
of Oregon, USA, protecting resident invertebrates from waves and providing them with access to
sandy substrate in an otherwise rocky habitat. Two native surfgrass species, P. scouleri and P. serrula-
tus, have superficially similar morphological characteristics and co-occur within the same rocky inter-
tidal zones. We investigated whether these native congeneric species function similarly as foundation
species by comparing the 2 species’ morphology, sediment accretion and associated resident macro-
invertebrates at 3 capes that vary in oceanographic conditions. The results show that although the
macroinvertebrate abundance was the same between surfgrass species, macroinvertebrate species
richness, composition and functional groups varied considerably, with more infauna and deposit feed-
ers found within P. serrulatus. P. serrulatus also had fewer tillers and rhizomes, and lower biomass per
given area, but greater sediment accretion than its congener P. scouleri. One notably strong result was
the difference in macroinvertebrate abundance among capes, with Cape Perpetua having 2.5-3 times
more animals per given area than Capes Foulweather or Blanco. Overall, we conclude that although
the 2 co-occurring surfgrass congeners provided functionally different habitat for resident macro-
invertebrates, regional oceanographic processes (i.e. upwelling and productivity) may be more influ-
ential in determining the overall abundance and productivity of these diverse animal communities.
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INTRODUCTION

Large and structurally complex organisms can pro-
vide important ecosystem functions for associated resi-
dent species, including refuge from predation or ame-
lioration of physically demanding conditions, thus
enhancing diversity and abundance (Bertness & Call-
away 1994, Hacker & 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 spe-
cies 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
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abundance or biomass (Power et al. 1996). In many
cases, foundation species have community-wide ef-
fects via direct and indirect means (see Table 8.2 in
Bruno & 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 & Hacker 1994, Bertness et al. 1999).

In traditional ecological literature, foundation spe-
cies are typically viewed in a general way with little
consideration of their specific functional roles for asso-
ciated species. Jones et al. (1994) used the concept of
‘ecosystem engineers' to exemplify how these founda-
tion species can modify their physical environment.
Despite the recent increase in research on ecosystem
engineers and the functional role of foundation species,
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questions remain about foundation species, especially
those that are closely related taxonomically. For exam-
ple, are their roles general and thus highly redundant,
or does each have specific functions that make them
particularly unique? Given the important role these
species play in maintaining species diversity (Hacker &
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 have primarily
focused on comparisons between native and nonnative
congeners. For example, 2 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 estuar-
ies 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 and blade width (Ruesink
et al. 2010), result in variation in the retention of plank-
tonic larvae and the overall quality of nursery and feed-
ing habitat for commercially important marine species
(Jenkins & Sutherland 1997, Webster et al. 1998). Inter-
specific competition between Zostera spp. congeners
can also lead to habitat-altering structural changes,
including reductions in aboveground Z. marina bio-
mass, potentially altering its effectiveness as a founda-
tion species (Ruesink et al. 2010). This example and
many others in the invasive species literature (e.g.
Trowbridge 1995, Hacker et al. 2011) suggest that
foundation species with similar phylogeny, habitat and
morphology may have very different functional conse-
quences for associated species. Surprisingly, although
the invasive species literature is rich with such native/
non-native congener examples, similar studies compar-
ing native congeners are rare (but see Ellison et al.
2005). Even less common are examples that consider
the role of physical context (e.g. nutrients, sedimenta-
tion, wave action and precipitation) on how native con-
geners function, which has been shown to be impor-
tant for some foundation species (e.g. Hacker &
Dethier 2006, 2009, Hacker et al. 2011).

In this study, we focus on the functional role of native
seagrass congeners, surfgrasses in the genus Phyllo-
spadix 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. 2011). As a result, faunal diver-
sity and abundance are often higher within seagrass
meadows than in adjacent unvegetated areas, particu-
larly sandy substrate (Hemminga & Duarte 2000). How-
ever, the functional role of surfgrasses as habitat has
been poorly studied (but see Stewart & Myers 1980,
Turner & Lucas 1985), despite the observation that
they occupy more space than any other single species
in the Oregon lower rocky intertidal zone (Turner 1985,
Menge et al. 2005). Surfgrasses have several adapta-
tions to withstand heavy surf, including extensive root-
let development, rhizomes with a thick-walled outer
cortical layer, production of adhesive material for bind-
ing to rocky substratum and basal meristematic tissue
in their leaves (Gibbs 1902, Dennis & 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). Surfgrasses flourish in relatively high-energy
environments (Fishlyn & Phillips 1980), and thus pro-
vide an important protective habitat for small macro-
invertebrates that might otherwise be excluded from
these turbulent, high-energy conditions.

Three species of surfgrass occur along the Pacific
Northwest coast of the USA: Phyllospadix serrulatus
Rupr. ex Ascher., P. scouleri Hook., and P. torreyi Wats.
P. torreyi grows in more protected low intertidal to sub-
tidal zones and is almost exclusively subtidal in Ore-
gon except in large tidepools. P. scouleri and P. serrula-
tus 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 inter-
tidal than P. scouleri (Phillips 1979, Dennis & Halse
2008, present study). 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 identi-
cal, but can be distinguished by the number of rootlets
at rhizome internodes (2 groups of 6 to 10 short rootlets
in P. scouleri; exactly 2 longer rootlets in P. serrulatus),
leaf venation (3 veins in P. scouleri; 5 to 7 in P. serrula-
tus) and blade width (1.5 to 4 mm in P. scouleri; 2 to
8.5 mm in P. serrulatus) (Dennis & Halse 2008).

In the present study, we used field surveys to quantify
abundances and morphological differences between the
2 congeners P. scouleri and P. serrulatus, as well as the
community of infaunal and epibiotic macroinvertebrates
associated with the surfgrasses. Because both surfgrass
species occur along the entire coast, where we know that
oceanographic conditions can vary dramatically because
of gradients in ocean upwelling and productivity (Menge
etal. 1997a,b, 2004, Connolly et al. 2001, Freidenburg et
al. 2007), we made our collections at 9 sites nested within
3 capes along this ocean upwelling gradient. This type of
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biogeographic sampling allowed us to consider the func-
tional role of congeners as mediated by oceanographic
context in the macroinvertebrate community. Speci-
fically, we asked 3 questions: (1) Do macroinvertebrate
communities differ between surfgrass congeners P.
scouleri and P. serrulatus? (2) How does oceanic up-
welling modify these communities? (3) What controls the
differences in invertebrate community structure be-
tween surfgrass species and along an ocean upwelling
gradient?

MATERIALS AND METHODS

We surveyed the distribution and abundance of all 3
surfgrass congeners native to Oregon, as well as the
physical structure and associated macroinvertebrate
assemblages of Phyllospadix scouleri and P. serrulatus,
using censuses and collections from 9 sites among 3
capes on the Oregon coast, spanning over 200 km
(Table 1). Distribution and proportional abundance of
all 3 surfgrass species (P. scouleri, P. serrulatus and
P. torreyi) were mapped in July 2010 by walking the
entirety of each study site (at all tide heights) and
counting the number of patches of each species as they
were encountered either on the bench or in tidepools.
A patch was defined as an area of surfgrass with dis-
tinct edges, thus separated from other patches, but
patch area was highly variable (approx. 100 cm? to
1 m?). It was impractical to measure the size of the
patches for this study given the large number. How-
ever, this method allowed us to calculate the relative
proportion of each surfgrass species at each site.

A maximum of 5 samples of surfgrass and associated
macroinvertebrate species and sediment were col-
lected at each site during 8 'minus tide’ series over a
1yr 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 (30 November-2 December 2009, 28-
31 January 2010 and 26 March-1 April 2010). Samples
were selected haphazardly, with an inter-sample dis-
tance of 3 to 10 m, from surfgrass beds at a tidal height
of ca. 0 m mean lower low water at the most wave-
exposed area that was feasibly accessible. For each col-
lection, we removed 100 cm? square plots of a single
surfgrass species, keeping all rhizomes, blades, ac-
creted 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
—20°C prior to processing. Six samples are missing from
the data set: hazardous conditions prevented collection
of any of the 5 planned September 2009 Rocky Point
samples, and one July 2009 Yachats Beach sample was
omitted because of collection technique error. A total
of 354 sample plots were collected over the duration of
this study.

To determine macroinvertebrate community compo-
sition, 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 pm, 125 pm, 710 pm and 2 mm. Sed-
iment was loosened from rhizomes with a continuous
flow of tap water and manual agitation. Macroscopic

Table 1. Proportion (+SE) and statistics (ANOVA, Fisher's F-protected LSD) of 3 surfgrass congeners (Phyllospadix scouleri,
P. serrulatus and P. torreyi) at 3 sites nested within 3 Oregon capes (Cape Foulweather [CF], Cape Perpetua [CP], Cape Blanco

[CB]) measured in July 2010

Cape Site Location P. scouleri P. serrulatus P. torreyi

Foulweather Fogarty Creek 44°50'14.68" N, 124°3'29.94" W 0.85 0 0.15
Boiler Bay 44°49'52.75" N, 124°3'37.20" W 0.71 0 0.29
Manipulation Bay 44°49'45.87" N, 124°3'44.38" W 0.62 0.13 0.25
Overall + SE 0.73 £ 0.07 0.04 + 0.04 0.23 = 0.04

Perpetua Yachats Beach 44°19'6.82" N, 124°6'31.94" W 0.40 0.50 0.10
Strawberry Hill 44°14'59.80" N, 124°6'54.09" W 041 0.53 0.06
Tokatee Kloochman 44°12'23.13" N, 124°6'59.82" W 0.41 0.57 0.03
Overall + SE 0.41 +0.00 0.53 +0.02 0.06 + 0.02

Blanco Cape Blanco North 42°50'24.41" N, 124°33'52.15" W 0.69 0.31 0
Port Orford Head 42°44'23.23" N, 124°30'49.17" W 1.00 0 0
Rocky Point 42°43'10.36"N, 124°28'0.80" W 1.00 0 0
Overall + SE 0.80 £ 0.12 0.20 +£0.12 0

Statistics

F 4.9 7.0 25.4

p 0.05 0.02 0.0006

Post hoc CB=CF>CP CP>CB=CF CF>CP=CB
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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 sam-
ples collected, 352 macroinvertebrate samples were
counted and identified; 2 samples were rendered
uncountable because of errors in preservation that
resulted in their decomposition. Sediment trapped on
size-class sieves between 63 pm and 2 mm, the geo-
logical grain size range for ‘sand’, was combined, dried
to constant mass at 70°C (ca. 48 h) and then weighed.
For each plot, we recorded tiller density and tiller
height (mean length in cm of the 2 longest blades).
Aboveground and belowground biomass were deter-
mined by separating tillers from rhizomes and drying
to constant mass at 70°C (ca. 48 h) and then weighing.
P. scouleri and P. serrulatus blade widths, sampled
in August 2010 by collecting 30 blades of each species
(10 blades from each of 3 haphazardly selected, dis-
continuous patches) from sites on Cape Foulweather
and Cape Perpetua, were measured just above the
sheath.

We used 2-factor fixed effects ANOVA to investigate
the effect of surfgrass species, cape and their possible
interactions on the following response variables: the
relative proportion of each surfgrass species, the total
macroinvertebrates living in surfgrass (abundance and
taxon richness), the 4 most abundant macroinverte-
brate groups (together representing ca. 78 % of total
abundance) (data were log[x+1]-transformed for analy-
sis but plotted using untransformed data), the morpho-
logy of each surfgrass species (tiller density, tiller
length, aboveground biomass and belowground bio-
mass) and sediment accretion around surfgrass rhi-
zomes. Fisher's F-protected least significant difference
(LSD) tests were conducted on significant factors,
unless interactions were found, in which case 1-factor
ANOVAs and Fisher's F-protected LSD comparisons
were conducted between levels of each factor (Under-
wood 1997).

Finally, we performed an analysis on the macroin-
vertebrate functional groups found within the 2 surf-
grass species. Taxa were categorized by the following
characteristics: habitat usage (infauna vs. epifauna),
feeding strategy (deposit feeder, suspension feeder,
scavenger, predator and grazer) and diet (herbivore,
omnivore and carnivore). To simplify the statistics, we
compared the proportion of organisms within each
category for each kind of functional group between
the 2 surfgrass species (but not each cape) using 2-
sample Student's 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 proportion of surigrasses
among capes

Distribution and proportion of the 3 surfgrass con-
geners varied with species and cape (species x cape
F, 51 = 9.8, p < 0.0001; Table 1). Phyllospadix scouleri
was most common at Capes Foulweather and Blanco
(between which abundances of this species did not
differ) and least common at Cape Perpetua (Table 1).
P. serrulatus was most common at Cape Perpetua, then
Cape Blanco, and least common at Cape Foulweather
(Table 1). Finally, P. torreyi was most common at Cape
Foulweather compared with Cape Perpetua; none was
found at Cape Blanco (Table 1).
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Fig. 1. Means (+SE) and statistics (2-way ANOVAs; *p < 0.05,
**p<0.001, ***p < 0.0001) for (a) abundance and (b) taxon rich-
ness of macroinvertebrates inhabiting 2 surfgrass species
(Phyllospadix scouleri and P. serrulatus) across 3 Oregon
capes (Foulweather, Perpetua and Blanco). Significant post
hoc tests (Fisher's F-protected LSD, p < 0.05) are differentiated
by capital letters for capes and by asterisks for surfgrass spe-
cies. Reported statistics are based on log(x+1)-transformed
abundance data, and plots are based on untransformed data.
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. scoulerin = 110, P. serrulatusn =5
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Macroinvertebrate community structure
between surfgrass congeners and
among capes

Table 2. Cumulative abundance of each observed macroinvertebrate
taxon collected within each surfgrass species, Phyllospadix scouleri and

P. serrulatus

The abundance of macroinvertebrates dif- Macroinvertebrate Cumulative Abundance Abundance
fered dramatically by cape but not between taxon abundance in P. scouleri in P. serrulatus
the 2 surfgrass species, and the effect of cape Idotea wosnesenskii 16135 6455 9680
did not vary by species (Fig. 1a). Macroinver- Naineris dendritica 7020 1706 5314
tebrates were 2.5 to 3.0 times more abundant Amphipods 6115 4686 1429
at Cape Perpetua than at either Cape Blanco Mytilus spp. 2442 2386 56
or Cape Foulweather, but did not differ be- IS\Iabe}lcildae }Zgg 12;(7) (1532

. . ereidae

tween the latter 2 capes (Fig. 1a). Macroinver- Idotea stenops 668 423 245
tebrate taxon richness was context depen- Tegula sp. 469 299 047
dent, varying by species and cape (Fig. 1b). Phascolosoma sp. 375 309 66
By surfgrass species, taxon richness in Phyllo- Nucella sp. 366 177 189
spadix serrulatus varied by cape, with Cape Pugettia sp. 233 221 12
Blanco having the highest taxon richness IP; etr OfSthes SPp- Sg 12; 5;
compargd with Fhe other 2 (j,ap.es (Fig. .1b). Aigeilsflzg 129 60 62
Taxon richness in P. scouleri did not differ Nereis brandti 120 102 18
among capes, although taxon richness of Balanus sp. 116 107 9
macroinvertebrates was higher in P. scouleri Oedignathus sp. 114 114 0
compared with P. serrulatus at all capes ex- Halosydna sp. 104 84 20
cept Cape Blanco (where there was no be- Idotea montereyensis 71 48 23
tween-species difference) (Fig. 1b). Gnorimosphaeroma sp. 63 61 2

O . Unknown sea cucumber 45 8 37

To look more specifically at the differences Hemigrapsus sp. 36 35 1
in taxon composition, we calculated the cumu- Limpets 36 16 20
lative abundance of each taxon (36 total). Of Lumbrineridae 33 27 6
the 38 481 individual macroinvertebrate speci- Clams 31 29 2
mens collected in the year-long duration of Pollicipessp. 24 12 12
this survey, approximately 78 % of individuals Leptasterias pusilla 1 15 0

! Nemertea 14 12 2
fell into 4 taxonomic groups: the isopod Idotea Unknown brittlestar 10 10 0
wosnesenskii Brandt (16 135 individuals, ca. Mopalia sp. 4 4 0
40 % of total), the orbinid polychaete Naineris Pisaster ocraceus 2 0
dendritica Kinberg (species formerly included Apodichthys flavidus 2 2 0
with N. laevigata) (7020 individuals, ca. 17 % Cancer sp. , ! ! 0
. . .. Styela montereyensis 1 1 0
of total), gammaridean amphipods (6115 indi- Cottidae 1 1 0
viduals, ca. 15% of total) and the mussel Strongylocentrotus purpuratus 1 1 0
Mytilus spp. (2442 individuals, ca. 6 % of total) Total abundance 38481 20152 18329
(Table 2). Because of their overwhelming dom-

inance, these species were the focus of subse-
quent analyses.

The 4 most abundant macroinvertebrate taxa exhib-
ited different abundance patterns depending on surf-
grass species and cape during the 1 yr observational
study. All 4 taxa varied by both cape and surfgrass spe-
cies and there were no interactions (Fig. 2). The abun-
dance of the isopod Idotea wosnesenskii, a motile epi-
faunal scavenging omnivore, was highest at Cape
Perpetua, and was slightly higher at Cape Blanco than
at Cape Foulweather (Fig. 2a). I. wosnesenskii were
more abundant within Phyllospadix scouleri than
within P. serrulatus (Fig. 2a). Abundance of the orbinid
polychaete Naineris dendritica, a motile infaunal de-
posit-feeding herbivore, was higher at Cape Perpetua
than at the other sampled capes, which did not differ

from each other (Fig. 2b). N. dendritica were far more
abundant in P. serrulatus than in P. scouleri (Fig. 2b).
Abundance of gammaridean amphipods, motile epifau-
nal grazing herbivores, was higher at Cape Perpetua
than at the other sampled capes, which did not differ
from each other (Fig. 2c). Amphipods were more abun-
dant within P. scouleri than within P. serrulatus (Fig. 2c).
Raw abundance of juvenile (<2 cm) Mytilus spp.,
sessile epifaunal suspension-feeding omnivores, was
highest at Cape Perpetua, but this pattern is attribut-
able to one late-summer spike in recruitment at sites in
that region. Using log-transformed data, Mytilus spp.
abundance was highest at Cape Blanco (Fig. 2d) and
greater in P. scouleri than in P. serrulatus (Fig. 2d).
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Macroinvertebrate functional group differences
between surfgrass congeners

The habitat usage by macroinvertebrates varied
between the surfgrass species (Fig. 3a). There were
proportionally more epifauna within Phyllospadix
scouleri than within P. serrulatus (equal variance, ¢ =
2.6, df = 350, p = 0.01) and the opposite was true for

infauna. The feeding strategies of macroinvertebrates
also varied between surfgrass species (Fig. 3b). There
were proportionally more suspension feeders (animals
that feed by straining suspended particles from water)
(unequal variance, t = 12.3, df = 334, p < 0.0001) and
grazers (animals that feed by ingesting plants and
other multicellular autotrophs) (unequal variance, ¢ =
8.6, df = 278, p < 0.0001) within P. scouleri and propor-

b
1.0 1.0 1
Olnfauna OPredators
0.8 0.8 1
M Epifauna O Deposit
0.6 064 feeders
O Suspension
0.4 0.4 feeders
B Scavangers
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Surfgrass species Surfgrass species
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’ dances of macroinvertebrates cat-
egorized by ecological functional
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Phyllospadix scouleri and P. ser-
0.2 rulatus. Groupings are (a) habitat
usage, (b) feeding strategy and
0.0 (c) diet. Total number of samples

P. scouleri P. serrulatus
Surfgrass species

was 352 (P. scouleri n 248,

P. serrulatus n = 104)

tionally more deposit feeders (animals
that feed on detritus that collects on or
in benthos) (unequal variance, t=-7.1,
df = 154, p < 0.0001), scavengers (ani-
mals that consume animal tissue not
eaten by a predator) (unequal variance,
t=-3.9, df = 153, p < 0.0001) and pre-
dators (animals that feed on organisms
that they attack and wusually kill)
(unequal variance, t = -1.9, df = 119,
p = 0.03) within P. serrulatus. Finally,
the diet types among macroinverte-
brates varied between surfgrass spe-
cies in some cases (Fig. 3c). There
were proportionally more omnivores
(animals that consume both plants and
animals as primary food source) in
P. scouleri (equal variance, t= 3.3, df =
350, p = 0.001), more herbivores (ani-
mals that consume plant or algal tis-
sue) in P. serrulatus (equal variance, t=
-2.4,df =350, p = 0.02) and statistically
the same proportion of carnivores (ani-
mals that consume animal tissue) in
both habitats (unequal variance, t =
-1.8, df = 140, p = 0.07).
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Surigrass morphology between congeners and
among capes

We found that many surfgrass morphological fea-
tures and associated accreted sediment varied by surf-
grass species and cape (Fig. 4). Phyllospadix scouleri
and P. serrulatus differed either as main effects or
through interactions with cape in several measures:
tiller density, tiller length, tiller biomass and rhizome
biomass (Fig. 4). In all cases, P. scouleri had higher val-
ues compared with P. serrulatus at all capes, except for
tiller density and rhizome biomass, which did not differ
between the 2 species at Cape Blanco only (Fig. 4a,c).
In addition, for P. serrulatus, tiller density and rhizome
biomass were higher at Cape Blanco compared with
the other 2 capes (Fig. 4a,d). Morphological measures
of P. scouleri did not differ among capes. Moreover, the
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sediment accreted by surfgrass rhizomes varied by spe-
cies and cape (Fig. 4e). P. serrulatus had roughly 2.3
times more sediment than P. scouleri (Fig. 4e), but this
depended on cape, with Cape Blanco showing no dif-
ference in accreted sediment between both species
(Fig. 4e). Finally, at Capes Foulweather and Perpetua,
P. serrulatus blades were wider than P. scouleri blades,
and this did not vary by cape (Fig. 4f).

DISCUSSION

Large and complex foundation species commonly
create significant amounts of benthic marine habitat
(Orth 1977, Witman 1985, Zimmerman et al. 1989).
Because of their ubiquity, these foundation species
indirectly facilitate the establishment and persistence
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Fig. 4. Means (+ SE) and statistics (2-way ANOVAs; *p <0.05, **p <0.001, ***p < 0.0001) for (a) tiller density, (b) tiller length, (c) tiller

biomass, (d) rhizome biomass, (e) sediment and (f) tiller widths for different surfgrass species (Phyllospadix scouleri and P. serrula-

tus) across Oregon capes (Foulweather, Perpetua and Blanco). Significant post hoc tests (Fisher's F-protected LSD, p < 0.05) are
differentiated by capital letters for capes and by asterisks for surfgrass species. Sample sizes are the same as in Fig. 1
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of associated resident populations via creation of spa-
tial refuge from environmental stress, protection from
predation, enhancement of local propagule supply,
entrapment, and retention and supply of food and
other necessary resources (Bruno & Bertness 2001). In
the present study, we showed that 2 outwardly similar
congeneric surfgrass species, which co-occur at many
Oregon sites, varied significantly in terms of their func-
tion as habitat for resident species. In particular, we
found that resident macroinvertebrate species and
functional groups differed between the 2 surfgrass spe-
cies, Phyllospadix scouleri and P. serrulatus, despite
similarities in macroinvertebrate abundance (Figs. 1 to
3, Table 2). In addition, we discovered that the abun-
dance of macroinvertebrates was 2.5- to 3-fold higher
for the same amount of habitat sampled at one particu-
larly productive region along the Oregon coast (Cape
Perpetua) (Figs. 1a, 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 among capes.

Functional differences in the 2 surfgrass congeners

We explored the functional reasons why these simi-
lar foundation species might harbor different species
by comparing the macroinvertebrate species and func-
tional groups within these habitats with the morpho-
logical differences of the grasses themselves. Two
basic patterns were found.

First, Phyllospadix scouleri, which has greater tiller
biomass and density (per 100 cm?) but thinner blades
compared with P. serrulatus (Fig. 4a,c,f), seems to pro-
vide a better habitat for epifaunal species, especially
grazing and suspension-feeding species such as
amphipods, isopods and juvenile mussels (Fig. 3). Al-
though there was no difference in the numbers of the
isopod Idotea wosnesenskii in either habitat (Fig. 2a),
there were more amphipods in P. scouleri (Fig. 2c), sug-
gesting that it provided a better habitat in which to
cling. Gammaridean amphipods have been shown to
be particularly sensitive to habitat architecture, espe-
cially algal branch number and width, possibly be-
cause of their dorsal-ventral elongated body plan
(Hacker & Steneck 1990). This may be less important
for isopods, which are more flattened in the dorsal-
ventral plane and thus potentially could cling to a
wider variety of branch widths.

Second, even though the rhizomes of Phyllospadix
scouleri were found to have larger biomass per
100 cm? (in most cases) than P. serrulatus (Fig. 4d),
they accreted much less sand than those of their con-
gener (Fig. 4e), suggesting that the amount of intersti-

tial space between the rhizomes could be an impor-
tant functional difference between these surfgrasses,
although we did not explicitly quantify this value.
Deposit-feeding and scavenging infaunal species
(mostly worms) were much more abundant in P. serru-
latus than in P. scouleri (Fig. 3b). This is unsurprising,
as these species require burrowing substrate and uni-
cellular benthic organisms as food supply. One partic-
ularly abundant species, Naineris dendritica, is com-
monly 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, present study). Naineris worms are ‘conveyor-
belt' deposit feeders, in that they rework surrounding
sediment, removing particulate organic matter, parti-
cularly 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 burrow (Giangrande & Petraroli 1991).
Although the relatively low rhizome biomass and cor-
responding thick sediment associated with P. serrula-
tus potentially provides ideal habitat for burrowing
worms such as Naineris, P. scouleri rhizomes seem
to be a more suitable settling substrate for juvenile
Mytilus spp. (Fig. 2d), 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 dif-
ferences exist between the 2 surfgrass congeners that
provide different kinds of habitat for phytal macro-
invertebrates. However, we found that these animals
also responded to regional-scale differences, with
many more individuals present for a given 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 2 other capes (Figs. 1a & 2). These results,
along with the strong differences in oceanography
among the capes, suggest that oceanic upwelling and
productivity could play an even larger role in structur-
ing of communities associated with surfgrass than we
initially anticipated.

Research by Menge and colleagues (Menge et al.
1997a,b, 2004, 2008, 2009, Connolly et al. 2001, Leslie
et al. 2005, Barth et al. 2007, Freidenburg 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 phyto-
plankton caused by upwelling of nutrients from depth
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can have several effects on intertidal biota, including
direct bottom-up effects on growth of filter-feeding
invertebrates, as well as effects on larval development
and recruitment (Menge et al. 1997b, 2004, 2008, 2009,
Barth et al. 2007, Broitman et al. 2008). Phytoplankton
abundance can negatively influence macrophyte com-
munities if fast-growing invertebrates are able to pre-
empt space or if phytoplanktonic blooms attenuate
light availability (Menge et al. 1997a, 2004, 2008, Frei-
denburg 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
& Banas 2003). Major coastal headlands, including
Capes Foulweather, Perpetua and 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 off-
shore. Cape Foulweather (the most northern cape sam-
pled in this study), just north of Depoe Bay, OR, USA,
has a narrow offshore continental shelf (ca. 5 km),
resulting in relatively efficient 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 station-
ary water, which fuels massive blooms of phytoplank-
ton, increased rates of larval development, retention
and recruitment, and boosts 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 2 distinct
oceanic upwelling regimes along the California Cur-
rent (Connolly et al. 2001). A separating coastal up-
welling current at Cape Blanco (Barth et al. 2000) can
result in both high nutrient delivery and high sessile
invertebrate recruitment, making it particularly good
for both sessile invertebrates and macrophytes (S. D.
Hacker & B. A. Menge unpubl. data).

Our research suggests that this pattern in productiv-
ity at the regional or cape level is also reflected in the
mobile phytal macroinvertebrate community, irrespec-
tive of the species of surfgrass habitat. Abundances of
macroinvertebrates were much higher at the most pro-
ductive region, Cape Perpetua, suggesting that the
higher productivity is stimulating higher secondary
production in these macroinvertebrates. In addition,
even though both Phyllospadix scouleri and P. serrula-
tus occur in different proportions among the capes
(Table 1), together they cover roughly the same
amount of area in the low intertidal at the 3 capes
(roughly 20%; S. D. Hacker & B. A. Menge unpubl.
data). Thus, habitat limitation is unlikely to be a factor
producing higher densities of animals within a given

size of Phyllospadix habitat at Cape Perpetua. One fac-
tor that did vary among capes was sand accretion—
Cape Perpetua had higher sand accretion than the
other 2 capes (Fig. 4e) —and this may have been a fac-
tor determining macroinvertebrate abundance, espe-
cially for the infauna such as Naineris dendritica
(Fig. 2b) but less so for the epifauna.

Taxon richness was not consistent across all capes
(Fig. 1b), providing further evidence that regional pro-
cesses modify the composition of these communities
of macroinvertebrate residents. Macroinvertebrates at
Capes Foulweather and Perpetua, though vastly dif-
ferent in overall abundance, had the same number
and types of taxa (Fig. 1b). Cape Blanco, though, had
slightly more species (Fig. 1b). Species seen at Cape
Blanco and not at Capes Foulweather or Perpetua
were very rare (occurring only once in the data set)
and include a juvenile crab from the genus Cancer
and a juvenile urchin, Strongylocentrotus purpuratus.
In other cases, species occurring at very low abun-
dances at Capes Foulweather or Perpetua were found
at higher abundances (and in more samples) at Cape
Blanco (e.g. anemones, Petrolisthes spp., Hemigrap-
sus sp. and Nereis brandti), thus potentially contribut-
ing to the overall higher richness found there. Cape
Blanco is in an area of biogeographic overlap: a con-
vergence of distinct currents occurs within this region
that results in consistently higher species richness
when compared with adjacent capes (Sotka et al.

2004).
The 4 most abundant macroinvertebrate taxa, Idotea
wosnesenskii, Naineris dendritica, gammaridean

amphipods and Mytilus spp., exhibited different pat-
terns in abundance depending on surfgrass species
(Fig. 2). Despite different community compositions in
association with each surfgrass species (Table 2), the
most abundant invertebrates species occurred in rela-
tively high densities at all the capes with the exception
of the isopod I. wosnesenskii, which occurred almost
exclusively at Cape Perpetua (Fig. 2a). This species
seems to be a habitat generalist, occurring in similar
numbers in both Phyllospadix scouleri and P. serrula-
tus. 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 con-
tributing factor in the high abundance of this species at
this location.
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Implications of local and regional differences in
macroinvertebrate community structure

Two conclusions follow from the results we report
here. First, subtle but significant differences in con-
generic foundation species can have important implica-
tions for associated resident species. We found that dif-
ferences in plant morphology (tiller density, blade
width and aboveground and belowground biomass)
and sediment accretion exist between the 2 surfgrass
congeners that change their function as foundation
species. If one suggested that the community composi-
tion of associated macroinvertebrates in the 2 surfgrass
species were the same, then one would underestimate
the entire functional group of deposit feeders. The con-
servation implications of these differences are signifi-
cant because coastal foundation species contribute to
many important ecosystem functions and services (Bar-
bier et al. 2011). 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 scale plays in moderating the effects of founda-
tion species is equally important to conservation. In
this study, the absolute amount of habitat provided by
these 2 foundation species was less important to the
abundance, and in some cases the richness, of macro-
invertebrate species than were the regional differ-
ences likely driven by oceanography and the corre-
sponding productivity of that region. As has been
shown previously for algal and invertebrate recruit-
ment and community composition, Cape Perpetua is a
major hotspot for macroinvertebrate diversity (Schoch
et al. 2006) and abundance (Leslie et al. 2005). The
research reported here emphasizes the functional and
scale-dependent complexity of the relationship between
foundation species and their residents.
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