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Abstract Increasing human populations along marine
coastlines has lead to increasing urbanization of the marine
environment. Despite decades of investigations on terres-
trial ecosystems, the eVect of urbanization on marine life is
not well understood. Riprap is the rocky rubble used to
build jetties, breakwaters, and armored shorelines. Roughly
30% of the southern California shoreline supports some
form of riprap, while 29% of the shoreline is natural rocky
substrate. Astonishingly few studies have investigated this
anthropogenic rocky habitat even though it rivals a natural
habitat in area on a regional scale along a coastline that has
been extensively studied. In this study, I compared the
diversity and community structure of exposed rocky inter-
tidal communities on four riprap and four natural sites in
southern California. I ask the following questions: (1) does
diversity or community composition diVer between inter-
tidal communities on riprap and natural rocky habitats in
southern California, (2) if so, which organisms contribute
to those diVerences, (3) which physical factors are contrib-
uting to these diVerences, and (4) do riprap habitats support
higher abundances of invasive species than natural habi-
tats? On average, riprap and natural rocky habitats in wave
exposed environments in southern California did not diVer
from each other in diversity or community composition
when considering the entire assemblage. However, when
only mobile species were considered, they occurred in

greater diversity on natural shores. These diVerences appear
to be driven by wave exposure. The presence of invasive
species was negligible in both natural and riprap habitats.

Introduction

Riprap is the rocky rubble used to build jetties, breakwa-
ters, and armored shorelines. Roughly 30% of the southern
California shoreline supports some form of riprap, while
29% of the shoreline is natural rocky substrate (Clark et al.
2002). Given that riprap approximately equals the natural
rocky coastline in length, the ecological contribution of
these structures to marine ecosystems could be profound.
Despite the extensive scientiWc literature devoted to the
rocky intertidal of southern California, only a handful of
ecological studies focus on riprap (Reish 1964; Rader 1998;
Davis et al. 2002). Even if current ecological knowledge is
suYcient to understand processes on anthropogenic struc-
tures, any large scale or biogeographic study on rocky
intertidal or shallow rocky benthic communities must
account for riprap as possible habitat.

The ecological study of urban marine ecosystems is very
much in its infancy (Glasby and Connell 1999; Bulleri
2006). What little research has been conducted on marine
riprap has revealed somewhat conXicting results and the
potential for biogeographic variation certainly exists
(Table 1). Some studies report no diVerences in community
structure or diversity between riprap and natural rocky
habitats (Chapman 2006; Clynick 2006), while others have
found clear diVerences for only some taxa (Bulleri and
Chapman 2004; Moschella et al. 2005; Osborn 2005).
Some studies have found that riprap supports lower diver-
sity compared to that typical of natural rocky habitats
(Moschella et al. 2005), while others suggest it supports
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more (Clynick 2006). Recent studies also suggest that
anthropogenic structures favor invasive species over native
ones (Wasson et al. 2005; Glasby et al. 2007; Tyrrell and
Byers 2007). Riprap, for example, facilitated the establish-
ment and spread of invasive Codium fragile (Suringar) in
the Mediterranean (Bulleri and Airoldi 2005; Bulleri et al.
2006). Given the ubiquity of riprap in southern California
the potential for invasive species to establish new popula-
tions in the region could be high.

The design and fabrication of riprap structures include
several features that inXuence physical factors important to
rocky intertidal organisms. One of the most important of
these is wave energy (Southward and Orton 1954; Denny
and Wethey 2001; Jonsson et al. 2006). The slope, angle
from shore, and water depth on the weather side of riprap
structures may all enhance wave forces. In addition, struc-
tures built away from the shoreline have a lee side that
creates an area of relatively low wave energy which is not
common on exposed coasts. Rock type, area, and age are
also factors that may inXuence marine communities on
riprap.

The Wrst steps in understanding the ecological roles of
riprap in urban marine environments is to document the
communities present on riprap and test for diVerences
between riprap and natural rocky habitats (Niemela 1999).
In this study, I compare the diversity and community struc-
ture of exposed rocky intertidal communities on four riprap
and four natural sites in southern California. I ask the fol-
lowing questions: (1) on average, does diversity or commu-
nity composition diVer between intertidal communities on
riprap and natural rocky habitats in southern California, (2)
if so, which organisms contribute to those diVerences, (3)
which physical factors are contributing to these diVerences,
and (4) do riprap habitats support higher abundances of
invasive species than natural habitats?

Materials and methods

Field sites and data collection

I surveyed intertidal communities at four exposed riprap
and four exposed natural rocky boulder sites in southern
California, USA between December 2004 and March 2006
(Fig. 1; Table 2). Each site was sampled only once due to
limited resources and personnel, and therefore I cannot
address temporal variation in any of the ecological patterns
discussed here. However, the sites were sampled in a hap-
hazard order, which eliminated any temporal bias between
the two habitat types. The four riprap sites consisted of the
northern jetty at the entrance to Mission Bay (MB), the
outer breakwater at Dana Pt. Harbor (DPB), the northern
jetty at the entrance to Newport Bay (NP), and the north-
western breakwater at San Pedro (SP). The four natural
rocky sites included the Scripps Intertidal Reserve (SIO),
Dana Pt. State Reserve (DPR), Corona del Mar (CDM) and
Pt. Fermin (PF). Each of these sites were chosen because
they are accessible, on the open coast and exposed to ambi-
ent wave conditions, and are reasonably large in area. In
addition the natural sites are steep, uneven, and have large
boulders. A general description of these temperate rocky
intertidal communities is illustrated in several classic publi-
cations (Abbott and Hollenberg 1976; Morris et al. 1980;
Ricketts et al. 1985).

Within each site, a minimum of Wve vertical transects
were laid haphazardly in locations chosen to represent
ambient wave exposure. Because the slopes of each site
varied (and thus also the transect length, Table 2), I used
biological boundaries to deWne the endpoints of transects.
Each transect began in the upper intertidal at the upper limit
of Chthamalus Wssus Darwin and ended in the mid to low
intertidal at the upper limit of Eisenia arborea Areschoug,

Table 1 Summary of previous studies comparing riprap to natural rock

a Note that in Moschella et al. (2005) there does not seem to be a statistical comparison of diversity
b These boulders are left over from the construction or degradation of seawalls. While not a riprap structure per se, they are qualitatively similar

Study Location Habitat type DiVerence in diversity? DiVerence in 
community structure?

Osborn 2005 Monterey, CA Intertidal riprap shoreline Yes, for algae only 
riprap higher

Yes

Bulleri and Chapman 2004 Livorno, Italy Intertidal riprap breakwater Not tested Mixed, 3 of 9

Moschella et al. 2005 Lyme Regis, UK Intertidal riprap breakwater Yes, riprap lowera Yes

Moschella et al. 2005 Gabicce, Italy Intertidal riprap breakwater Yes, riprap lowera Yes

Moschella et al. 2005 Calonge, Spain Intertidal riprap breakwater Yes, riprap lowera Yes

Moschella et al. 2005 Cubelles, Spain Intertidal riprap breakwater Yes, riprap lowera Yes

Clynick 2006 Livorno, Italy Subtidal riprap breakwater Mixed, riprap higher 
in 2 of 6 comparisons

Mixed, 1 of 6 comparisons 
found a diVerence

Chapman 2006 Sydney, 
Australia

Intertidal artiWcial 
boulder Weldsb

No No
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and were only laid on the exposed side of the structures.
Along each transect eight 0.25 £ 0.25-m PVC quadrats
were placed at evenly spaced intervals only on the tops or
outward facing sides of boulders. Quadrats were moved lat-
erally (i.e., at the same tidal height) when necessary to
avoid sampling very deep crevices or when they fell

between boulders. This sampling scheme was designed to
ensure consistency among sites and to avoid a bias by sam-
pling microhabitats present only at some sites (e.g., tide-
pools, Davis et al. 2002; Murray et al. 2006) or excessive
variation by sampling many microhabitats. This sampling
scheme also ensures equal eVort at the same relative tidal
heights. Note that in this scheme the entire vertical transect,
rather than individual quadrats, represents a sample of the
intertidal community (Davis et al. 2002; Murray et al.
2006).

To quantify community composition I identiWed all spe-
cies larger than 3–5 mm within each quadrat in situ. I
counted all mobile organisms, except those that were too
fast (e.g., Pachygrapsus crassipes Randall) or too cryptic
(e.g., Idotea spp.). Some taxa were extremely diYcult to
identify to species in the Weld (e.g., Polysiphonia spp.). To
be conservative, I lumped all similar species that could not
be identiWed consistently throughout the study (Oliver and
Beattie 1996). This included all limpets (which were gener-
ally small and notoriously diYcult to identify) with the
exception of Lottia gigantea Sowerby, which was consis-
tently distinguished from the other limpets.

I took photos using a digital camera positioned directly
above each quadrat (Foster et al. 1991). In the lab each
photo was cropped to include only the quadrat and analyzed
using Image J (Rasband 2005). I quantiWed percent cover
by projecting 25 dots randomly onto each photo and assign-
ing a value of 4% to each organism that occurred under
each dot. Since the transect is the sample of the community,

Fig. 1 The southern California coastline with sites labeled. Riprap
sites include Mission Bay (MB), Dana Pt. Breakwater (DPB), Newport
(NP), and San Pedro Breakwater (SP). The natural rocky sites include
Scripps Institute of Oceanography (SIO), Dana Pt. State Reserve
(DPR), Corona del Mar (CDM), and Pt. Fermin (PF)

Table 2 A summary of the riprap and natural rocky sites used in this study

MB Mission Bay, SIO Scripps Institute of Oceanography, DPB Dana Pt. Breakwater, DPR Dana Pt. State Reserve, CDM Corona del Mar, NP Newport
Harbor, SP San Pedro, PF Pt. Fermin, “CDIP buoy” refers to the buoy that wave data was collected from, “Ta” is the average period of a wave which is
equal to 1/average frequency and average frequency is equal to the energy weighted over the wave spectrum, “SST” means sea surface temperature,
“1-meter wave” refers to the distance from shore a 1-m wave would break. “Chart” is the NOAA chart number used to determine 1-m wave

MB SIO DPB DPR CDM NP SP PF

Latitude 32°45.5�N 32°52.3�N 33°27.5�N 33°27.6�N 33°35.5�N 33°35.3�N 33°42.3�N 33°42.4�N

Longitude 117°15.6�W 117°15.2�W 117°42.3�W 117°42.6�W 117°52.3�W 117°52.8�W 118°16.3�W 118°17.7�W

Type Riprap Natural Riprap Natural Natural Riprap Riprap Natural

Sampling dates January 2005 Mar 2005 Dec 2005 Dec 2004 Mar 2005 Apr 2005 Dec 2005 Jan 2006

CDIP buoy 093 073 096 096 172 172 092 092

Construction date 1949 – 1968 – – 1934 1910 –

Mean signiWcant 
wave height (m)

1.01 m 0.89 m 0.88 m 0.90 m 0.74 m 0.74 m 0.96 m 0.96 m

Mean wave period (s) 13.77 s 10.68 s 13.91 s 13.82 s 13.77 s 13.77 s 11.96 s 11.96 s

Mean Ta (s) 7.83 s 7.49 s 7.62 s 7.33 s 7.22 s 7.22 s 6.72 s 6.72 s

Mean SST (C) 17.86° 15.80° 18.01° 18.13° 16.89° 16.89° 17.09° 17.42°

Chart 18765 18774 18746 18746 18754 18754 18749 18749

1-meter wave (m) 3.72 m 5.32 m 3.34 m 5.05 m 6.37 m 1.67 m 2.27 m 4.75 m

Mean slope 32.38° 13.125° 36.45° 24.06° 32.09° 40.33° 43.15° 28.65°

Mean transect length 7.97 m 32.15 m 7.28 m 20.22 m 23.62 m 5.05 m 4.41 m 11.03 m

Area (m2) 5,963 m2 7,897 m2 16,463 m2 21,406 m2 5,963 m2 4605 m2 13481 m2 6083 m2

Mean surf zone width (m) 9.05 m 55.63 m 6.15 m 31.89 m 31.84 m 15.54 m 4.16 m 29.28 m
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percent cover and counts of each species were summed
within each transect.

Physical data

DiVerences in many physical factors between habitats or
among sites may help explain variation in the biological
communities. I obtained data on several oceanic variables
from the Coastal Data Information Program (CDIP) oper-
ated by the Scripps Institution of Oceanography, which
maintains an archive of data collected from buoys through-
out southern California (http://www.cdip.ucsd.edu 2006;
Table 2). In addition to the CDIP data I measured slope, the
distance from the upper intertidal to the lower intertidal
(i.e., transect length), area of the entire rocky intertidal site,
the distance from shore that a 1-m-high wave would break,
the width of the surf zone, and latitude. Slope, distance
from upper intertidal to lower intertidal, distance from
shore of breaking waves, and surf zone width are all vari-
ables that aVect or are indicative of the amount of force a
wave will impart upon intertidal organisms (Denny and
Wethey 2001). Diversity is known to vary with both area
and latitude (e.g., Pianka 1966; Valentine 1966; MacArthur
and Wilson 1967). To measure slope I used a protractor
placed on each quadrat and averaged the angles from the
horizontal within each transect. The surf zone is deWned as
the area between the depth at which waves break and the
shoreline. I estimated the surf zone width at the point of
each transect by using linear measuring tools in Google
Earth (http://www.earth.google.com) to measure the dis-
tance between the point at which waves began to break and
the shoreline in aerial images of each site taken near the same
time on the same day. I also measured area using Google
Earth. Using the rule of thumb that a wave breaks at a depth
approximately equal to its height, the distance from shore
that a 1-m wave would break at each site was estimated from
NOAA navigational charts (Denny and Wethey 2001).

Analyses

I used two diVerent measures of diversity: richness (i.e.,
number of species) and Simpson’s Diversity Index (1-D)
(Magurran 2004). The reciprocal form of Simpson’s Diver-
sity Index is considered more robust, especially at smaller
sample sizes, than the more popular Shannon–Wiener
Index (Lande 1996; Magurran 2004). Diversity measures
across sites and across the two habitat types (riprap and
natural rock) were compared using a nested analysis of
variance (ANOVA) with Site (MB, SIO, DBW, DPR,
CDM, NP, SP, PF) as a random factor nested within
Habitat (Natural or Riprap). Data were log transformed as
necessary to achieve equal variances.

Because my data consist of both counts and percent
cover they are on diVerent scales. Combining them may
not be meaningful or diYcult to interpret in a multivari-
ate analysis without a severe transformation (Clarke
1993; Anderson and Underwood 1994). In order to avoid
assumptions about weighting mobile species diVerently
than sessile species, I used a presence/absence transfor-
mation. However, this removes all information concern-
ing abundance. Therefore, I also performed analyses on
untransformed percent cover of sessile species and
counts of mobile species separately. This approach is
more powerful than a single analysis using both types of
data with (or without) a transformation because diVer-
ences can be investigated in diVerent parts of the assem-
blage. When comparisons were made using presence/
absence data, including richness, sessile species that
were observed in quadrats, but that did not occur under a
dot while quantifying percent cover, are included as
present. Otherwise, in comparisons involving percent
cover data, these relatively non-abundant species were
excluded.

To test for diVerences in community composition I used
a Two-way nested analysis of similarities (ANOSIM)
performed on Bray–Curtis dissimilarities (Clarke 1993;
McCune and Grace 2002). Except when using presence/
absence, Bray–Curtis values were calculated using non-
transformed and non-standardized data. I used non-Metric
Multidimensional Scaling (MDS) to ordinate the data for
visual comparisons.

I identiWed species contributing cumulatively to 75% of
the dissimilarities using SIMPER. SIMPER (similarity per-
centages) is a routine in the Primer package that identiWes
the average contribution of individual species to the dissim-
ilarity between groups, and thus helps to identify which
species may be contributing large diVerences between
groups (Clarke 1993).

I used ANOVA (as described above) to test species iden-
tiWed by SIMPER for diVerences in abundance between rip-
rap and natural rock.

To identify which environmental variables might explain
community patterns, I conducted a Mantel test using the
BIO-ENV procedure in Primer (Clarke 1993). The biologi-
cal similarity matrix was generated using Bray–Curtis
dissimilarities on non-standardized presence/absence data.
The physical similarity matrix was generated using Nor-
malized Euclidean Distance on untransformed data
obtained from CDIP and the Weld (Table 2). The Spearman
rank correlation was calculated and permutation was used
to compare the two matrices.

Diversity and univariate statistics were computed in R
and multivariate analyses conducted in Primer (Clarke
1993; Team 2005).
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Results

I recorded a total of 89 species, 71 of which were on natural
rock and 67 on riprap (Table 3). Natural rock did not sig-
niWcantly diVer from riprap in total species richness
(F1,6 = 1.076, P = 0.306) nor sessile species richness (53
and 57 species, respectively; F1,6 = 1.681, P = 0.203; Fig. 2).
However, natural rock did diVer from riprap in mobile
species richness (18 and 10, respectively, F1,6 = 36.527,
P = <0.001).

Simpson’s Diversity Index yielded the same results; no
signiWcant diVerence between riprap and natural rock for all
species together (t6 = ¡0.0153, P = 0.988), nor for sessile
species (F1,6 = 1.651, P = 0.207). But signiWcantly greater
diversity on natural rock existed for mobile species
(F1,6 = 9.718, P = 0.003).

Of the sessile species, 13 were recorded exclusively on
natural rock and 17 only on riprap (Table 3). Sessile species
included the following: 49 algae, 1 plant, 2 anemones,
5 barnacles, 5 bryozoans, 4 bivalves, 1 gastropod, 2 poly-
chaetes, and 1 sponge. All ten mobile species found on rip-
rap were shared with natural rock, whereas the additional
eight on natural rock were exclusive to that habitat
(Table 3). Of the mobile fauna 12 species were gastropods,
5 were chitons, and 1 species was an echinoderm. The eight
mobile species found in natural rocky habitats but not on
riprap account for only 33 individuals out of 7,498 counted.
These data certainly underestimate the species richness in
both habitats since several taxa were extremely diYcult to
identify to species level (e.g., Gelidium spp., Polysiphonia
spp., and small juvenile limpets).

Several species were found in only one of the habitats.
Natural rock harbored a total of 21 species that were not
found on riprap. Riprap hosted 16 not found on natural rock
(Table 3). Several of these species occurred in relatively
low abundance, being found in only one or two transects.
Two notable exceptions were Caulacanthus ustulatus
(Mertens ex Turner) Kützing (an invasive alga) and
Acanthinucella spirata (Blainville) (a predatory gastropod),
which were the only two species found in more than three
transects in one habitat and in none on the other (20 and 9
transects, respectively).

Results were consistent for all comparisons of commu-
nity structure using ANOSIM whether considering only
sessile, only mobile, or all species together. SigniWcant
diVerences existed among sites (<0.001), but not between
natural rock and riprap as habitats (P > 0.1; Table 4). Sig-
niWcant R values between sites suggest that one or more
sites diVer from one or some of the others, regardless of
whether it consists of natural rock or riprap. The non-sig-
niWcant R values at the habitat level suggest that at least
some of the sites that are diVerent from each other belong

Table 3 Summary of species found in Natural Rocky (NR) intertidal
and Riprap (RR) intertidal habitats with the number of transects each
species occurred in each habitat type

NR RR

Sessile species

Green algae

Chaetomorpha linum 1 4

Cladophora sp. 0 1

Green crust 4 12

Ulothrix spp. 0 2

Ulva spp. 19 14

UnidentiWed green 0 1

Brown algae

Cumogloia sp. 1 0

Dictyopteris undulata 0 2

Egregia menziesii 0 3

Eisenia arborescens 0 4

Endarachne binghamiae 5 11
GiVordia granulosa 0 1

Halidrys dioica 1 0
Leathesia diVormis 2 4

Petrospongium rugosum 5 4
Ralfsia paciWca 21 17

Ralfsia spp. 13 9

Scytosiphon dotyi 0 3

Selvetia fastigiata 2 0

UnidentiWed brown 5 6

UnidentiWed brown 5 6

Red algae

Bosiella orbigiana 5 12

Calliarthron tuberculusom 0 2

Callothamnion rupicola 1 0

Caulacanthus ustulatusa 20 0

Chondria californica 1 0

Corallina pinnatifolia 21 21

Corallina vancouveriensis 11 15

Coralline crust 20 18

Cryptopleura corallinara 5 5

Gelidium spp. 15 13

Hildenbrandia spp. 4 5

Jania crassa 1 0
Laurencia paciWca 13 2

Lithophyllum lichenare 0 3

Lithothrix asperegillum 1 2

Mastocarpus spp. 3 0
Mazaella aYnis 1 9

Mazaella leptorhyncos 4 2

Microcladia coulteri 1 0

Nemalion helminthes 1 3
Plocamium paciWcum 0 1
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to the same habitat group (i.e., Riprap or Natural Rock),
and that diVerences between the habitats are minimal in
comparison. MDS ordinations support these conclusions
to a certain extent (Fig. 3). A natural rocky site might be
much more similar to some riprap sites than to other natu-
ral rocky sites (indicated in the MDS by the distance
between symbols). This is particularly evident among ses-
sile species. However, the tendency of riprap or natural
rocky sites to fall more towards one side or the other of
the MDS indicates there may be some diVerences not
detected by ANOSIM at the habitat level (see Sect.
“Discussion”).

SIMPER identiWed four mobile taxa that contributed
cumulatively to over 90% of the dissimilarity among
mobile species: limpets (not including L. gigantea), the
snails Littorina keenae Rosewater and Littorina scutulata
Gould, and L. gigantea (Table 5). The latter three diVered
signiWcantly in abundance between riprap and natural rock.
L. gigantea occurred in greater abundance on riprap (F1,6 =
49.351, P = ·0.001). But the L. keenae and L. scutulata
occurred in greater abundance on natural rock (F1,6 = 25.730,
P · 0.001; F1,6 = 58.613, P · 0.001, respectively). Limpets
were not signiWcantly diVerent between the two habitats
(F1,6 = 0.589, P = 0.447). It should be noted that L. keenae
generally occurred above the beginning of transects on both
riprap and natural rock, and therefore its true abundance
was certainly underestimated. This is because on the riprap
structures spray reaches the uppermost parts, allowing
L. keenae to inhabit these rocks. Therefore, it was impossi-
ble to include the upper limit of L. keenae within the upper-
most part of the transects.

Table 3 continued

NR RR

Plocamium violaceum 0 3

Polysiphonic spp. 5 12

Porphyra spp. 6 5

Prionitis lanceolata 3 7

Pseudolithophyllum neofarlowii 0 1

Rhodymenia sp. 4 4

UnidentiWed Red 5 4

Plants

Phyllospadix torreyi 1 0

Anemones

Anthopleura elegantissima 17 5

Anthopluera sola 1 1

Barnacles

Balanus glandula 19 21
Chthamalus Wssus 21 21

Megabalanus californicus 3 14

Policipes polymerus 17 21

Tetraclita rubescens 16 21

Bryozoans

Bugula neritinaa 1 0

Hippodiplosa insculpta 1 7

Schizoporella unicornis 0 3

Thallamoporella californica 0 3

Watersipora subtorquataa 2 0

Bivalves

Mytilus californianus 21 21

Mytilus galloprovincialisa 2 8

Pseudochama exogyra 9 5

Septifer spp. 11 1

Sessile Gastropods

Serpullorbis squamigerus 4 1

Polychaetes

Phragmatopoma californica 19 14

Serpulids 13 14

Sponges

Sponge 1 0

UnidentiWed

UnidentiWed orange crust 0 2

Mobile Species

Gastropods

Acanthinucella spirata 9 0

Combined limpets 21 21

Conus californicus 1 0

Fissurella volcano 19 16

Littorina keenae 21 15

Littorina scutulata 20 7

Lottia gigantea 15 20

Table 3 continued

a Species are invasive (see text)

NR RR

Macron lividus 3 0

Mexicanthina lugubris 3 1

Nucella emarginata 2 2

Roperioa poulsoni 1 0

Tegula funebralis 2 0

Polyplocophora

Lepidochitona dentiens 1 0

Lepidochitona hartwegii 9 1

Mopalia muscosa 3 0

Nuttallina spp. 21 20

Striped chiton 1 0

Echinoderms

Strongylocentrotus purpuratus 2 4
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The Mantel test identiWed three variables; signiWcant wave
height, the width of the surf zone, and length of the transect
that together best explained the distribution of all species
between sites (� = 0.716). A permutation test rejected the null
hypothesis that � was equal to 0 (P = 0.003). Transect length
acts as a proxy for the linear distance (but not the tidal height)
between high and low tide because the endpoints were deter-
mined biologically. This latter variable eVectively determines
the area over which the energy contained in a wave is spread
when it hits the shore. The width of the surf zone determines
how much wave energy is lost before reaching the intertidal
zone. All three variables suggest that variation in wave forces
experienced by the organisms in the rocky intertidal explain
their distribution among sites and between habitats.

Discussion

Taken together, these results suggest that the diversity and
community composition of intertidal organisms are similar
on open coast riprap and natural rock in southern Califor-
nia. Although some diVerences existed between individual
sites, the variation among natural rocky sites or among
riprap sites was greater than the variation between the
diVerent habitat types as a whole (Table 4; Fig. 3). This
result, in essence, is due to diVerent spatial scales. One
might expect smaller scale variation between sites. But
each site still shares characteristics of the region, and at
larger scales, that is all the natural rock versus all the riprap,
signiWcant diVerences did not exist. One caveat to these

Fig. 2 Box-and-whisker plots 
of Simpson and Richness values 
within each site. Sessile and 
Mobile species have been 
analyzed separately, and then 
combined and analyzed 
together. Shaded bars indicate 
natural rocky sites and open bars 
indicate riprap sites
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observations is that replication at the habitat level (four
sites for riprap and natural rock, respectively) is not very
high and there is a good chance diVerences between

habitats may not be detectable without including more
sites. The MDS ordinations (Fig. 3) suggest diVerences
may appear given more replication. Although some riprap
and natural sites appear very similar (e.g., sessile species
from Mission Bay and Pt. Fermin overlap), the tendency of
the two habitats to fall more towards either side of the ordi-
nations is evidence that diVerences between riprap and
natural rock were not detected by ANOSIM. This is
particularly true among mobile species, for which diversity
was signiWcantly diVerent between the two habitats.

Approximately 75% of the species in this study were
sessile. No diVerences were found among them. Therefore,
it is understandable why the diVerences between riprap and
natural rock disappear when considering all the species
together for diversity and community structure. The mobile
species are simply too few when considering the entire
assemblage.

A handful of mobile organisms, encountered relatively
infrequently in both habitats, caused the diVerence in
mobile species richness. Only 33 individuals out of 7,498
make up the eight species, found exclusively on natural
rock. In addition to the eight mobile species missing from
riprap, there were 13 more sessile species found only on
natural rock and sixteen found only on riprap. Of these spe-
cies (41.5% of the total species in this study), most were
encountered in only one or two transects. Why were these
species so uncommon? These species may simply not be
abundant on the tops or sides of boulders, preferring Xat
benches or tide pools (e.g., Tegula funebralis (Adams), an
intertidal snail) (Ricketts et al. 1985).

Another reason why these species were uncommon, and
a potential weakness of this study, may be an inability to
detect less common species in these habitats. Sampling
designs using quadrats are known to under sample rare spe-
cies (Murray et al. 2006). One piece of evidence suggesting
the less common species were missed is that several of the
species found only on natural rock in this study are quite
abundant on the sheltered side of the breakwaters where
wave exposure is dramatically reduced (see below). In
addition, the abundance of some gastropods, such as Mexi-
canthina lugubris (Sowerby) were noticeably higher in
cracks and crevices, and even the interstitial space within
the breakwater (personal observation), than the outer faces
of boulders. These microhabitats were not sampled here,
and were beyond the scope of this study. In fact, the only
species in this study, mobile or sessile, that has not been
observed on both riprap and natural rock at some point in
time by the author or in a published study (e.g., Rader
1998) is Macron lividus (Adams), a predatory snail. These
observations suggest the diVerences in mobile and sessile
species not shared between the two habitats in this study
are due to the sampling method used to detect them. Thus, the
distribution of rare species on riprap structures, especially

Fig. 3 MDS ordinations of riprap and natural rocky sites: sessile spe-
cies only, mobile species only, and all species with a presence absence
transformation. Filled symbols are riprap sites (Wlled diamond Mission
Bay, Wlled square Dana Pt. Breakwater, Wlled circle Newport, Wlled
inverted triangle San Pedro). Open symbols are natural rocky sites
(open triangle Scripps Institute of Oceanography, open diamond Dana
Pt. State Reserve, open square Corona del Mar, open circle Pt. Fermin)

Sessile Species

Stress: 0.18

Mobile Species
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All Species
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in relation to wave exposure, certainly deserves further
scrutiny. The conclusion that riprap does not sustain rare or
uncommon species is premature (Chapman 2003).

Chapman (2003) found a similar pattern on seawalls,
although she did not quantify abundance, so only richness
could be evaluated. In her study there were no diVerences
between seawalls and natural rocky reefs for algae, or for
all taxa considered together. However, she did Wnd diVer-
ences in the number of animal species, and mobile animals
in particular. Chapman attributes this diVerence to the lack
of suitable micro-habitats, such as crevices or tide pools on
the seawalls, although none of the alternative hypotheses,
such as diVerences in wave exposure, were tested. Clearly
there are many other micro-habitats on riprap structures
which lack the smooth simplicity of seawalls. As suggested
above, several micro-habitats on riprap likely contain spe-
cies that also occurred in natural rocky habitats. Still, it is
interesting that the same general pattern for mobile species
was also found for seawalls, another anthropogenic habitat.

These results diVered from patterns described on many
other riprap structures (but not all, Table 1) as well as
studies in terrestrial urban areas that show diVerences in
diversity and community structure in anthropogenically
modiWed habitats (Rebele 1994; Eversham et al. 1996;
McDonnell et al. 1997). This suggests that there is regional
variation in the ability of riprap to support marine commu-
nities.

There may be several reasons why riprap and natural
rocky intertidal areas were found to be similar in this study
but not in others (Table 1), apart from a low statistical
power. Osborn (2005) conducted her study on the Endocl-
adia/Balanus communities restricted to the upper intertidal
zone in central California. Variation in physical and biolog-
ical factors deWnes upper and lower intertidal zones and it is
not surprising that results from the upper intertidal may
diVer from those from the lower intertidal. Chapman and
Bulleri (2003) found just such a situation on seawalls,
where intertidal communities displayed diVerences at high
and mid-shore levels, but not at lower levels. Another
reason may be age. All the riprap sites in this study were
several decades old, the youngest being the Dana Pt. Break-
water (DBW), 38 years old at the time of sampling (Bottin

1988). In studies where age was found to inXuence diver-
sity all the sites were relatively young, less than 20 years,
and most less than 10 (Sammarco et al. 2004; Osborn 2005;
Pinn et al. 2005). It seems reasonable that when construct-
ing new riprap habitats that provide large amount of initial
bare space there may be several years, even decades, of
succession (Moore 1939; Reish 1964). In addition, for
some regions the amount of natural rocky habitat is rela-
tively diminutive in comparison to soft bottom communi-
ties and therefore dispersal to new rocky habitat may be
limited (e.g., Bacchiocchi and Airoldi 2003). In contrast,
southern California has a well developed and diverse rocky
Xora and fauna that is probably able to colonize new struc-
tures immediately and thoroughly, both intertidally and
subtidally. All these possibilities suggest that regional vari-
ation in habitat distribution, species pool, history, and other
physical factors may be very important for the ability of
riprap to support local marine communities.

Evidence suggests much of the variation is caused by
diVerences in wave exposure, which is known to be of pro-
found inXuence on rocky intertidal communities (Ricketts
et al. 1985; Denny and Wethey 2001; Davis et al. 2002;
Denny et al. 2004). The Mantel test identiWed three vari-
ables that together best explain the distribution of species
observed: mean signiWcant wave height, surf zone width,
and the transect length. All three of these factors inXuence
the wave forces experienced by intertidal organisms
(Denny and Wethey 2001; Smith 2003; Bucharth and
Hughes 2006). The higher the wave height the greater the
force exerted on rocky intertidal organisms. Mean signiW-
cant wave height was often measured from the same
oVshore buoy for riprap and rocky intertidal sites (Table 2).
Wave height data is simply not available on a Wner spatial
scale at the shoreline. The surf zone was usually narrower
at riprap sites, which means that waves approach much
closer to shore before breaking, and in turn deliver more
kinetic energy to the intertidal zone. The transect length
was indicative of the steepness of the shore, which deter-
mines the area over which a wave imparts kinetic energy as

Table 4 Results of nested 2-way ANOSIM tests for community
diVerences

P values are determined through permutation

Site level Habitat level

R values P values R values P values

All species 0.855 0.001 ¡0.104 0.771

Sessile species only 0.791 0.001 ¡0.354 0.943

Mobile species only 0.480 0.001 ¡0.156 0.800

Table 5 Species identiWed by SIMPER as contributing to the dissim-
ilarities between natural rock and riprap for mobile species only

The average abundance per transect in riprap (RR) and natural rocky
(NR) habitats are in the Wrst two columns. The third column indicates
the average Bray–Curtis dissimilarity (D) of each species between hab-
itats. The fourth column is the percentage each species contributes to
the overall dissimilarity between habitats

Species RR NR Mean D Contributing%

Limpets 141.76 121.19 24.76 38.78

Littorina keenae 14.90 150.00 23.90 37.43

Littorina scutulata 2.62 37.71 7.45 11.66

Lottia gigantea 13.29 2.48 2.66 4.17
123



870 Mar Biol (2009) 156:861–873
it hits the shoreline. These distances were always shorter on
riprap, which means more energy imparted on a smaller
area. The net result is that organisms may be experiencing
greater wave energy on riprap sites than on nearby natural
sites under similar conditions. Indeed, the importance of
wave forces have been documented in several other studies
on riprap (Southward and Orton 1954; Davis et al. 2002;
Bacchiocchi and Airoldi 2003; Bulleri et al. 2006; Jonsson
et al. 2006).

Larger wave forces could prevent some of the species
from holding onto the rock at riprap sites. Most of the
mobile species not found on riprap are high-spired gastro-
pods, which are known to be more susceptible to wave
forces (Vermeij 1993). Except for the chitons Lepidochi-
tona hartwegii (Carpenter) and Nuttallina spp., the mobile
species occurring in greater abundance on natural rock are
also high-spired (Table 3). This also explains why L. gigan-
tea, a limpet with a low proWle, was found in greater abun-
dances on riprap.

The wave climate, described by the data from the
oVshore buoys, is similar throughout the study region. It
seems likely that variation in waves is more strongly inXu-
enced by the morphology of the riprap structures them-
selves than diVerences in wave climate. Several artifacts of
construction enhance the forces generated by waves as they
collide with breakwaters (Bucharth and Hughes 2006). For
example, riprap structures are generally very steep, com-
monly with slopes of 30° or more (Bottin 1988). Also, since
jetties and breakwaters are built extending out from shore,
the water in front of them is usually deeper, which allows a
wave to approach much closer before friction with the bot-
tom slows the wave down. Indeed, waves frequently break
directly onto the intertidal zone on riprap structures,
whereas in natural areas waves frequently break before
reaching shore (personal observation). In the only other
ecological study to investigate rocky intertidal communities
on riprap in southern California, Davis et al. (2002) con-
cluded that the riprap in San Diego Bay facilitated commu-
nities more similar to those in exposed conditions on the
outer coast largely due to the manner in which waves col-
lided with the riprap structures. Wave exposure clearly
plays a dominant role structuring communities in riprap
habitats, just as it does in natural ones.

Only a few of the species found in either habitat were
invasive (Table 3). Caulacanthus ustulatus (Rhodophyta), a
species not recorded in the region before 1990, occurred in
moderate abundance on natural rock but not at all on riprap
(Zuccarello et al. 2002; Murray et al. 2005). The invasive
bryozoans Bugula neritina (Linnaeus) and Watersipora
subtorquata (d’Orbigny) occurred uncommonly only on
natural rock, while Mytilus galloprovincialis Lamarck
occurred infrequently in both habitats. Some studies have
found that anthropogenic structures facilitate invasions

(Bulleri and Airoldi 2005; Wasson et al. 2005; Glasby et al.
2007; Bulleri et al. 2006; Tyrrell and Byers 2007). That is
clearly not the case for the open coast southern California
riprap structures. However, the rocky intertidal environ-
ment on the west coast of North America, especially in
wave exposed conditions, is known to be sparsely invaded
(Maloney et al. 2006). Furthermore, C. ustulatus and
M. galloprovincialis have been observed on riprap inside
protected bays (Becker et al. 2007, personal observation). It
is very likely that riprap in protected bays and estuaries har-
bor larger numbers of non-natives. These observations
imply that the anthropogenic origin of many hard substrates
by itself is not suYcient to explain a preponderance of inva-
sive species in some marine habitats, and that an interaction
with wave exposure may be involved.

An important aspect of coastal riprap not addressed in
this study is that breakwaters create protected stretches of
rocky shoreline on their lee side. If wave exposure does
inXuence invasive species in rocky intertidal environments,
then the protected sides of some riprap structures may
allow more of them to exist in close proximity to the
exposed coastal habitats (Bulleri and Airoldi 2005; Martin
et al. 2005; Bulleri et al. 2006).

Given that riprap rivals the natural rocky coastline in
length (Clark et al. 2002), it certainly has the potential to be a
major habitat for marine communities in southern California,
whether similar to natural rock or not. Some species clearly
thrive on riprap. For example, L. gigantea, a species suscep-
tible to human harvesting that signiWcantly modiWes spatial
patterns in the upper rocky intertidal (Pombo and Escofet
1996; Lindberg et al. 1998), was Wve times more abundant
on riprap than on natural rock (data not shown). Riprap
structures are also known to attract and support a variety of
Wsh and have been reported as extremely good lobster diving
and sport Wshing sites (Chapman 1963; Davis et al. 1982;
Kovach 1996). An interesting conservation application of
riprap might be as marine reserves or other management
tools. Unlike many terrestrial habitats, humans can be
excluded from riprap without compromising its intended
anthropogenic purpose, that is, absorbing wave energy.

There are many questions that deserve scientiWc scrutiny
concerning the ecological role of riprap in marine environ-
ments. For example, whether or not organisms living on
riprap structures are contributing reproductively to local
populations is vital. If they are, then populations on riprap
structures may be considered ecological resources and
should be monitored. If not, then they likely act as demo-
graphic sinks. In southern California where much of the
riprap has been constructed over soft bottoms, it probably
enhances the abundances of organisms living on rocky
substrates, at the expense of the soft-bottom communities
(Davis et al. 1982). Furthermore, if riprap populations are
propagule sources then they could heavily inXuence the
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connectivity and genetic structures of populations by alter-
ing the distance between suitable habitats and thereby facil-
itating migration (Becker et al. 2007). This question is very
important for conservation eVorts since, at present, moni-
toring studies in southern California typically ignore riprap
(J. Engle, personal communication).

One especially important aspect of riprap that seems to
have never been investigated ecologically is the interstitial
space. When large boulders are piled on top of each other
there is naturally a great volume of space in between them.
In fact, engineers have found this “pore” space to have a
strong inXuence on the stability of the structure and its abil-
ity to absorb wave energy (Bucharth and Hughes 2006). It
seems probable that pore space has a strong biological
inXuence as well. All of the space on boulders inside the
riprap structures is potential habitat. Most riprap structures
are permeable to some extent and benthic organisms colo-
nize every available centimeter of space (personal observa-
tion). This pore habitat, which is in essence three
dimensional, is vast and likely greatly exceeds the benthic
habitats measured here and in other studies, which has been
essentially two dimensional in nature. Physical conditions
are very diVerent in this pore space and may approximate a
cave environment. Such caves occur on the west coast of
North America, but not to a large extent (e.g., Secord and
Muller-Parker 2005). But riprap is common in the United
States and thus the pore habitat is also common (Smith
2003). Preliminary observations suggest a large number of
Wlter-feeding organisms such as barnacles, sponges, bry-
ozoans, hydroids, tunicates, and anemones thrive in this
habitat. It may also provide shelter for a variety of species
as juveniles (Binns and Remmick 1994). Finally, these
organisms almost certainly inXuence the characteristics of
the water column (Wilkinson et al. 1996).

There are many complex economic and social consider-
ations to be accounted for when deciding how best to use
anthropogenic structures in urban marine environments
(Love et al. 2003; Airoldi et al. 2005; Moschella et al.
2005). While these aspects are beyond the scope of this
study, they do underscore the necessity and urgency of
studying the ecological importance of riprap and other
anthropogenic structures in marine environments. Regard-
less of the answers to these questions, given the increasing
human population along the coast (Forstall 1996), and the
increasing sea level and storminess due to global climate
change (Dean et al. 1987; McCarthy et al. 2001), it seems
certain that riprap structures will increase in extent along
the world’s coastlines.

Acknowledgments I would especially like to thank my family,
J. Pister, V. Pister, J. Pister, A. Pister, and A. Pister for their support
and encouragement. My advisor, K. Roy has given much helpful
advice throughout this study. This manuscript was greatly improved
through discussions with M. Rivadeneira, E. Hunt, P. Dayton,

R. Ambrose, P. Fenberg, and four anonymous reviewers. Several
friends deserve thanks for their hard and sometimes harrowing work in
the Weld, including: A. Poon, V. Tai, M. Martin, T. HuV, P. Fenberg,
C. Catton, A. See, E. Lichtenberg, and K Hiland. M. Martin deserves
special thanks for courage and fortitude on one day when it was unwise
to be on the Dana Pt. Breakwater. T. HuV also exhibited her nonchalant
toughness when accompanying me on the one and only time I attempt-
ed Weld work on a breakwater in the middle of the night. K. Whiteside
and S. Murray helped with species identiWcation. During this work I
was supported by a GAAN grant, the Jeanne Marie Messier Memorial
Fund, and as a NOAA California Seagrant Trainee (K. Roy, P.I.).

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution Noncommercial License which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.

References

Abbott IA, Hollenberg GJ (1976) Marine algae of California. Stanford
University Press, Stanford

Airoldi L, Abbiati M, Beck MW, Hawkins SJ, Jonsson PR, Martin D,
Moschella PS, Sundelof A, Thompson RC, Aberg P (2005) An
ecological perspective on the deployment and design of low-
crested and other hard coastal defense structures. Coast Eng
52:1073–1087. doi:10.1016/j.coastaleng.2005.09.007

Anderson MJ, Underwood AJ (1994) EVects of substratum on the
recruitment and development of an intertidal estuarine fouling
assemblage. J Exp Mar Biol Ecol 184:217–236. doi:10.1016/
0022-0981(94)90006-X

Bacchiocchi F, Airoldi L (2003) Distribution and dynamics of epibiota
on hard structures for coastal protection. Estuar Coast Shelf Sci
56:1157–1166. doi:10.1016/S0272-7714(02)00322-0

Becker BJ, Levin LA, Fodrie FJ, McMillan PA (2007) Complex larval
connectivity patterns among marine invertebrate populations.
Proc Natl Acad Sci USA 104:3267–3272. doi:10.1073/pnas.
0611651104

Binns N, Remmick R (1994) Response of Bonneville cutthroat trout
and their habitat to drainage-wide habitat management at HuV
Creek, Wyoming. N Am J Fish Manag 14:669–680. doi:10.1577/
1548-8675(1994)014<0669:ROBCTA>2.3.CO;2

Bottin RRJ (1988) Case histories of Corps breakwaters and jetty struc-
tures. U.S. Army Corps of Engineers, 1, Vicksburg, MS

Bucharth HF, Hughes SA (2006) Fundamentals of design. In: Hughes
SA (ed) Coastal engineering manual. US Army Corps of Engi-
neers, Washington DC

Bulleri F (2006) Is it time for urban ecology to include the marine realm?
Trends Ecol Evol 21:658–659. doi:10.1016/j.tree.2006.09.004

Bulleri F, Airoldi L (2005) ArtiWcial marine structures facilitate the
spread of a non-indigenous green alga, Codium fragile ssp.
tomentosoides, in the north Adriatic Sea. J Appl Ecol 42:1063–
1072. doi:10.1111/j.1365-2664.2005.01096.x

Bulleri F, Chapman MG (2004) Intertidal assemblages on artiWcial and
natural habitats in marinas on the north-west coast of Italy. Mar
Biol (Berl) 145:381–391. doi:10.1007/s00227-004-1316-8

Bulleri F, Abbiati M, Airoldi L (2006) The colonisation of human-
made structures by the invasive alga Codium fragile ssp. toment-
osoides in the north Adriatic Sea (NE Mediterranean). Hydrobiol-
ogy 555:263–269. doi:10.1007/s10750-005-1122-4

Chapman GA (1963) Mission Bay, a review of previous studies and
status of a sport Wshery. Calif Fish Game 49:31–43

Chapman MG (2003) Paucity of mobile species on constructed sea-
walls: eVects of urbanization on biodiversity. Mar Ecol Prog Ser
264:21–29. doi:10.3354/meps264021
123

http://dx.doi.org/10.1016/j.coastaleng.2005.09.007
http://dx.doi.org/10.1016/0022-0981(94)90006-X
http://dx.doi.org/10.1016/0022-0981(94)90006-X
http://dx.doi.org/10.1016/S0272-7714(02)00322-0
http://dx.doi.org/10.1073/pnas.0611651104
http://dx.doi.org/10.1073/pnas.0611651104
http://dx.doi.org/10.1577/1548-8675(1994)014%3c0669:ROBCTA%3e2.3.CO;2
http://dx.doi.org/10.1577/1548-8675(1994)014%3c0669:ROBCTA%3e2.3.CO;2
http://dx.doi.org/10.1016/j.tree.2006.09.004
http://dx.doi.org/10.1111/j.1365-2664.2005.01096.x
http://dx.doi.org/10.1007/s00227-004-1316-8
http://dx.doi.org/10.1007/s10750-005-1122-4
http://dx.doi.org/10.3354/meps264021


872 Mar Biol (2009) 156:861–873
Chapman MG (2006) Intertidal seawalls as habitats for molluscs.
J Molluscan Stud 72:247–257

Chapman MG, Bulleri F (2003) Intertidal seawalls—new features of
landscape in intertidal environments. Landsc Urban Plan 62:159–
172. doi:10.1016/S0169-2046(02)00148-2

Clark WC, Lovejoy TE, Jorling T, O’Malley R (2002) The state of the
nations ecosystems. The Heinz Center, Cambridge, MA

Clarke KR (1993) Non-parametric multivariate analyses of changes in
community structure. Aust J Ecol 18:117–143. doi:10.1111/
j.1442-9993.1993.tb00438.x

Clynick BG (2006) Assemblages of Wsh associated with coastal mari-
nas in north-western Italy. J Mar Biol Assoc UK

Davis N, VanBlaricom GR, Dayton PK (1982) Man-made structures
on marine sediments: eVects on adjacent benthic communities.
Mar Biol (Berl) 70:295–303. doi:10.1007/BF00396848

Davis JLD, Levin LA, Walther SM (2002) ArtiWcial armored shore-
lines: sites for open-coast species in a southern California bay. Mar
Biol (Berl) 140:1249–1262. doi:10.1007/s00227-002-0779-8

Dean RG, Dalrymple RA, Fairbridge RW, Leatherman SP, Nummedal
D, O’Brien MP, Pilkey OH, Sturges W, Wiegel RL (1987)
Responding to changes in sea level: engineering implications.
National Academy Press, Washington DC

Denny M, Wethey D (2001) Physical processes that generate patterns
in marine communities. In: Bertness MD, Gaines SD, Hay ME
(eds) Marine community ecology. Sinauer Associates, Sunder-
land, pp 3–37

Denny MW, Helmuth B, Leonard GH, Harley CDG, Hunt LJH, Nelson
EK (2004) Quantifying scale in ecology: lessons from a wave-
swept shore. Ecol Monogr 74:513–532. doi:10.1890/03-4043

Eversham BC, Roy DB, Telfer MG (1996) Urban, industrial and other
manmade sites as analogues of natural habitats for Carabidae.
Ann Zool Fenn 33:149–156

Forstall RL (1996) Populations of states and counties of the United
States: 1790–1990. U.S. Department of Commerce, Bureau of the
Census, Washington DC

Foster MS, Harrold C, Hardin DD (1991) Point vs photo quadrat esti-
mates of the cover of sessile marine organisms. J Exp Mar Biol
Ecol 146:193–203. doi:10.1016/0022-0981(91)90025-R

Glasby TM, Connell SD (1999) Urban structures as marine habitats.
Ambio 28:595–598

Glasby TM, Connell SD, Holloway MG, Hewitt CL (2007) Nonindig-
enous biota on artiWcial structures: could creation facilitate bio-
logical invasions? Mar Biol (Berl) 151:887–895. doi:10.1007/
s00227-006-0552-5

Jonsson PR, Granhag L, Moschella PS, Aberg P, Hawkins SJ, Thomp-
son RC (2006) Interactions between wave action and grazing con-
trol the distribution of intertidal macroalgae. Ecol 87:1169–1178.
doi:10.1890/0012-9658(2006)87[1169:IBWAAG]2.0.CO;2

Kovach (1996) Saltwater Wshing in California. Marketscope Books,
Aptos, CA

Lande R (1996) Statistics and partitioning of species diversity, and
similarity among multiple communities. Oikos 76:5–13. doi:10.
2307/3545743

Lindberg DR, Estes JA, Warheit KI (1998) Human inXuences on
trophic cascades along rocky shores. Ecol Appl 8:880–890.
doi:10.1890/1051-0761(1998)008[0880:HIOTCA]2.0.CO;2

Love MS, Schroeder DM, Nishimoto MM (2003) The ecological role
of oil and gas production platforms and natural outcrops on Wshes
in southern and central California: a synthesis of information.
U.S. Department of the Interior, U.S. Geological Survey, Biolog-
ical Research Division, OCS Study MMS 2003-032, Seattle,
Washington

MacArthur RH, Wilson EO (1967) The theory of island biogeography.
Princeton University Press, Princeton

Magurran AE (2004) Measuring biological diversity. Blackwell
Science, Malden

Maloney E, Fairey R, Lyman A Reynolds, Kyle (2006) Introduced
aquatic species in California coastal water. Final report. Califor-
nia Department of Fish and Game OYce of Spill Prevention and
Response, Sacramento

Martin D, Bertasi F, Colangelo MA, de Vries M, Frost M, Hawkins SJ,
Macpherson E, Moschella PS, Satta MP, Thompson RC, Ceccher-
elli VU (2005) Ecological impact of coastal defense structures on
sediment and mobile fauna: evaluating and forecasting conse-
quences of unavoidable modiWcations of native habitats. Coast
Eng 52:1027–1051. doi:10.1016/j.coastaleng.2005.09.006

McCarthy JJ, Canziani OF, Leary NA, Dokken DJ, White KS (2001)
Climate Change 2001: impacts, adaptation, and vulnerability.
Cambridge University Press, Cambridge

McCune B, Grace JB (2002) Analysis of ecological communities.
MjM Software Design, Glenden Beach, OR

McDonnell MJ, Pickett STA, GroVman P, Bohlen P, Pouyat RV,
Zipperer WC, Parmelee RW, Carreiro MM, Medley K (1997)
Ecosystem processes along an urban-to-rural gradient. Urban
Ecosyst 1:21–36. doi:10.1023/A:1014359024275

Moore HB (1939) The colonization of a new rocky shore at Plymouth.
J Anim Ecol 8:29–38. doi:10.2307/1251

Morris RH, Abbott DP, Haderlie EC (1980) Intertidal invertebrates of
California. Stanford University Press, Stanford

Moschella PS, Abbiati M, Aberg P, Airoldi L, Anderson JM,
Bacchiocchi F, Bulleri F, Dinesen GE, Frost M, Gacia E, Granhag
L, Jonsson PR, Satta MP, Sundelof A, Thompson RC, Hawkins
SJ (2005) Low-crested coastal defense structures as artiWcial
habitats for marine life: using ecological criteria in design. Coast
Eng 52:1053–1071. doi:10.1016/j.coastaleng.2005.09.014

Murray SN, Fernandez L, Zertuche-Gonzalez JA (2005) Status, envi-
ronmental threats, and policy considerations for invasive sea-
weeds for the PaciWc Coast of North America. Commission on
Environmental Cooperation, Montreal, Canada

Murray SN, Ambrose RF, Dethier MN (2006) Monitoring rocky
shores. University of California Press, Los Angeles

Niemela J (1999) Ecology and urban planning. Biodivers Conserv
8:119–131. doi:10.1023/A:1008817325994

Oliver I, Beattie AJ (1996) Invertebrate morphospecies as surrogates
for species: a case study. Conserv Biol 10:99–109. doi:10.1046/
j.1523-1739.1996.10010099.x

Osborn D (2005) Rocky intertidal community structure on diVerent
substrates. PhD Thesis, Santa Cruz, CA

Pianka ER (1966) Latitudinal gradients in species diversity: a review
of concepts. Am Nat 100:33–46. doi:10.1086/282398

Pinn EH, Mitchell K, Corkill J (2005) The assemblages of groynes in
relation to substratum age, aspect and microhabitat. Estuar Coast
Shelf Sci 62:271–282. doi:10.1016/j.ecss.2004.09.002

Pombo OA, Escofet A (1996) EVect of exploitation on the limpet
Lottia gigantea: a Weld study in Baja California (Mexico) and
California (USA). Pac Sci 50:393–403

Rader WL (1998) Faunal list of shelled marine mollusks inhabiting the
northern jetty, Marina del Rey, Los Angeles County, California.
Festivus 30:105–112

Rasband W (2005) Image J. US National Institutes of Health, Bethesda
Rebele F (1994) Urban ecology and special features of urban ecosys-

tems. Glob Ecol Biogeogr Lett 4:173–187. doi:10.2307/
2997649

Reish DJ (1964) Discussion of the Mytilus californianus community
on newly constructed rock jetties in southern California. Veliger
7:95–101

Ricketts EF, Calvin J, Hedgpeth JW, Phillips DW (1985) Between
PaciWc tides. Stanford University Press, Stanford

Sammarco PW, Atchison AD, Boland GS (2004) Expansion of coral
communities within the Northern Gulf of Mexico via oVshore oil
and gas platforms. Mar Ecol Prog Ser 280:129–143. doi:10.3354/
meps280129
123

http://dx.doi.org/10.1016/S0169-2046(02)00148-2
http://dx.doi.org/10.1111/j.1442-9993.1993.tb00438.x
http://dx.doi.org/10.1111/j.1442-9993.1993.tb00438.x
http://dx.doi.org/10.1007/BF00396848
http://dx.doi.org/10.1007/s00227-002-0779-8
http://dx.doi.org/10.1890/03-4043
http://dx.doi.org/10.1016/0022-0981(91)90025-R
http://dx.doi.org/10.1007/s00227-006-0552-5
http://dx.doi.org/10.1007/s00227-006-0552-5
http://dx.doi.org/10.1890/0012-9658(2006)87[1169:IBWAAG]2.0.CO;2
http://dx.doi.org/10.2307/3545743
http://dx.doi.org/10.2307/3545743
http://dx.doi.org/10.1890/1051-0761(1998)008[0880:HIOTCA]2.0.CO;2
http://dx.doi.org/10.1016/j.coastaleng.2005.09.006
http://dx.doi.org/10.1023/A:1014359024275
http://dx.doi.org/10.2307/1251
http://dx.doi.org/10.1016/j.coastaleng.2005.09.014
http://dx.doi.org/10.1023/A:1008817325994
http://dx.doi.org/10.1046/j.1523-1739.1996.10010099.x
http://dx.doi.org/10.1046/j.1523-1739.1996.10010099.x
http://dx.doi.org/10.1086/282398
http://dx.doi.org/10.1016/j.ecss.2004.09.002
http://dx.doi.org/10.2307/2997649
http://dx.doi.org/10.2307/2997649
http://dx.doi.org/10.3354/meps280129
http://dx.doi.org/10.3354/meps280129


Mar Biol (2009) 156:861–873 873
Secord D, Muller-Parker G (2005) Symbiont distribution along a light
gradient within an intertidal cave. Limnol Oceanogr 50:272–278

Smith JM (2003) Surf zone hydrodynamics. In: Demirbilek Z (ed)
Coastal engineering manual. US Army Corps of Engineers,
Washington DC, p 42

Southward AJ, Orton JH (1954) The eVects of wave action on the dis-
tribution and numbers of the commoner plants and animals living
on the Plymouth Breakwater. J Mar Biol Assoc UK 33:1–19

Team RDC (2005) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna

Tyrrell MC, Byers JE (2007) Do artiWcial substrates favor nonindige-
nous fouling species over native species? J Exp Mar Biol Ecol
342:54–60. doi:10.1016/j.jembe.2006.10.014

Valentine JW (1966) Numerical analysis of marine molluscan ranges
on the extratropical north-eastern PaciWc shelf. Limnol Oceanogr
11:198–211

Vermeij GJ (1993) A natural history of shells. Princeton University
Press, Princeton

Wasson K, Fenn K, Pearse JS (2005) Habitat diVerences in marine
invasions of central California. Biol Invasions 7:935–948.
doi:10.1007/s10530-004-2995-2

Wilkinson SB, Zheng W, Allen JR, Fielding NJ, Wanstall VC, Russell
G, Hawkins SJ (1996) Water quality improvements in Liverpool
docks: the role of Wlter feeders in algal nutrient dynamics. Mar
Ecol (Berl) 17:197–211. doi:10.1111/j.1439-0485.1996.tb00501.x

Zuccarello GC, West J, Rueness J (2002) Phylogeography of the
cosmopolitan red alga Caulacanthus ustulatus (Caulacanthaceae,
Gigartinales). Phycol Res 50:163–172. doi:10.1111/j.1440-1835.
2002.tb00147.x
123

http://dx.doi.org/10.1016/j.jembe.2006.10.014
http://dx.doi.org/10.1007/s10530-004-2995-2
http://dx.doi.org/10.1111/j.1439-0485.1996.tb00501.x
http://dx.doi.org/10.1111/j.1440-1835.2002.tb00147.x
http://dx.doi.org/10.1111/j.1440-1835.2002.tb00147.x

	Urban marine ecology in southern California: the ability of riprap structures to serve as rocky intertidal habitat
	Abstract
	Introduction
	Materials and methods
	Field sites and data collection
	Physical data
	Analyses

	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


