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ABSTRACT: Coastal systems serve many human uses and as a result are susceptible to anthropogenic activities such as
nutrient loading and overfishing. In soft sediments, infauna frequently serve as key indicators of such activities. To use
infauna effectively as bioindicators, it is important to understand how infaunal abundances and community patterns vary
naturally within ecosystems. We examined the spatial and temporal dynamics of infaunal annelids in four tidal creeks of the
Plum Island Estuary, Massachusetts, USA, from June to October 2003, sampling along a tidal inundation gradient that crossed
five distinct habitats from creek bottoms to the vegetated high marsh platform. Annelids comprised 97% of the total number
of macroinfauna. Highest densities were found in creek wall habitats (33,418–65,535 individuals m22), and lowest densities
(2,421–10,668 individuals m22) were found in Spartina patens habitats. Five numerically abundant species comprised 87% of
the annelid assemblage and three species, Manayunkia aestuarina (Polychaeta), Paranais litoralis (Oligochaeta), and
Cernosvitoviella immota (Oligochaeta), were broadly distributed across the marsh landscape. Streblospio benedicti (Polychaeta)
and Fabricia sabella (Polychaeta) were abundant only in mudflat and creek wall habitats, respectively. P. litoralis experienced
a summer decline in all habitats, whereas M. aestuarina abundance increased 4–5 fold in October relative to June in creek wall
and tall-form Spartina alterniflora habitats. Hierarchical spatial analysis revealed that . 90% of the variability in annelid
abundances was found at the mesospatial scale (, 50 m). Variation among the four creeks (. 1 km) was relatively small.

Introduction

Salt marshes are highly productive and ecologi-
cally important coastal ecosystems that function as
nursery grounds for fishes, shrimps, and crabs;
nesting areas for birds; and protective buffers from
erosion and anthropogenic nutrient loading (Bert-
ness 1999). Sediment-dwelling fauna (mostly in-
faunal invertebrates) are a diverse and abundant
component of salt marshes that serve as nutrient
recyclers, consumers of primary productivity, and
prey for fishes and crustaceans (Levin and Talley
2000).

Approximately 75% of the human population
worldwide lives near coastal areas, and as a result,
coastal systems serve many human uses and are
highly susceptible to nutrient loading and removal
of top predators (Emeis et al. 2001; Von Bodungen
and Turner 2001). Macroinfauna are often used as
key indicators in experiments designed to examine
the effects of anthropogenic activities (Posey et al.
2006). To enhance the ability to detect the effects of
anthropogenic activities, it is important to under-
stand how infaunal abundance and community
patterns vary naturally within ecosystems.

For many benthic invertebrates, variability is scale
dependent and the scale may differ among species
(Benedetti-Cecchi 2001). Barnacles in the Mediter-
ranean Sea are most variable at 10 s to 100 s of
kilometers (Benedetti-Cecchi et al. 2000), whereas,
brown mussels in South Africa are most variable at
small scales (, 50 cm; Lawrie and McQuaid 2001).
A hierarchical understanding (at the landscape
level) of the scale most responsible for spatial
heterogeneity of populations is essential. Once the
relationship between heterogeneity and scale is
characterized, selection of the most appropriate
scale for manipulative or census studies can be
made, increasing confidence in the interpretation
of results (Rafaelli 2006).

Characterization of the salt marsh macrobenthos
over large spatial scales (e.g., kilometer scale) is
uncommon and examination of infaunal variation
among creek systems with similar salinity regimes
within an estuary is rare (West 1985; Posey et al.
2003). Studies examining the tidal inundation
gradient often focus on vegetated habitats (Kneib
1984; Whaley and Minello 2002); except Coull et al.
(1979), which examined the zonation of meiofauna
across a complete inundation gradient (i.e., from
mudflat to vegetated high marsh platform) in South
Carolina. Infaunal studies that have focused on
unvegetated versus vegetated habitats have exam-
ined natural abundance patterns (Netto and Lana
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1999), the effects of invasive species (Posey et al.
2003), and succession in created marshes (Levin et
al. 1996). These comparisons in salt marshes have
revealed variable results with vegetation having
positive, negative, or neutral effects on invertebrate
densities (Levin and Talley 2000). This result is
inconsistent with the established paradigm of
seagrass communities in which the presence of
vegetation increases invertebrate densities and di-
versities (Orth 1977; Virnstein et al. 1983; Orth et al.
1991; Heck et al. 1997). Although unvegetated and
vegetated habitats have been compared in salt
marshes, we can find no previous comprehensive
studies in the primary literature of macroinfauna
that encompass an entire tidal inundation gradient
along the US Atlantic coast.

Studies of macrobenthic communities, ranging
from community descriptions to anthropogenic
effects, have been conducted in Spartina spp.
marshes along most of the United States coastline
(Kneib 1984; Wardle et al. 2001; Moseman et al.
2004). No extensive studies exist for northern New
England marshes (i.e., north of Cape Cod, Massa-
chusetts). Salt marshes north of Cape Cod are
typically small with a few notable exceptions:
Scarboro marshes in Maine, Hampton marshes in
New Hampshire, and Parker River marshes (Plum
Island Estuary) in Massachusetts (Teal 1986).
Because of zoogeographic barriers, species includ-
ing Callinectes sapidus (greater blue crab), Littoraria
irrorata (marsh periwinkle), and Uca spp. (fiddler
crabs) that have recently been assigned important
keystone or facilitator functions in marshes south of
Cape Cod are absent from these northern systems
(Bertness 1985; Teal 1986; Silliman and Bertness
2002; Johnson personal observation).

The purpose of this study was to describe the
macroinfaunal community within and among tidal
creeks in the Plum Island Estuary (PIE), Massachu-
setts, USA. This paper focuses on annelids because
they numerically comprised 97% of total infauna.
Specific null hypotheses of this study were that no
differences exist in annelid populations or assem-
blages in terms of temporal trends, distribution and
abundance patterns along the tidal inundation
gradient, or natural variability associated with spatial
scale.

Methods

STUDY SITE

This study was conducted in PIE from June to
October 2003 in four intertidal creek systems:
Sweeney, West, Clubhead, and Nelson. All creeks
except Nelson drain into the Rowley River (42u449N,
70u529W), which opens into Plum Island Sound (at
about 7 km inland from where Plum Island Sound

enters the Atlantic Ocean; Fig. 1). Nelson Creek
drains directly into Plum Island Sound. Sweeney
Creek, the creek farthest inland, opposes West and
Clubhead Creeks on the Rowley River. PIE has
a mean tidal amplitude of 2.6 m during normal
tides and 3 m during spring tides.

The marsh platform edges are dominated by tall-
form Spartina alterniflora (smooth cordgrass;
. 130 cm in August 2003) and receives twice daily
tidal inundation. The marsh platform floods to
a depth of 10 cm on spring tides and consists of
a zone of Spartina patens (saltmeadow cordgrass),
which is mixed with smaller, less demarcated
patches of various plants (e.g., Distichlis spicata).
Salt pannes mottle the marsh platform landscape
and a zone of short (stunted)-form S. alterniflora
(, 40 cm in August 2003) occurs along the
perimeter of these pannes. The terrestrial edge of
the marsh is dominated by Iva frutens (marsh elder).

CREEK DIMENSIONS AND PHYSICAL PROPERTIES

Temperature and salinity were measured monthly
from April to October 2003 within a meter of the
creek bottom in the center of the channel. Salinity

Fig. 1. Upper figure is a satellite photograph (MassGIS
Orthophoto 2002) of the Rowley River region salt marshes of
the Plum Island Estuary, Massachusetts. SW 5 Sweeney Creek, WE
5 West Creek, CL 5 Clubhead Creek, NE 5 Nelson Creek. Lower
figure is a profile of sampled salt marsh habitats (not drawn to
scale) with size ranges of each habitat. MF 5 mudflat; CW 5 creek
wall; TSA 5 tall-form Spartina alterniflora; SP 5 Spartina patens; SSA
5 short-form S. alterniflora.
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was measured in each branch and temperature was
recorded at the confluence of the two branches;
water samples were taken at mid ebb tide (2.5 h
after peak high tide). Temperature was measured
with a thermistor (YSI model 9600, YSI Environ-
mental) and salinity was measured with a handheld
refractometer. Sediment cores were taken at each
habitat within each creek branch with a 2.2-cm
inner diameter (i.d.) plastic corer (3-cm depth) and
sediment particle sizes were analyzed using a slightly
modified version of a protocol described by Folk
(1980). Creek branch lengths were measured in the
field and each branch was divided into 50-m
segments from the confluence to the terminus.
The cross-sectional area and volume were measured
for each segment. The cross-sectional area was
measured as the width of the channel multiplied
by the maximum depth and the volume was
calculated by multiplying the cross-sectional area
by 50 m (segment length). The volume of all 50-m
sections in each creek were summed to calculate the
total volume of a creek. Creek distances from the
Rowley River and Plum Island Sound were calculat-
ed to the nearest 5 m using aerial U.S. Geological
Survey maps (www.usgs.gov). Sinuosity was calculat-
ed as the ratio of creek branch length to the straight
line distance (to the closest 5 m) of the creek
branch from the confluence to its terminus.

BENTHIC SAMPLING

To determine infaunal variability associated with
spatial scale, all four tidal creeks (. 1 km) were
sampled in June (17–19), July (9–10), August (4–5),
and October (3–4) 2003. In each branch (100 s of
meters) of each creek, three transects were selected
at 50, 100, and 150 m ($ 50 m) from the
confluence of the two branches. Each transect
(50 m in length and 20 m in width) was stratified
along an inundation gradient into five habitat zones
(from lowest to highest elevation): unvegetated
creek mudflat of unconsolidated sediment (MF),
creek wall (CW) – a vertical wall with a band of
filamentous algae, tall-form S. alterniflora (TSA), S.
patens (SP), and short-form S. alterniflora (SSA;
Fig. 1). The tidal regime of PIE inundates the MF,
CW, and TSA habitats twice daily and the SP and
SSA habitats only during spring tides.

The hierarchical nested design of 4 creeks 3 2
branches per creek 3 3 transects per branch 3 5
habitats per transect yielded 480 sample sites for all
4 mo. At each sample site, a single macroinfauna
core (6.6-cm i.d. push corer) was taken to a depth of
5 cm. This method may inadequately sample larger,
more mobile infauna (e.g., Nereis diversicolor) and
surface-dwelling epifauna (e.g., amphipods). Cores
were placed on ice in the field and fixed with 10%
formalin and Rose Bengal in the laboratory. After

a minimum of 2 d, cores were sieved through a
1-mm sieve stacked on top of a 500-mm sieve. Large
debris and roots retained on the 1-mm sieve were
discarded after visual inspection and removal of
large invertebrates. Annelids constituted 97% of
macroinfaunal abundances and are the focus of this
study. All annelids were sorted and identified to
species, although some were assigned a nominal
species designation rather than a formal taxonomic
status. Shannon-Weiner diversity (H’ log base e),
evenness (Pileou’s diversity J’), and species richness
(species number) were calculated for the annelid
community for each sample with PRIMER 5.2.9
software (Clarke and Warwick 2001).

STATISTICAL ANALYSES

To determine the variation of the diversity indices
and annelid abundances at different spatial scales,
a GLIMMIX macro was used to fit a generalized
linear mixed model (GLMM) in SAS (v. 9.1, Cary,
North Carolina, USA). The different spatial scales
(Creek [. 1 km], branches within creeks [100 s of
meters], and transects within branches [50–200 m])
were assigned as random variables and variance
component estimates were calculated using restrict-
ed maximum likelihood estimates with a small
sample (i.e., 1 replicate per site) size correction
(Kenward-Rogers adjustment) for the error term.
The error term or residual is equivalent to the
variation among cores (, 50 m). The primary goal
of variance component estimation is to estimate the
covariation between random factors and the de-
pendent variable (Statsoft Inc. 2006); e.g., an
estimate of covariance between the creek factor
and a population indicates the amount of variation
due to creek for that population. Fixed effects of
habitat, month, and their interaction were tested in
the GLMM with a Type 3 Test for Fixed Effects. All
data were loge-transformed using the Link 5 log
function and the errors were assumed to have
a Poisson distribution (Manly 2001).

To detect patterns in annelid communities
among creeks for each habitat (spatial trends),
among months for each habitat (temporal trends),
and among habitats for each month (trends along
an inundation gradient), communities were ana-
lyzed using analysis of similarities (ANOSIM) in
PRIMER 5.2.9 software (Clarke and Warwick 2001).
Nonmetric multidimensional scaling (nMDS) was
used to visualize trends in significant community
differences. If any significant differences occurred
for global (whole test) sample statistics (R) in
ANOSIM, pairwise sample statistics (r) were tested
between factor pairs (i.e., creek, month, or habitat
pairs). Significantly dissimilar pairwise combina-
tions were further analyzed with similar percentages
(SIMPER) analysis to determine the species con-
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tributing most to the dissimilarity. All data were loge

(x + 1) transformed and Bray-Curtis similarity was
used to generate a distance matrix.

Results

CREEK DIMENSIONS AND PHYSICAL PROPERTIES

From April to October 2003, all four creeks had
broadly overlapping salinity concentrations, which
ranged from 14.0–34.0%, and similar temperature
ranges (9.0–26.0uC; Table 1). Sweeney Creek had
the lowest average salinity (22.98%) and Clubhead
Creek had the highest average salinity (27.76%).
Nelson Creek’s right branch was the most sinuous
(3.33), due to its oxbow (Fig. 1 and Table 1). Both
Sweeney Creek’s right and West Creek’s left
branches were the straightest (1.1). Excluding
Nelson Creek’s right branch (630 m long), all
branches were similar in length (230–410 m).
Despite having the longest creek branch, Nelson
Creek had the lowest volume (4.1 3 106 l) and
Sweeney Creek had the highest volume (7.5 3
106 l). All creeks except Nelson Creek drain into the
Rowley River and are between 1.31 and 1.90 km
away from the river (measured from the confluence
of creek branches). The creeks had broadly similar
silt-clay fractions of sediment, which ranged from
77.5% to 91.6% across all habitats.

ANNELID ASSEMBLAGES

All four creeks supported similar annelid species
assemblages. Small annelids were most common,
and 30,168 individuals were collected representing
17 species (Table 2). The five most common species
(defined as representing . 5% of the number of
total annelids) were Fabricia sabella (Ehrenberg
1837) (8%), Manayunkia aestuarina (Bourne 1883)
(39%), Streblospio benedicti (Webster 1879) (7%),
Paranais litoralis (Müller 1784) (9%), and Cernosvi-
toviella immota (Knöllner 1935) (24%), together
comprising 87% of the total annelid community.
Polychaetes and oligochaetes comprised 56% and
44% of the annelid community, respectively.

TEMPORAL TRENDS

Total annelid density (individuals m22) increased
from June to October for the CW, TSA, and SP
habitats, whereas annelid density decreased for the
MF and SSA habitats (Fig. 2). Although M. aestuar-
ina populations varied relatively little for the first
3 mo, abundances increased significantly (GLMM; p
, 0.0001; Table 3) with 7.5, 2, and 4-fold increases
in abundance for October relative to June in the
CW, TSA, and SP habitats, respectively (Fig. 2). S.
benedicti and P. litoralis both experienced significant
population declines (GLMM; p , 0.0001; Table 3)
in October and August, respectively (Fig. 2), though
this effect was habitat dependent for P. litoralis but
not S. benedicti (Table 3; see next section).

All species diversity indices exhibited significant
variation among sampling dates (GLMM; p #
0.0354) and these effects were habitat dependent
(GLMM; p # 0.0007; Table 3). Average species
diversity and richness were highest in October MF
(1.37 and 5.7, respectively), whereas CW had the
lowest evenness (0.40; Fig. 3). SP and SSA habitats
exhibited the lowest average species richness (2.25)
for July and August, respectively. Annelid commu-
nities were most even (0.85) in SP in August. June
exhibited the highest values for all three diversity
indices.

Annelid communities within a habitat were
significantly affected by month (ANOSIM; p 5
0.001; data not shown). Communities in SP were
not different from June through August, and in
SSA, communities did not differ from July to
August.

TRENDS ALONG THE INUNDATION GRADIENT

The ratio of polychaetes to oligochaetes varied
across the inundation gradient with a general
decrease from MF to SSA. Large shifts in annelid
species composition occurred across the habitat
landscape and there was a significant (GLMM; p ,
0.0001) habitat effect on abundance for all species
tested (Fig. 4 and Table 3). Variation among
habitats was especially evident for S. benedicti and

TABLE 1. Physical properties and dimensions of tidal creeks in the Plum Island Estuary, Massachusetts. Salinity and temperature values
are ranges from April to October 2003 with the average of all months in parentheses. Silt-clay % is the range across all habitats (e.g.,
mudflats to high marshes) within each creek. L 5 Left creek branch; R5 Right creek branch.

Creek Salinity range (%) Temperature range (uC) Silt-clay %

Distance from
Plum Island
Sound (km)

Distance of
confluence

from Rowley
River (km)

Creek
volume

(L 3 106)

Branch
length (m)

Cross-sectional
area (m2) at 50 m
from confluence

Branch
sinuosity

L R L R L R

Clubhead 21.00–34.00 (27.76) 10.00–27.00 (18.71) 79.3–91.6 3.90 1.90 5.9 360 240 22.12 17.55 1.7 1.5
Nelson 20.00–32.50 (25.93) 9.00–26.00 (17.93) 79.0–88.8 2.19 - 4.1 270 630 5.27 8.89 1.7 3.3
Sweeney 14.00–30.50 (22.98) 9.50–26.00 (18.36) 77.5–86 4.43 1.31 7.5 300 335 12.42 10.73 1.1 1.2
West 19.00–32.00 (25.62) 11.50–25.00 (18.64) 80.9–88.4 3.89 1.43 6.1 410 230 5.27 8.89 1.3 1.1

Variability of Salt Marsh Macroinfauna 229



F. sabella, which were abundant only in MF and CW
habitats, respectively (Fig. 4). Month 3 habitat
interactions were not significant for either of these
species. C. immota was ubiquitous in space and time,
but its abundance fluctuated with habitat and time
(Figs. 2 and 4), producing significant habitat 3
month interactions (Table 3). M. aestuarina and P.
litoralis, when abundant, were similarly widely
distributed across the marsh landscape and exper-
ienced significant (GLMM; p , 0.0001) habitat 3
month interactions. These interactions resulted
from a sharp population increase in the CW and
TSA habitats in October for M. aestuarina and
a precipitous population decline for P. litoralis in
the SSA habitat in July (Fig. 2). Highest total
annelid densities (33,418–65,535 individuals m22)
consistently occurred in the CW habitat; lowest
densities (2,421–10,668 individuals m22) were found
in the SP habitat.

Habitat significantly affected all species diversity
indices (GLMM; p , 0.05; Table 3). Habitat effects
were evident for diversity and species richness,
which decreased with decreasing tidal inundation
(Fig. 3). For all months, diversity tracked species
richness along the inundation gradient. Habitat
effects on species evenness were evident as J’
increased with decreasing tidal inundation, with

communities most even in the SP habitat. Highest
species diversity consistently occurred in the MF
habitat and decreased with increasing elevation.

SPATIAL TRENDS

For the five most abundant annelid species and
species diversity indices analyzed in GLMM, there
was very little variation associated with creek,
branch, or transect location (Table 4). Greater than
90% of the variability exhibited by annelid popula-
tions or diversity indices was attributable to meso-
scale (i.e., , 50 m) variability.

There was a significant effect of creek location
(i.e., among creek variation) on annelid communi-
ties for some habitats (ANOSIM; p # 0.014;
Table 5). Significant differences among the fre-
quently inundated MF, CW, and TSA habitats were
observed in all months, except the CW habitat in
August and the TSA habitat in October. Pairwise
comparisons between creeks revealed that Sweeney
and Nelson Creeks were most frequently dissimilar.
nMDS plots showed distinct separation of Sweeney
Creek relative to Nelson Creek in specific monthly
comparisons (Fig. 5). SIMPER analysis showed the
species contributing the most to community dissim-
ilarity for significant pairwise creek comparisons
varied with no trend evident (data not shown). High

TABLE 2. Species composition and mean (61 SE) annelid density (individuals m22) at each habitat type along the inundation gradient in
the marshes of Plum Island Estuary, Massachusetts, USA, for June–October 2003. Each mean is calculated across the 96 cores collected
from all creeks and months for each habitat. MF 5 mudflat; CW 5 creek wall; TSA 5 tall-form Spartina alterniflora; SP 5 Spartina patens; SSA
5 short-form S. alterniflora.

Taxon MF CW TSA SP SSA

Total Annelids 14,850 (1,349) 44,661 (4,821) 21,204 (2,305) 4,974 (836) 7,005 (1,129)
Polychaeta 9,126 (942) 29,108 (4,280) 11,701 (1,922) 2,231 (415) 1,143 (213)
Capitellidae

Capitella sp. 40 (20) 181 (35) 194 (39) 22 (13) 27 (25)
Nereididae

Nereis diversicolor 1,192 (186) 120 (36) 22 (8) 37 (21) 12 (6)
Phyllodocidae

Eteone heteropoda 369 (53) 12 (6) 147 (124) 0 (0) 27 (28)
Sabellidae

Manayunkia aestuarina 913 (205) 22,274 (4,009) 10,684 (1,871) 1,668 (295) 943 (175)
Fabricia sabella 135 (64) 5841 (1139) 436 (128) 495 (200) 116 (68)

Spionidae
Streblospio benedicti 5,660 (900) 243 (83) 154 (61) 6 (4) 12 (7)
Polydora cornuta (formerly P. ligni) 584 (105) 280 (88) 31 (12) 0 (0) 3 (3)
Pygospio elegans 227 (75) 157 (49) 34 (12) 3 (3) 0 (0)

Oligochaeta 5,724 (718) 15,554 (2032) 9,504 (1,219) 2,744 (549) 5,863 (1,071)
Enchytraiedae

Cernosvitoviella immota 218 (184) 10,238 (1,579) 8,084 (1,167) 1,475 (456) 2,541 (455)
Enchytraied 3 55 (55) 166 (90) 363 (179) 473 (115) 608 (190)
Enchytraied 2 0 (0) 206 (86) 178 (154) 40 (24) 80 (39)
Enchytraied 4 3 (3) 37 (25) 95 (43) 12 (7) 200 (71)

Naididae
Paranais litoralis 974 (216) 4,689 (1,326) 615 (192) 412 (76) 2,108 (923)

Tubificidae
Tubificoides brownae 2,006 (360) 12 (6) 12 (7) 6 (4) 9 (7)
Tubificoides wasselli 1,601 (482) 92 (39) 108 (49) 237 (58) 215 (42)
Monoplylephorus sp. 833 (295) 101 (86) 37 (22) 89 (41) 101 (46)
Tubificoides benedeni 34 (13) 9 (9) 3 (3) 0 (0) 0 (0)
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marsh habitats (i.e., SP and SSA) communities did
not differ among creek systems in any monthly
collection based on ANOSIM (Table 4). Annelid
communities among the four creek systems studied
differed in low marsh habitats (i.e., MF, CW, and
TSA); communities in high marsh habitats (i.e., SP
and SSA) did not differ.

Discussion

Temporal and spatial variation in annelid com-
munities were common and variation was scale and
species specific. We found that some annelid
populations (i.e., M. aestuarina and P. litoralis)
experienced large population fluctuations associat-
ed with the time of year from June to October,
species composition strongly varied along the in-
undation gradient, there was little spatial variability
in annelid abundances and diversity indices associ-
ated with ($ 50 m) or among creek systems (.
1 km) in the same region of the estuary, and

annelid communities were often dissimilar among
creeks for those habitats that experience twice-daily
inundation (i.e., MF, CW, and TSA habitats), but
not the high marsh habitats that are flooded only
during spring tides (i.e., SP and SSA habitats).

TEMPORAL TRENDS

Pronounced temporal variation of annelid popu-
lations was evident in three of the five annelid
species analyzed. P. litoralis populations declined
regardless of habitat beginning in August. Sharp
summer population declines of this species on the
Atlantic coast are common (Cheng et al. 1993;
Sardá et al. 1996). Though temporal variations in
macroinfauna densities (i.e., population crashes)
may be attributed to predation (Kneib 1984; Valiela
1995), Cheng et al. (1993) suggest that the P.
litoralis decline in Flax Pond (New York, USA) is due
to depleted nutritional value of the sediment in late
summer.

Fig. 2. Temporal trends of mean 6 1 SE (n 5 24) densities (individuals m22) dominant annelids from June to October 2003 for each
habitat. Total macroinfaunal annelid density (individuals m22) of each month-habitat combination is shown above each set of means.

TABLE 3. Summary table of p values for tests of fixed effects on annelid diversity indices and selected annelid abundances in four
intertidal creeks in Plum Island Estuary, Massachusetts. NS 5 not significant; J’ 5 Pielou’s evenness index; H’ 5 Shannon’s diversity index.

Effect Fabricia sabella Manayunkia aestuarina Streblospio benedicti Paranais litoralis Cernosvitoviella immota # Species J’ H’

Habitat p , 0.0001 p , 0.0001 p , 0.0001 p , 0.0001 p , 0.0001 p , 0.0001 p , 0.0001 p , 0.0001
Month NS p , 0.0001 p , 0.0001 p , 0.0001 NS p , 0.0001 0.0354 p , 0.0001
Habitat 3 Month NS p 5 0.0029 NS p 5 0.0002 p , 0.0001 p 5 0.0007 p 5 0.0004 p , 0.0001
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Although overall C. immota densities peaked in
August, densities in the SP and SSA habitats peaked
in October with average densities an order of
magnitude higher than June densities (Fig. 2).
The increase in C. immota densities coincided with
the population decline of P. litoralis. This replace-
ment of P. litoralis by C. immota suggests a compet-
itive relationship between these two subsurface
deposit feeders, in which P. litoralis out competes
C. immota during the summer and is replaced by C.
immota when the population of P. litoralis crashes in
late summer. Additional study is necessary to
determine the mechanism of this relationship.

M. aestuarina is a dominant, but small bodied,
tube-building polychaete in Atlantic and Gulf of
Mexico salt marshes (Bell 1982; Bishop 1984; Stocks
and Grassle 2003). After remaining relatively con-
stant during the summer, M. aestuarina densities
increased dramatically in the fall (October 2003),
particularly in CW and TSA habitats (Fig. 2). M.
aestuarina young are brooded in tubes for 8 wk
before being released into the environment; a large
reproductive event in mid to late summer (mid July
to early August) may explain the increase in
October (Bick 1996). The increase also may be
a result of decreased temperature stress in the fall
or a decrease in size-selective predation by epifaunal
predators (Bell 1982). M. aestuarina reproduction is
discontinuous for South Carolina populations, with
densities highest in the fall followed by spring and
winter peaks (Bell 1982). We cannot determine if
a summer decline occurred because we did not
sample in the winter or spring. We doubt there is
a peak in winter densities as northern New England
marshes are subject to ice sheets that scour the
marsh surface (Whitlach 1981; Johnson personal
observation).

S. benedicti is a dominant polychaete in Atlantic,
Gulf of Mexico, and Pacific coastal marshes (Levin
1984). S. benedicti was most abundant in MF habitats
with highest mean densities occurring in July and
August (8,456 and 8,960 individuals m22, respec-
tively) and lowest in October (2,593 individuals m22;
Fig. 2), which is similar to October densities (2,875
individuals m22) found by Levin et al. (1998) in
Spartina foliosa marshes in southern California, USA.
Our results suggest a late spring recruitment.
Laboratory reared S. benedicti have a life span of 6–
12 mo (Levin 1984). Postsettlement mortality such
as predation may be responsible for autumnal
declines (Posey and Hines 1991).

ZONATION PATTERNS

Zonation patterns of temperate salt marsh plant
communities along inundation and elevation gra-
dients are discrete and the mechanisms of zonation
are well studied (Bertness 1999). Few ecologists

Fig. 3. Mean (n 5 24) evenness (J’), species diversity (H’),
and species richness for benthic annelid communities along an
inundation gradient by month for intertidal creeks in the Plum
Island Estuary, Massachusetts. MF 5 mudflat; CW 5 creek wall;
TSA 5 tall-form Spartina alterniflora; SP 5 Spartina patens; SSA 5
short-form S. alterniflora.
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have attempted to synthesize patterns of zonation
for invertebrates along the same gradient (Kneib
1984; Levin and Talley 2000). The research pre-
sented here was designed to describe infaunal
abundance patterns and did not include experi-
ments to test mechanisms (but see Deegan et al. in
press for experiments examining nutrient enrich-
ment and predator exclusion). Although the pat-
terns of macroinfauna are not as discrete as trends
in salt marsh plant communities, trends did emerge
for macroinfauna in PIE.

Of the five numerically dominant annelids, S.
benedicti and F. sabella were abundant only in MF and
CW habitats, respectively. M. aestuarina, P. litoralis,
and C. immota were widely distributed across the
gradient when abundant. There was a striking
community difference between the MF and SSA
habitats owing to a few key taxa. That is, S. benedicti
dominated the MF and P. litoralis or C. immota
dominated the SSA habitat, depending on the time
of the year.

The presence of vegetation in soft-sediment
communities should increase benthic invertebrate
densities and diversities by providing sediment
stabilization and protection from predators. And
although this has been established as a paradigm in
seagrass communities (Orth 1977; Ort et al. 1991),
studies of the salt marsh benthos have produced
inconsistent results with vegetation having positive,
negative, or neutral effects on benthic invertebrates
(Levin and Talley 2000). In contrast to seagrass
communities, the highest diversities in the PIE
creeks generally occurred in the unvegetated MF.
This higher diversity results from higher oligochaete

diversity in MF, a result that may be more
prominent in soft-sediment communities, but may
be missed because studies may not identify in-
dividual oligochaete species. In contrast to annelid
diversities, annelid densities in the unvegetated MF
were typically lower than creek bank TSA, except in
July 2003. Although this result may suggest that
vegetation enhances annelid densities in vegetated
habitats in PIE creeks, the highest mean annelid
densities were found consistently in the CW. The
extreme vertical wall feature of the CW habitat is
rare, found only in northern U.S. marshes with high
tidal amplitude, but may be important in PIE. A
distinct band of filamentous macroalgae (e.g.,
Enteromorpha spp.) is common on CW habitats 1 m
from creek bottom and higher infaunal densities
there may result from added protection or in-
creased food availability. CW sediment is more
compacted than TSA sediments and unconsolidated
MF sediments, which may inhibit predation from
digging and sediment-biting predators. The ecolog-
ical function of this habitat is not well understood
and merits further investigation.

The lowest densities occurred in the SP habitat.
Low annelid densities found in the SP habitat may
result from high stem densities, which inhibit light
penetration to the sediment surface. Light may limit
benthic microalgae (an annelid food source), which
may reduce infaunal abundances (Stocks and
Grassle 2001). The SP habitat floods only during
spring tides, so sediment desiccation between spring
tides may occur, particularly in the summer months.
Although the SSA habitat is less frequently in-
undated, it typically retains shallow (1–2 cm)

Fig. 4. Mean 6 1 SE (n 5 24) densities (individuals m22) of dominant annelids for habitats along an inundation gradient for each
month. MF 5 mudflat; CW 5 creek wall; TSA 5 tall-form Spartina alterniflora; SP 5 Spartina patens; SSA 5 short-form S. alterniflora.
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standing water, which may facilitate the persistence
of generalist surface deposit feeders (e.g., M.
aestuarina).

Our findings support the Levin and Talley (2000)
generalization that oligochaetes, particularly Enchy-
traeidae, comprise a greater fraction of the infaunal
community in vegetated versus unvegetated sedi-
ments, but this trend may be a function of tidal
inundation rather than the presence of vegetation.
PIE oligochaetes are best described as subsurface
feeders (Cook and Brinkhurst 1973), and consistent
with other studies (e.g., Whaley and Minello 2002),
surface deposit feeder densities (i.e., polychaetes)
declined relative to subsurface deposit feeder
densities in habitats farther from the marsh edge
(i.e., SP and SSA). Excluding Capitella sp, all
polychaetes in PIE are classified as facultative
surface deposit feeders (Fauchald and Jumars
1979) and require tidal inundation to replenish
food resources. Because reduced flushing may lower
densities of surface deposit feeders, the decreased
tidal inundation of the higher marsh habitats may
limit surface deposit feeder (i.e., polychaete)
densities (Stocks and Grassle 2003). Also consistent
with other findings regarding oligochaetes (Levin et
al. 1998), we found that tubificids and naidids
dominated MF sediments whereas enchytraieds
dominated higher marsh sediments.

The dominance of S. benedicti in the creek MF
habitat is consistent with Levin et al. (1998) who
judged this polychaete common in mudflats but

relatively rare in the adjacent S. foliosa marsh. Our
findings contrast with other studies in Atlantic and
northern Gulf of Mexico marshes that found S.
benedicti abundant in vegetated S. alterniflora habitats
(Kneib 1984; Sacco et al. 1994; Whaley and Minello
2002). This difference may be associated with the
morphology of PIE creeks, which have a vertical wall
creating 1.5 m vertical distance (Fig. 1) between the
mudflats and vegetated zones versus the gentle
gradation of mudflat into vegetated zones (i.e., no
vertical wall) of most Atlantic marshes.

A QUESTION OF SCALE

Population variation across the environmental
landscape has received increased attention in the
past 25 yr (Levin 1992; Benedetti-Cecchi 2001). In
a review of studies describing distribution patterns
of marine populations and assemblages from both
hard substrates and soft sediments, Fraschetti et al.
(2005) concluded that abundance patterns were
most variable at mesospatial scales to small scales
(10 s of meters to 10 s of centimeters). Our results
contribute to this general trend of demonstrating
patchiness of macroinfauna at smaller scales (,
50 m). Food patchiness (Lopez and Levinton 1987;
Kelaher and Levinton 2003), local biological inter-
actions (Levin 1981, 1982), and small-scale physical
processes (Fleeger et al. 1995; Rossi and Underwood
2002) are pervasive in soft sediments, causing high
levels of spatial variation. We found little variation
among macroinfauna populations at larger scales

TABLE 4. Variance component estimates at different scales from GLMM (see text for details) for selected annelid population abundances
and species diversity indices in intertidal creeks in Plum Island Estuary, Massachusetts, for June-October 2003. Percentage of the total
variance component is in parentheses, indicating the amount of variation attributable to that scale. J’ 5 Pielou’s evenness index; H’ 5

Shannon’s diversity index.

Variance
component Fabricia sabella

Manayunkia
aestuarina Streblospio benedicti Paranais litoralis

Cernosvitoviella
immota # Species J’ H’

Creek (. 1 km) 0.326 (2.3%) 0.205 (0.7%) 0.4546 (6.2%) 0 (0%) 0.012 (0.1%) 0.001 (0.1%) 0.007 (6.4%) 0.005 (2.6%)
Branch (100 s m) 0 (0%) 0 (0%) 0.020 (0.2%) 0.104 (0.7%) 0 (0%) 0.001 (0.1%) 0 (0%) 0 (0%)
Transect (50–200 m) 0.256 (1.8%) 0.227 (0.007%) 0.233 (3.5%) 0.401 (2.5%) 0.170 (0.6%) 0 (0%) 0 (0%) 0 (0%)
Error (, 50 m) 13.888 (95.9%) 28.707 (98.5%) 6.672 (90.1%) 15.292 (96.7%) 29.198 (99.3%) 0.7122 (99.8%) 0.1031 (93.6%) 0.1841 (97.4%)
Total 14.470 (100%) 29.139 (100%) 7.380 (100%) 15.797 (100%) 29.380 (100%) 0.714 (100%) 0.110 (100%) 0.189 (100%)

TABLE 5. One-way analysis of similarity (ANOSIM) for total annelid communities among creeks by month and habitat, among months by
habitat, and among habitats by month. If model was significant, then pairwise comparisons that were significant (p , 0.05) are listed. NS 5
no significant differences. SW 5 Sweeney Creek, WE 5 West Creek, CL 5 Clubhead Creek, NE 5 Nelson Creek.

Habitat June July August October

Mudflat p 5 0.002 p 5 0.003 p 5 0.001 p 5 0.014
SW-NE, SW-CL,

SW-WE
SW-NE, SW-CL SW-NE, CL-NE, WE-NE,

SW-WE
SW-NE

Creek wall p 5 0.035 p 5 0.028 NS p 5 0.004
SW-NE, SW-WE SW-NE, WE-NE CL-NE, CL-WE,

NE-WE, SW-WE,
Tall-form Spartina alterniflora p 5 0.056 p 5 0.032 p 5 0.01 NS

SW-NE, WE-NE SW-NE, CL-NE, WE-NE SW-NE, CL-NE, SW-WE
Spartina patens NS NS NS NS
Short-form Spartina alterniflora NS NS NS NS
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(within creeks [$ 50 m] or among creeks [. 1 km]
in a similar salinity regime). The mechanism for this
trend may be related to recruitment or postrecruit-
ment dispersal. Larval (e.g., S. benedicti, Levin 1984),
juvenile, or adult stages (e.g., P. litoralis, Nilsson et
al. 2000) of many annelids in PIE are known to
disperse via the water column, and this dispersal
ability may be enhanced by the relatively large tidal
flux of PIE. Our findings are congruent with Posey
et al. (2003), who found infaunal abundances were
more variable associated with local microhabitat
(topographical) differences than over large scale
distances (. 1 km).

Although it is well known that the marine benthos
is patchy at small spatial scales (Sun and Fleeger 1991;
Bergstrom et al. 2002), soft-sediment benthic ecolo-
gists typically conduct experiments that manipulate
the environment on similarly small scales (, 10 m)
and extrapolate those results to an ecosystem (Sardá
et al. 1995; Posey et al. 1999;). Our work suggests that
experiments conducted at small spatial scales may be
misleading in at least two important ways. Some
processes and interactions may require large spatial
and temporal scales to be operative. For example,
treatment effects on epifauna (e.g., isopods and
amphipods) may be impossible to ascertain because
exclusion or inclusion cages do not allow for the
natural movement of these organisms that are
capable of migrating across habitats within the salt
marsh landscape (Deegan et al. in press). High
variability reduces statistical power and the confi-
dence in conclusions (Fraschetti et al. 2005). For
example, one may conclude that statistical differ-
ences exist between control and experimental plots,
but differences may be a function of low sample size

and chance rather than a treatment effect when
variation is high.

Though all PIE creeks exhibited similar macro-
infaunal assemblages, community differences ex-
isted among creeks but only in twice-daily flooded
habitats (i.e., MF, CW, and TSA). The relatively
large tidal flux of this system may be responsible for
these differences by affecting recruitment, preda-
tion, competition, or food supply in areas that
receive daily flooding. Macroinfaunal communities
in Sweeney and Nelson Creeks were most frequently
dissimilar (Table 4). Sweeney Creek has lower
salinity than Nelson Creek (Table 1) due to
freshwater inputs from the surrounding watershed.
Nelson Creek is only 2.19 km from the sound,
whereas Sweeney Creek is 4.43 km (Fig. 1 and
Table 1). Differential salinities and proximities to
the sound may influence the macroinfaunal com-
munity structure of these two creeks. Alternatively,
the supply of larvae may be important. Plankto-
trophic larvae (e.g., S. benedicti) may settle at the first
available and acceptable location, and fewer larvae
from PI Sound or Rowley River may travel to more
inland locations (Butman 1987). Olafsson et al.
(1994) suggested that postsettlement processes
(e.g., predation and disturbance) are more impor-
tant in regulating soft sediment communities than
larval supply. Because the high marsh habitats (SP
and SSA) are flooded infrequently, effects of
predation and disturbance are limited, perhaps
contributing to observed community stability.

IMPLICATIONS FOR FUTURE WORK

In experimental ecology, two contrasting ap-
proaches exist: experiments conducted at small,

Fig. 5. MDS plots of macroinfaunal samples (i.e., creek replicates 5 cores within creeks) for each month by habitat for collections with
a significant global R (ANOSIM, p , 0.05). Data were log(x + 1) transformed prior to analysis. NS 5 not significant. SW 5 Sweeney Creek,
WE 5 West Creek, CL 5 Clubhead Creek, NE 5 Nelson Creek.
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and often viewed as inadequate because of the spatial
and temporal scales required to achieve replication,
or experiments conducted at ecosystem-wide scales
without replication (Oksanen 2001). Ecosystem-wide
experiments in aquatic environments began in
limnological studies and are useful because they
incorporate a broad range of ecosystem phenomena
(Carpenter 1989). Due to logistical and fiscal re-
straints, they rarely allow for replication, which is
essential for the use of inferential statistics (Oksanen
2001). Our results indicate that PIE creeks exhibit
minimal variation at the creek scale (i.e., ecosystem-
wide, . 1 km) with most of the variability found at
mesospatial scales (, 50 m). PIE creeks may afford
one the opportunity to combine ecosystem-wide
experiments with replication. High variability associ-
ated with small scales (i.e., patchiness) may reduce the
power of statistical tests (Fraschetti et al. 2005); the
loss of the number of degrees of freedom associated
with ecosystem-wide experiments may be offset by the
benefits of examining a scale with low variability.
Despite measurable community differences among
the creek systems, the four creek systems studied
may represent adequate replicates for ecosystem-wide
studies. Physically, all creeks studied have similar tidal
regimes in addition to having comparable volumes
and creek branch lengths (excluding the right branch
of Nelson Creek) with corresponding similarities in
sediment particle size distributions (Table 1). All
creeks exhibited similar annelid species composition,
distribution, and abundance patterns across the
landscape, so whole-ecosystem manipulations con-
ducted at the creek level in PIE would be appropriate
and allow for replication.
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SARDÁ, R., I. VALIELA, AND K. FOREMAN. 1996. Decadal shifts in a salt
marsh macroinfaunal community in response to sustained long-
term experimental nutrient enrichment. Journal of Experimental
Marine Biology and Ecology 205:63–81.

SILLIMAN, B. R. AND M. D. BERTNESS. 2002. A trophic cascade
regulates salt marsh primary production. Proceedings of the
National Academy of Sciences of the United States of America 99:
10500–10505.

STATSOFT, INC. 2006. Electronic Statistics Textbook, 1st edition.
StatSoft Inc., Tulsa, Oklahoma: StatSoft. http://www.statsoft.
com/textbook/stathome.html.

STOCKS, K. I. AND J. F. GRASSLE. 2001. Effects of microalgae and
food limitation on the recolonization of benthic macrofauna
into in situ saltmarsh-pond mesocosms. Marine Ecology Progress
Series 221:93–104.

STOCKS, K. I. AND J. F. GRASSLE. 2003. Benthic macrofaunal
communities in partially impounded salt marshes in Delaware:
Comparisons with natural marshes and responses to sediment
exposure. Estuaries 26:777–789.

SUN, B. AND J. W. FLEEGER. 1991. Spatial and temporal patterns of
dispersion in meiobenthic copepods. Marine Ecology Progress
Series 71:1–11.

TEAL, J. M. 1986. The ecology of regularly flooded salt marshes of
New England: A community profile. U.S. Fish and Wildlife
Service Biological Report 85(7.4). Washington, D.C.

VIRNSTEIN, R. W., P. S. MIKKELSEN, K. D. CAIRNS, AND M. A. CAPONE.
1983. Seagrass beds versus sand bottoms: The trophic impor-
tance of their associated benthic invertebrates. Florida Scientist
46:363–381.

WARDLE, W. J., T. J. MINELLO, J. W. WEBB, T. H. WU, AND J. JEWETT-
SMITH. 2001. Algal pigments, meiofauna, and macrofauna from
two edaphic salt marsh microhabitats in Galveston Bay, Texas,
USA. Wetlands 21:474–483.

WEST, T. L. 1985. Abundance and diversity of benthic macrofauna
in subtributaries of the Pamlico River Estuary. The Journal of the
Elisha Mitchell Scientific Society 101:142–159.

WHALEY, S. D. AND T. J. MINELLO. 2002. The distribution of
benthic infauna of a Texas salt marsh in relation to the marsh
edge. Wetlands 22:753–766.

WHITLATCH, R. B. 1981. The ecology of New England tidal flats: A
community profile. U.S. Fish and Wildlife Service Biological
Services Program FWS/OBS-81/01. Washington, D.C.

VALIELA, I. 1995. Marine Ecological Processes, 2nd edition.
Springer Verlag, New York.

Von Bodungen, B. and R. K. Turner (eds.). 2001. Science and
Integrated Coastal Management, Volume 8. Dahlem University
Press, Berlin, Germany.

Received, July 19, 2006
Revised, November 8, 2006
Accepted, December 4, 2006

Variability of Salt Marsh Macroinfauna 237


