
Abstract Most marine habitats are generated by the
presence of habitat-modifying species. However, little is
know about many aspects of this process, such as how
individual- and population-level traits of habitat modifi-
ers affect their ability to reduce environmental stress and
thus facilitate other species. An important habitat modi-
fier in New England is the intertidal grass Spartina alter-
niflora which facilitates the establishment and persis-
tence of cobble beach plant communities by reducing
wave-related disturbance. The objectives of this study
were to (1) quantify the modification of cobble beach
habitats by S. alterniflora, (2) determine how this pro-
cess is related to S. alterniflora bed traits, and (3) deter-
mine why small patches of S. alterniflora generally re-
main unoccupied by cobble beach plants. Our results
demonstrate that S. alterniflora substantially reduces
flow-related physical disturbance on cobble beaches. Be-
hind S. alterniflora, mean flow velocity was reduced by
40–60% and substrate stability was dramatically in-
creased compared to portions of the shoreline not bor-
dered by this species. These comparative results were
supported by a S. alterniflora shoot removal experiment,
which resulted in a 33% increase in average flow veloci-
ty and an 85% increase in substrate instability relative to
control areas. There was a strong inverse logarithmic re-
lationship between bed length and both average flow ve-
locity and substrate instability behind S. alterniflora.
Most S. alterniflora beds were small and bed length was
significantly related to the presence of one or more cob-
ble beach plant species. Only 13% of beds <25 m and
40% of beds 30–40 m in length were occupied, in con-
trast to an occupancy rate of 87% for beds >40 m long.
Seeds of two annual cobble beach species (Suaeda line-
aris and Salicornia europaea) were added to plots be-
hind large (>100 m in length) and small S. alterniflora
(<25 m) beds with and without a substrate stabilization

manipulation. Seedlings of both species only emerged
and established behind small beds when the substrate
was stabilized. These results indicate that smaller S. alt-
erniflora patches are usually unoccupied because they do
not stabilize the substrate to a degree that meets the es-
tablishment requirements of seedlings. Thus, both habi-
tat modification and facilitation by S. alterniflora are
patch-size dependent. The conditionality of this facilita-
tion appears to generate a pattern of patchy yet predict-
able population and community distribution at a land-
scape spatial scale.
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Introduction

Biological habitat generation is an important process
within both aquatic and terrestrial landscapes (Ginsburg
and Lowenstam 1958; Dayton 1972; Jones et al. 1994;
Callaway 1995), but appears to be especially common in
marine benthos (Bertness and Leonard 1997). Simply
through their presence, species that create habitat modify
numerous environmental parameters and reduce environ-
mental stress and predation intensity to levels tolerable by
other species (Hunter and Aarssen 1988; Bertness and
Callaway 1994; Jones et al. 1994). Habitat modifiers can
also facilitate (i.e., assist or benefit) dependent species by
increasing propagule supply and retention and the avail-
ability of limiting resources (Eckman 1983, 1985; Jones
et al. 1994). Because they facilitate the establishment and
persistence of populations of many other species, these
so-called foundation species (Dayton 1972) or keystone
modifiers (Wilson and Agnew 1992; Bond 1993) can be
responsible for the presence of an entire community. Ma-
rine examples include single species of large kelp in tem-
perate kelp forests (Estes and Palmisano 1974; Jackson
and Winant 1983; Eckman et al. 1989; Eckman and Dug-
gins 1991) and bed-forming intertidal and subtidal mus-
sels (Suchanek 1979, 1985; Witman 1985; Lohse 1993;
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Seed 1996) that provide a refuge from predation for hun-
dreds of infaunal species, thereby dramatically increasing
local species diversity. In New England rocky intertidal
habitats, fucoid algae often facilitate the recruitment and
persistence of invertebrates and other algae by reducing
thermal stress (Thompson et al. 1996; Leonard 1999;
Bertness et al., in press). Sea grasses (Orth 1977; Fonseca
et al. 1982; Peterson et al. 1984; Irlandi and Peterson
1991) and tropical reef-building corals (Goreau et al.
1979; Reaka-Kudla 1997) stabilize the substrate, increase
habitat heterogeneity, and provide an important predation
refuge for hundreds or even thousands of associated spe-
cies. In fact it is difficult to think of a benthic marine hab-
itat that is not defined by or dependent upon habitat cre-
ation by a single or a guild of species.

Despite the importance of foundation species, marine
ecologists are just beginning to examine rigorously habi-
tat modification and facilitation (Bertness and Leonard
1997; Bertness et al. 1999). Consequently, many reports
of facilitation are largely anecdotal and the details of
how this fundamental natural process operates are often
quite vague (Bertness and Callaway 1994). In many
cases, experimental data on the specific mechanism of
facilitation from controlled manipulations are sparse or
nonexistent (Callaway 1995). However, identifying the
relevant factor that is ameliorated is rarely straightfor-
ward because several factors could restrict species distri-
butions to the modified habitat and the importance of
each could vary across life history stages as well as
among species. Moreover, little is known about how ba-
sic individual and population-level traits of modifiers
such as size, age, or density affect their ability to reduce
environmental stress and thus to facilitate other species.
We also have little data on how spatial and temporal
variation in ambient stress or disturbance levels interact
with modifier attributes to determine the differences be-
tween modified and unmodified habitat. Addressing such
issues through a combination of comparative descriptive
studies and field manipulations can help to advance the
study of habitat modification and facilitation from a
crude anecdotal narrative to a comprehensive and predic-
tive science (Bertness et al. 1999, in press).

An important habitat modifier in southern New England
is the grass Spartina alterniflora which facilitates the es-
tablishment and persistence of cobble beach plant com-
munities. This intertidal assemblage of annual and peren-
nial forbs is found on estuarine cobble beaches between
1.0–1.5 m above mean low water, behind the upper bor-
der of fringing S. alterniflora beds (Fig. 1A,B). S. alter-
niflora enables the seedlings of other plant species to
emerge and survive in this physically stressful environ-
ment by stabilizing the substrate, thereby minimizing the
burial of seeds and seedlings (Bruno, in press). As a re-
sult of this facilitation, plant population densities and
species richness are dramatically increased relative to
portions of the shoreline not bordered by S. alterniflora
(Bruno, in press).

At a landscape scale, S. alterniflora beds can be
viewed as biologically generated habitat patches that
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provide refuge from physical disturbance, whereas
shoreline locations between patches represent an unin-
habitable matrix environment. Interestingly, small patch-
es of S. alterniflora (those <25 m in length) are usually
unoccupied (i.e., no cobble beach plant species are pres-
ent behind the bed), whereas larger patches are often oc-
cupied by dense populations of up to 11 species. Small
beds may remain unoccupied for three reasons. (1) They
may be less likely to be colonized due to their size (i.e., a
target effect; MacArthur and Wilson 1967) or age as they
may be younger than large beds (a temporal target ef-
fect). (2) They may be unable to reduce flow and stabi-
lize the substrate sufficiently to facilitate seedling emer-
gence and establishment. (3) Finally, they could be un-
suitable habitat due to another attribute related to bed
size (e.g., poor soil quality).

Fig. 1 A Photograph of a typical New England cobble beach plant
community at the Brown University Haffenreffer Reserve. B Dia-
gram of a cobble beach landscape illustrating the spatial arrange-
ment of Spartina alterniflora beds, cobble beach plant communi-
ties (CBPC), and the experimental treatment locations (MLW
mean low water mark, MLW+1 1.0 m above mean low water)
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The purpose of this study was to quantify the modifi-
cation of cobble beach habitats by S. alterniflora and to
determine how attributes of S. alterniflora patches are
related to this process and why small patches generally
remain unoccupied. Specifically, we quantified the ef-
fects of S. alterniflora on flow velocity and substrate sta-
bility and examined the effect of patch size on the ability
of S. alterniflora beds to reduce these measures of wave-
related disturbance. We also documented the restriction
of cobble beach plant communities to large S. alterniflo-
ra patches in Narragansett Bay, R.I. Finally, we per-
formed a manipulative seed addition experiment to test
three hypotheses that explain why cobble beach plants
are not found behind small beds:

Ha1: limited seed supply excludes plants from small
beds.

Ha2: substrate instability excludes plants from small
beds.

Ha3: other environmental factors exclude plants from
small beds.

Materials and methods

Study system

Some representative cobble beach forbs are the annuals Suaeda
linearis (sea-blite, Chenopodiaceae), Salicornia europaea (com-
mon glasswort, Chenopodiaceae), and Spergularia marina (sand
spurrey, Caryophyllaceae), and the perennials Limonium nashii
(sea-lavender, Plumbaginaceae) and Salicornia virginica (woody
glasswort, Chenopodiaceae). Some of these species are also abun-
dant in salt marsh habitats in southern New England (e.g., S.
europaea and L. nashii), while others are generally, though not
totally, restricted to cobble beaches (e.g., S. linearis and S. mari-
na) which appears to be their primary habitat. Cobble beach plant
species have small seeds (1–3 mm in diameter across the maxi-
mum axis) that are usually water dispersed during the fall and
winter and can remain buoyant for weeks or even months (Ungar
1987). Although most seeds are released from the parent plant be-
fore dispersal, many are also dispersed while still attached to the
inflorescence when adult plants are removed from the substrate
by wave action.

S. alterniflora is generally considered to be a salt marsh spe-
cies; however, in portions of southern New England such as Nar-
ragansett Bay, R.I., it is equally abundant on cobble beaches
where it forms long fringing beds and is usually the only grass
species present. Hence, on cobble beaches, halophytic forbs domi-
nate the zone above and behind S. alterniflora that is occupied in
New England salt marsh and fringing salt marsh habitats by grass-
es and rushes such as Spartina patens and Juncus gerardi. Al-
though there is some overlap in species composition between cob-
ble beaches and marshes, these habitats differ in a number of im-
portant aspects including the density of forb populations and the
environmental factors that affect them. For example, in marshes,
the grasses that dominate the substrate generally outcompete forbs
for light and nutrients, thus severely limiting the abundance and
restricting the distribution of the forbs (Bertness et al. 1992;
Chmura et al. 1997). Additionally, salt and fringing marshes are
characterized by a stable peat substrate in contrast to the highly
unstable gravel and cobble substrate of cobble beaches. Further-
more, the frequency and intensity of wave-related physical distur-
bance is many times greater on relatively exposed cobble beaches
than in salt marshes, which are usually found within protected
bays and other low-energy, depositional environments (Adam
1990). Important physical stress factors in marshes including soil
waterlogging and salt accumulation on the soil surface (Adam
1990; Bertness 1992) are not likely to be important in cobble
beach plant communities because the coarse substrate is well-
drained.

Study location

Research was performed in Narragansett Bay, Rhode Island, USA
(Fig. 2), a well-mixed estuary with semi-diurnal tides (range
0.8–2.0 m). The shoreline of Narragansett Bay is dominated by
beaches made up of unconsolidated, glacially deposited boulders,
cobbles, gravel, and sediment. Waves in the middle and upper bay
are generated by local winds and boat traffic and rarely exceed
1 m in height. Most measurements and manipulations were per-
formed at the Brown University Haffenreffer Reserve and on Pru-
dence Island in the Narragansett Bay National Estuarine Research
Reserve. The exception was the bed trait measurements that were
made on S. alterniflora beds distributed throughout Narragansett
Bay. Each “site” consisted of a 1–3 km linear section of shoreline
that contained 3–25 S. alterniflora beds. The shoreline at Haffen-
reffer is 3 km long and was considered to be a single “site,” while
the perimeter of Prudence Island is 36 km and thus contains sever-
al distinct “sites” (Fig. 2).

Fig. 2 Map of study sites in
Narragansett Bay, R.I. (HF
Haffenreffer, NWP northwest
Prudence Island, PC Potter
Cove)



Habitat modification

The effect of large (>100 m in length) S. alterniflora beds on sub-
strate stability and short- (5 min.) and long-term (10 days) water
velocity was initially quantified in a comparative manner by mea-
suring each parameter at two locations: (1) behind S. alterniflora
beds (bed locations), and (2) on portions of the shore not bordered
by a bed (inter-bed locations), but that were at the same tidal
height as the corresponding bed locations (Fig. 1B). The bed treat-
ments were located >20 m from one of the two lateral edges of a
given S. alterniflora patch. This distance was chosen to avoid any
“edge effects” (i.e., waves wrapping around the ends of beds) and
was based on lateral flow velocity profiles behind patches (J. Bruno,
unpublished data). No other factors (e.g., beach slope, cobble size,
direction or distance of fetch, water depth) varied between the bed
and inter-bed treatment locations.

Long-term flow was measured using plaster cylinders which
dissolve at a rate proportional to bulk fluid flux and thus represent
an integrated measure of flow velocity at each location (dissolu-
tion block technique; Thompson and Glenn 1994). Our dental
plaster (calcium sulfate) cylinders were 4 cm in height and 7.5 cm
in diameter. Each cylinder was attached to a small piece of galva-
nized steel mesh (10×10 cm, 0.5 inch mesh size) which was fas-
tened to the substrate with 20-cm nails. The bottom surface and
sides were coated with clear polyurethane so that only the top sur-
face could erode. Each cylinder was weighed before and after de-
ployment so that total mass loss could be calculated. Cylinders
were deployed for 10 days to bed and inter-bed treatment locations
at two tidal elevations: (1) mean low water (MLW), an elevation
below S. alterniflora beds, at two sites (Haffenreffer and NW
Prudence; n=15 cylinders/treatment location per site, May 1999),
and (2) above beds, at 1.0 m above MLW at each of three sites
(Haffenreffer, NW Prudence, and Potter Cove; n=12 cylin-
ders/treatment location per site, July 1997). The deployment be-
low beds was to test the hypothesis that ambient flow does not
vary between locations on the shoreline with and without S. alter-
niflora. We compared log-transformed total mass loss between bed
and inter-bed locations and among sites with a separate two-factor
ANOVA for each tidal elevation (fixed factor=location, random
factor=site). This and all other analyses were performed with JMP
statistical software (SAS Institute, Cary, NC).

A portable acoustic current meter (ADV; Sontek, model ADV-1)
was used to measure instantaneous, short-term, three-dimensional
flow. Measurements were made 5 cm above the substrate during
high tide, at a tidal elevation of 1.0 m above MLW (water depth
≈20 cm, sample duration 5 min, sample frequency 10 Hz). Short-
term flow was measured at eight bed and inter-bed locations in a
paired sampling design at Haffenreffer, over the course of several
days in July 1997. Each bed measurement was made behind a dif-
ferent S. alterniflora patch, and each inter-bed measurement was
made 10 m from the edge of the corresponding patch; thus for
each pair, the measurements were separated by ≈30 m. Only a sin-
gle probe was available and the two measurements for each pair
could not be made simultaneously. However, they were made
within 10 min of each other and a hand-held anemometer was
used to ensure that ambient wind speed did not vary by more than
10% between each measurement for a given pair. The ADV mea-
sures three components of flow: the vector perpendicular to the
shore (onshore-offshore flow), the vertical flow vector (vertical
flow), and the vector parallel to the shore (longshore flow). In this
study system, the onshore-offshore and vertical flow components
largely represent the force vectors of waves produced by wind and
boats, while the longshore component can include longshore tidal
currents, the wave force vector, and longshore currents that are
generated when wave angles are not parallel to the shore. Al-
though at 10 Hz the ADV takes 3000 measures for each vector in
5 min, these points are not strictly independent. Therefore, we col-
lapsed each 5-min record into a single mean value and compared
these means (after log-transformation) between bed and inter-bed
locations with paired t-tests (a separate test was performed for
each flow component). We also determined the maximum velocity
as the highest value measured during each replicate 5-min interval

and compared maximum velocities for each vector between loca-
tions.

The movements of standardized cobbles were used as mea-
sures of substrate stability. Experimental cobbles were randomly
chosen from a large pool of cobbles of similar size (≈4 cm in di-
ameter) and shape (≈round) and were randomly assigned to treat-
ment locations. Each cobble was painted and individually num-
bered so that it could be easily relocated. Thirty cobbles were de-
ployed along transect tapes 1.0 m above MLW at each location.
The original position of each cobble was recorded and the position
of each transect was marked. After two tidal cycles, the net dis-
tance of movement of each experimental cobble was determined
by measuring the linear distance between its original and final lo-
cation. Because the cobbles generally only moved during infre-
quent periods of high wind (>15–20 km/h) and wave energy (J.F.
Bruno, unpublished data), to a large degree, this assay quantifies
maximum disturbance events. The cobble movement assay was re-
peated at ten paired bed and inter-bed locations randomly selected
at Haffenreffer and Prudence Island from July 1997 to July 1998.
The mean of the net movement of the 30 cobbles at each
pair/treatment combination was considered an independent statis-
tical replicate and movement was compared between locations
with a single paired t-test (i.e., n=10).

We performed a S. alterniflora removal experiment as an addi-
tional test of the null hypothesis that S. alterniflora has no effect
on flow velocity or substrate stability. In May 1999, we trimmed
5-m-wide sections of S. alterniflora patches, from the upper to the
lower bed borders, to a height of 1–3 cm with a “weed-whacker”
(removal treatment). This height was maintained by recutting as
necessary during the measurement of environmental parameters.
We did not disturb the peat base beneath the shoots and the natural
height of untrimmed S. alterniflora was 30–50 cm. A single re-
moval plot was created within each of 12 S. alterniflora patches,
randomly selected from Haffenreffer and Prudence Island. Each
bed also contained a control plot (5 m in width) in which the S.
alterniflora was not cut (vegetation treatment). The dissolution
cylinder (one cylinder/plot) and cobble movement (ten cob-
bles/plot, the net movements of which were collapsed into a single
mean/plot) assays described above were used to quantify average
flow velocity and substrate stability directly behind the treatment
plots (at 1.0 m above MLW), over a period of 10 days. Both pa-
rameters were compared between treatments with separate paired
t-tests on log-transformed data.

Bed trait measurements

The length of 286 randomly selected S. alterniflora patches (from
a population of >1000 and >100 km of shoreline within Narragan-
sett Bay) was measured in July 1997. We also searched the sub-
strate behind each of these beds for the presence of any cobble
beach plant species. Three additional traits (bed width, and the el-
evation of the upper and lower borders of the beds) were measured
at three locations along each patch, on a randomly selected subset
of 100 beds. The position of the upper and lower border of each
bed was measured with surveying equipment, and measurements
were standardized using a computer-based tide program (Harbor
Master).

Effect of bed size on habitat modification

The relationship between patch length and the ability of S. alterni-
flora to reduce wave-related physical disturbance in cobble beach
habitats was determined by measuring average flow velocity (dis-
solution cylinder technique: one cylinder/bed) and substrate stabil-
ity (cobble movement technique: 20 cobbles/bed) behind beds of
varying size. Each assay was repeated at two sites: Haffenreffer
(11–16 beds with an easterly exposure) and NW Prudence Island
(14–17 beds with a westerly exposure). These sites were chosen
because each has numerous S. alterniflora beds that are arrayed
along a generally linear section of coastline so that fetch and di-
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rection of exposure would not be confounded with any patch
traits. The dissolution block assay was performed at two tidal
heights: (1) MLW, below S. alterniflora beds, in May and June
1999, and (2) 1.0 m above MLW, above beds, in June 1998. The
below-bed assays were performed to test the null hypothesis that
ambient flow is not related to S. alterniflora bed size. The cobble
movement assay was repeated three times (June 1998, January
1999, and May 1999) behind S. alterniflora patches at both sites
(at 1.0 m above MLW). The relationships of log bed length with
log cylinder dissolution and log (cobble movement+1) were exam-
ined with linear regression analysis.

Seed addition experiment

We tested the three hypotheses that potentially explain why small
S. alterniflora patches are unoccupied by any cobble beach plant
species by adding seeds of two species behind (1) large (>100 m),
occupied beds, (2) small (<25 m), unoccupied beds, and (3) small,
unoccupied beds with a substrate stabilization treatment. Emer-
gence and establishment of seedlings behind small beds without
stabilization would suggest that small beds are suitable habitat, but
that colonization (seed supply and/or retention) is related to bed
size. If seedlings can only establish within the stabilization plots
behind small beds, this would indicate that small beds do not sta-
bilize the substrate enough to facilitate seedling emergence. Final-
ly, if seedlings establish behind the large beds but not in either
treatment type behind small beds, this would suggest that small
beds are unsuitable habitat for some other reason.

The experimental species, S. europaea and S. linearis, are both
annual forbs and two of the most common cobble beach species in
Rhode Island (J.F. Bruno, unpublished data). Seeds of both species
were collected in the fall of 1997 from a number of sites within
Narragansett Bay and were stored in a dry, cool location over the
winter. Aliquots of equal mass (≈5000 seeds) were added to the
substrate within ten 0.25-m2 plots of each treatment type in late
February 1998. All plots were located in the center of patches, 1 m
from the landward patch edge. The experimental S. alterniflora
beds were located along 3 km of shoreline at Haffenreffer and
20 km of shoreline on Prudence Island. The substrate was stabi-
lized in the stabilization treatment plots by pinning a 0.25-m2

screen (galvanized steel hardware cloth, 1 cm mesh size) to the
substrate with 20-cm nails. This manipulation was designed to sta-
bilize the substrate in a manner that did not affect near-bottom
flow velocity or restrict access to potential herbivores. Screens
were placed on all 30 plots when the seeds were added, but were
removed from the large-bed and small-bed treatment plots just be-
fore seedlings began to emerge in early April. Seedlings of both
species in each plot were counted on 1 May and 1 June 1998. The
frequency of plots containing at least one individual seedling at
the first and second census (defined as seedling emergence and es-
tablishment, respectively) was compared among treatments with
chi-square analysis (a separate test was performed for each spe-
cies). We focused on these early life history stages because a se-
ries of previous manipulations (Bruno, in press) demonstrated that
they are the stages at which the lateral distribution of cobble beach
plants is restricted.

One potential artifact of our stabilization manipulation is that it
could increase the retention of seeds which under natural condi-
tions (as in the control additions) would have been washed away.
Therefore, we ensured that each plot contained >100 seeds/species
during the seedling emergence period, a conservative number
based on previously determined germination, emergence, and es-
tablishment rates (Bruno, in press). As a conservative test of this
assumption, we made five additional seed addition plots without
permanent stabilization between beds and sampled them for the
presence of seeds and seedlings within the soil. These five plots
were constructed at the same time as the other 30 seed addition
plots and their stabilization screens were removed at the same
time as those from the unstabilized small- and large-bed plots.
These additional plots were sampled for seeds 4 weeks after
screen removal and 8 weeks after seed addition. One substrate
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sample (25×25 cm, 10 cm in depth) was collected from each plot
and seeds were separated from the soil using a hydraulic sluice
and counted under a dissecting microscope (see methods in Bruno,
in press). The number of seedlings within each sample was also
recorded.

Results

Habitat modification

The mass loss of dissolution cylinders placed at MLW
(below beds) as a measure of ambient flow was not sig-
nificantly different between treatment locations or sites
(Fig. 3A; treatment, F1,1=8.13, P>0.05; site, F1,53=0.22,
P>0.05; treatment×site, F1,53=0.18, P>0.05). Retrospec-
tive power analysis found that this test had high power to
detect a significant treatment effect even when the effect
size (delta) was assumed to be relatively small (e.g.,
power was 0.68 at a delta of 1.5 and 0.90 at a delta of
2.0; alpha=0.05 and sigma=4.60 for both parameter esti-
mates). In contrast to the below-bed assay, the dissolu-
tion of cylinders placed at the higher position (1.0 m
above MLW) varied greatly between treatment locations
(Fig. 3B; treatment, F1,2=204.59, P<0.01) but not among
sites (site, F2,58=1.76, P>0.05; treatment×site, F2,58=0.23,
P>0.05). Additional planned contrasts using t-tests based

Fig. 3 Mass loss of dissolution cylinders after 10 days as a mea-
sure of average flow velocity at bed and inter-bed locations and at
two tidal heights. Bars represent untransformed means+1 SE.
***P<0.01. A MLW (ambient flow; two sites, n=15 cylin-
ders/treatment location per site). B At 1.0 m above MLW (modi-
fied vs unmodified flow; three sites, n=12 cylinders/treatment lo-
cation per site)

Fig. 4 Mean and maximum flow velocity of three flow compo-
nents at bed and inter-bed locations. Bars represent untransformed
means+1 SE (**P<0.01, ***P≤0.001; paired t-test, n=8)
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on the least-square means of the treatment effect found
that mass loss was significantly greater at inter-bed than
bed locations at all three sites (all P<0.001).

The mean and maximum velocities of all three water
flow components measured with the ADV were signifi-
cantly greater at inter-bed than at bed locations (Fig. 4;
mean vertical flow, t=5.51, P≤0.001; mean onshore-off-
shore flow, t=7.96, P<0.0001; mean longshore flow,
t=8.48, P<0.0001; max. vertical flow, t=4.47, P<0.01;
max. onshore-offshore flow t=5.23, P≤0.001; max.
longshore flow, t=8.07, P<0.0001; all df=7). Cobble
movement was much greater at inter-bed locations than
behind S. alterniflora beds (Fig. 5; t=11.42, df=9,
P<0.0001). In the bed removal experiment, cylinder
dissolution (Fig. 6A; t=2.47, df=11, P<0.05) and cobble
movement (Fig. 6B; t=4.99, df=11, P<0.001) were both

significantly greater in removal than in vegetation
plots.

Bed trait measurements

The distribution of S. alterniflora patch lengths was high-
ly negatively skewed (Fig. 7) as most beds were
<20 m in length. Patch length was significantly related to
the presence of one or more cobble beach plant species,
smaller beds being much less likely to be occupied than
larger beds (Fig. 8; logistic regression; χ2=50.45,
P<0.0001). Although 70% of the 286 sampled patches
were ≤40 m long, only 20% of these small beds were oc-
cupied and only 13% of beds <25 m were occupied.
These results contrast with an occupancy rate of 87% for
patches >40 m. The four measured beds traits were quite
variable and were inter-correlated (Tables 1, 2). All pair-
wise comparisons were statistically significant (Pearson
product-moment correlation analysis, P<0.05) except for
the correlation between length and the height of the upper
border. However, this correlation was nearly significant
(R=0.302). In general, longer patches tended to be wider,
their seaward borders extended further into the water, and
their landward borders extended higher up the beach.

Fig. 5 Net cobble movement over two tidal cycles at bed and in-
ter-bed locations at ten sites. Bars represent untransformed
means+1 SE. n=30 cobbles/site

Fig. 6 Results of the S. alterniflora removal experiment. Bars re-
present untransformed means+1 SE (*P<0.05, ***P≤0.001; paired
t-test, n=12). A Mass loss of dissolution cylinders. B Net cobble
movement, over a period of 10 days in the vegetation and removal
treatment plots

Fig. 7 Frequency distribution of S. alterniflora bed lengths in
Narragansett Bay, R.I. (n=286)

Fig. 8 Frequency of occupancy (presence of at least one adult in-
dividual) by Suaeda linearis, Salicornia europaea or any cobble
beach plant species for different S. alterniflora bed size classes.
Data are from 286 randomly sampled S. alterniflora beds in Nar-
ragansett Bay, R.I. Values above bars are sample sizes for each
bed size category
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Effect of bed size on habitat modification

At NW Prudence there was no significant linear relation-
ship between mass loss of cylinders placed below patch-
es (as a measure of ambient flow) and bed length for ei-
ther assay (Fig. 9A,B). At Haffenreffer in May 1999, be-
low-bed cylinder dissolution was significantly positively
related to patch length, indicating that ambient flow was
higher below longer beds (Fig. 9D). Although, the re-
sults of the second Haffenreffer ambient flow assay in
June were similar, this regression was not significant
(Fig. 9E). In contrast to the four ambient flow assays be-
low beds, behind S. alterniflora, there was a highly sig-

nificant inverse relationship between patch length and
average flow (Fig. 9C,F). There was also a strong in-
verse logarithmic relationship between patch length and
cobble movement at both sites each time this assay was
performed (Fig. 10).

Seed addition experiment

Three of the ten stabilization plots were destroyed by a
storm in March. S. europaea and S. linearis seedlings
emerged and established in most of the large-bed and

Table 1 Traits of S. alterniflora beds on cobble beaches in Narra-
gansett Bay, R.I. (MLW mean low water)

Trait n Mean SD Range

Length (m) 286 47.5 68.7 3–688
Width (m) 100 5.9 2.3 2.0–11.7
Upper border 100 0.97 0.22 0.23–1.35

(m above MLW)
Lower border 100 0.47 0.19 0.09–0.97

(m above MLW)

Table 2 Matrix of Pearson product-moment correlations among
four measured S. alterniflora bed traits. All are significant at
P<0.05 except for the bed length-upper border correlation. n=90

Trait Length Width Upper border

Width 0.498
Upper border 0.302 0.378
Lower border –0.329 –0.368 0.450

Fig. 9 Linear relationships between the length of S. alterniflora
beds and the mass loss of dissolution cylinders at two large sites in
Narragansett Bay, RI (NWP NW Prudence Island, HF Haffenref-
fer). Measurements were made at two tidal elevations: at MLW,
below beds, as a measure of ambient flow (A,B,D,E) and at 1.0 m
above MLW, behind beds, as a measure of the extent of flow mod-
ification (C,F) (R2=adjusted R2; *P<0.05, ***P≤0.001, ns not sig-
nificant)

Fig. 10 Linear relationships between the length of S. alterniflora
beds and substrate stability (net cobble movement) behind beds (at
1.0 m above MLW) at two sites in Narragansett Bay, R.I. (NWP
NW Prudence Island, HF Haffenreffer). Note difference in scales
of y-axis (R2=adjusted R2; *P<0.05, **P<0.01, ***P≤0.001)

Fig. 11 Emergence and establishment of S. europaea (A,C) and S.
linearis (B,D) seedlings within each type of treatment plot. Bars
are the frequency of the plots of each treatment that contained one
or more seedlings (A,B) or represent untransformed means (+1
SE) of seedling abundances (C,D)



stabilization treatment plots (Fig. 11A,B). In contrast, S.
europaea seedlings did not emerge in any of the ten
small-bed plots without stabilization and S. linearis
seedlings emerged in only two of these plots. At the sec-
ond census (1 June), there were no seedlings in any of
the small-bed plots. Frequencies of seedling emergence
and seedling establishment, defined as the frequency of
plots that contained at least one seedling at the 1 May
and 1 June censuses, respectively, varied significantly
among the three treatments (emergence: S. europaea,
χ2=13.58, P<0.01; S. linearis, χ2=19.33, P<0.0001; es-
tablishment: S. europaea, χ2=14.87, P<0.001; S. linearis,
χ2=23.27, P<0.0001). Additional planned comparisons
demonstrated that for both species, frequencies of emer-
gence and establishment varied significantly between the
small-bed and the other two treatments (chi-square anal-
ysis, all P<0.05), but not between the large-bed and
small-bed+stabilization treatments (all P>0.05). The
number of seedlings that emerged and became estab-
lished did not differ significantly between the large-bed
and small-bed+stabilization treatments (Fig. 11C,D;
emergence: S. europaea, t=1.58; S. linearis, t=1.81; es-
tablishment: S. europaea, t=1.37; S. linearis, t=1.18; all
P>0.05, df=15). The small-bed plots were not included
in analyses of seedling density because only two repli-
cates of this treatment contained any seedlings. A sub-
stantial number of seeds and seedlings were found in the
five extra seed addition plots (S. linearis seeds=
1144±640; S. europaea seeds=2896±1,200; combined
seedlings =132±70.4; mean number/plot±1 SE).

Discussion

Our results indicate that beds of Spartina alterniflora
can modify estuarine cobble beaches by substantially re-
ducing wave-related physical disturbance. This habitat
modification was mediated by patch size: flow velocity
and substrate instability behind beds were inversely re-
lated to bed length. In addition, the results of the seed
addition experiment suggest that substrate instability
prevents seedlings of cobble beach forbs from emerging
and surviving behind small S. alterniflora beds. This in
turn appears to generate a pattern of patchy yet predict-
able population and community distribution at a land-
scape spatial scale.

We measured three distinct parameters in a compara-
tive manner at locations of the shoreline with and with-
out S. alterniflora beds. The dissolution cylinder tech-
nique provided an indirect, yet sensitive and integrated
measure of flow velocity. The dissolution of cylinders
placed below beds did not vary significantly between
treatment locations. Furthermore, retrospective power
analysis indicated that there was ample statistical power
to detect even relatively small (i.e., 1.5–2.0 g or 4–6%)
differences in net mass loss between treatment locations.
Moreover, there was a slight, but nonsignificant trend for
ambient flow to be higher in front of beds than at the low
inter-bed locations. Therefore, at our study sites, S. alter-

niflora patches were not positioned at locations of low
ambient flow; had they been so, this would have con-
founded the interpretation of our comparative measure-
ments. In general, average ambient flow varied little
within or between Haffenreffer and NW Prudence, which
is not surprising since these sites were specifically cho-
sen to minimize the potentially confounding effect of
variable ambient flow. In contrast to the results of the
ambient flow assay, at the higher tidal elevation (i.e., at
1.0 m above MLW), average flow velocity was signifi-
cantly greater between than behind beds. These results
suggest that, on average, S. alterniflora reduces mean
flow by ≈40% (range of flow reduction among sites:
37–44%). This is roughly concordant with our shorter-
term, yet more precise measurements of flow velocity
using an ADV, as the mean velocity of all three flow
components was 50–60% lower behind than between
patches. The difference in maximum flow between bed
and inter-bed locations was somewhat greater, and for
some pairs, the difference was more than an order of
magnitude. Maximum onshore-offshore velocity be-
tween patches was often greater than 100 cm/s. Howev-
er, behind S. alterniflora, the maximum velocity was
usually below 35 cm/s for the onshore-offshore flow
component and did not exceed 20 cm/s for the other two
components.

We utilized the cobble movement assay as a measure
of relative substrate stability, and found the substrate to
be substantially more stable behind than between S. alt-
erniflora patches. When this assay was performed on
very windy days (wind speed>40 km/h), most of the in-
ter-bed cobbles were dispersed so far that they could not
be relocated. Even on such days, however, the bed cob-
bles generally moved <3 cm, suggesting that S. alterni-
flora greatly increases the stability of the substrate
across a range of flow conditions. Although mean flow
only varied by ≈40–60% between treatment locations,
cobble movement varied by more than an order of mag-
nitude at most sampled sites. This could be due to the
non-linear scaling of mean and maximum flow velocities
(Gaines and Denny 1993) or to thresholds in the velocity
necessary to dislodge and move cobbles of the size used
in our assay.

The results of our comparative measurements are cor-
roborated by the S. alterniflora removal experiment.
Shoot removal resulted in a 33% increase in average
flow velocity and an 85% increase in substrate instability
in comparison to control areas. Because a small portion
of the aboveground shoots and all of the peat base be-
neath were not removed, the manipulation was not a
complete patch removal and the removal treatments are
not the equivalent of natural inter-bed locations. This is
presumably why differences in flow and substrate stabil-
ity between the removal and vegetation treatment plots
were not as great as those between locations with and
without S. alterniflora. The results of this manipulation
also indicate that the flexible grass shoots and the peat
base beneath them (which can extend 10–200 cm above
the substrate) act synergistically to reduce levels of phys-
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ical disturbance. The three trials of the cobble movement
assay performed in the winter (after most of the shoot
tissue had senesced and was removed by wave action;
Fig. 5, pairs 8–10; Fig. 10) also support this conclusion.

When considered together, our comparative and ex-
perimental results strongly indicate that the presence of
S. alterniflora is responsible for the measured reduction
of physical disturbance behind beds. This interpretation
is supported by numerous other studies that have demon-
strated the large effect that aquatic macrophytes includ-
ing freshwater angiosperms (Madsen and Warncke
1983), marine grasses (Orth 1977; Fonseca et al. 1982;
Peterson et al. 1984; Ward et al. 1984), and overstory
(Jackson and Winant 1983) and understory (Eckman et
al. 1989) kelps can have on characteristics of the local
flow environment. Additionally, S. alterniflora performs
a similar function in salt marsh habitats by reducing flow
velocity and damping wave energy (Knutson et al. 1982;
Leonard and Luther 1995). In general, the array of verti-
cal, flexible tube-like structures created by macrophytes
can reduce local flow velocity and sheer force at the flu-
id-substrate interface by absorbing a large portion of flu-
id momentum (Eckman 1987). This in turn can reduce
substrate particle size and can increase substrate stability
(Ginsburg and Lowenstam 1958; Orth 1977), sedimenta-
tion rates (Ward et al. 1984; Eckman et al. 1989; Eckman
and Duggins 1991), and the quantity of organic matter
and nutrients in the substrate (Ginsburg and Lowenstam
1958). However, characteristics of the structures generat-
ed by macrophytes largely mediate the effect that these
and other habitat-modifying organisms have on the envi-
ronment (Peterson 1982; Leonard and Luther 1995). For
example, when the density of sea grasses (Fonseca et al.
1982), subtidal kelp (Jackson and Winant 1983), and in-
tertidal grasses including S. alterniflora (Gleason et al.
1979; Leonard and Luther 1995) is higher, flow reduc-
tion is usually greater (Eckman et al. 1981; Eckman
1983). This in turn can have cascading effects on other
environmental parameters (Gleason et al. 1979), the fit-
ness and population densities of dependent organisms
(Peterson 1982; Eckman 1983, 1987) and ultimately on
community composition (Orth 1977).

In this study, we found that smaller S. alterniflora
patches did not reduce average water velocity or stabi-
lize the substrate to the same degree as larger patches.
For both the dissolution block assay and all three cobble
movement assays above beds, there was a strong nega-
tive logarithmic relationship between bed length and
physical disturbance. However, not surprisingly, the
length-movement relationship was the weakest (though
still significant) in January when a majority of above-
peat biomass of S. alterniflora has naturally senesced.
Our measurements of ambient flow below patches dur-
ing both months and at both sites indicate that ambient
flow is not negatively related to bed size. In fact, at Haf-
fenreffer, there was a significant positive relationship be-
tween patch length and ambient flow. Waves refract
around the ends of patches at high tide (J.F. Bruno, per-
sonal observation) and substrate stability increases with

distance from the ends toward the center of patches (J.F.
Bruno, unpublished data) suggesting that the relationship
between patch length and substrate stability could be due
to edge effects (Madsen and Warncke 1983; Leonard and
Luther 1995). However, bed length was significantly
correlated with width and the height of seaward border,
and nearly significantly related to the height of the land-
ward border. These as well as other traits such as shoot
density and morphology (Leonard and Luther 1995)
might also affect flow velocity and substrate instability.
Thus it is likely that the multicharacter changes that take
place as beds grow enable them to further reduce these
measures of wave-related disturbance.

The bed-size specific habitat modification we docu-
mented apparently generates predictable species distri-
butional patterns at spatial scales of tens to hundreds of
kilometers. Most beds in Narragansett Bay, R.I., were
small (<25 m in length) and were not occupied by any
plant species. The results of the seed addition experiment
suggest that small beds are usually unoccupied because
they do not stabilize the cobble substrate to a degree that
meets the establishment requirements of seedlings of
cobble beach plants. Seedlings of both experimental spe-
cies were able to emerge and become established behind
small beds only when the substrate was artificially stabi-
lized. Overall frequencies of emergence and establish-
ment did not differ between the small-bed+stabilization
plots and the large-bed plots, although there was a non-
significant trend for seedling densities to be higher be-
hind large beds.

The inability of seedlings to emerge behind small
beds (to which large numbers of seeds were added and
evidently retained) without stabilization suggests that
seed supply is not a factor restricting adult plants from
small beds. A previous seed sampling study indicated
that seeds arrive in high numbers in locations on the
shoreline where large S. alterniflora patches or popula-
tions of cobble beach plants are not present (Bruno, in
press). For example, natural S. linearis seed supply be-
tween patches at Haffenreffer was estimated to be
253 seeds/m2. Additionally, relatively high numbers of
forb seedlings (range among three sites 105–185/m2)
were found buried below the substrate surface between
beds during the period when seedlings were emerging
behind beds (Bruno, in press). If the seeds of cobble
beach plants are able to arrive, persist, and germinate be-
tween patches, it seems highly likely that they can also
do so behind small beds where flow velocity and sub-
strate instability are relatively lower.

It is plausible that an artifact of the stabilization ma-
nipulation was an effect on soil quality, which could have
contributed to the higher emergence and establishment
rates in the stabilization plots compared to the unstabi-
lized small-bed plots. However, this is unlikely for sever-
al reasons. First, measurements of average water velocity
1 cm above the surface of identical stabilization screens
indicated that this manipulation had no detectable effect
on near-bottom flow (Bruno, in press). Consequently, it is
unlikely that sedimentation, and hence soil quality, was
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affected by the stabilization manipulation. Second, the
substrate in all three treatments was originally stabilized
and the screens were not removed from the unstabilized
small- and large-bed treatments until less than 2 weeks
before seedlings began to emerge. This was done to fur-
ther ensure that there was not a soil quality artifact. Third,
in a series of greenhouse experiments, seeds of S. linearis
and other cobble beach plants added to soil collected be-
tween beds and behind small beds, produce adults plants
equal in fitness to those grown in soil from large beds
(Bruno, in press; J.F. Bruno, unpublished data). This re-
sult suggests that the lateral distribution of cobble beach
plants is not limited by soil quality.

In Narragansett Bay, there appears to be a minimum
threshold of critical S. alterniflora bed length of approxi-
mately 40–50 m for predictable occupancy by at least
one cobble beach plant species. However, this value un-
doubtedly is context specific, and likely increases with
ambient levels of wave-related physical disturbance.
Even when this minimum size has been exceeded, patch
size could still have a significant impact on population
dynamics and community structure. For example, 50%
of the variance in plant diversity among occupied beds is
explained by patch length and the rarest cobble beach
plant species are only found behind the longest beds (J.F.
Bruno, unpublished data). If seed supply and retention
are related to bed length, then rates of colonization
should increase with patch size which could in turn af-
fect patterns of local species diversity and large-scale
abundance. Moreover, population sizes appear to be di-
rectly related to bed length (J.F. Bruno, unpublished da-
ta), and hence local extinction rates are probably lower
behind larger S. alterniflora patches. However, it is also
possible that species-specific stabilization requirements
restrict the establishment of rare species to the largest
beds. Whatever the mechanism, S. alterniflora patch size
is clearly an important parameter that needs to be taken
into account to understand landscape-scale patterns in
cobble beach plant communities.

The presence of habitat-forming species is crucial to
habitat preservation (Caughley and Gunn 1996). Howev-
er, simply protecting a habitat modifier may not be suffi-
cient if its ability to facilitate associated species is
strongly dependent on its age, size, population density,
or other trait(s). This relationship becomes even more
complex if such trait-dependent facilitation is also spe-
cies specific or is affected by spatial or temporal varia-
tion in ambient stress levels. In light of these potential
complexities, we advocate a more comprehensive ap-
proach to studying the role of habitat modifiers that con-
siders the conditionality of facilitative interactions (Bert-
ness et al. 1999). Such investigations will provide criti-
cal information that can form the foundation of an in-
formed, whole-habitat approach to the preservation of
marine communities.
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