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a b s t r a c t
We examined temporal variation in the relationship between benthic macrofaunal assemblage structure and
sediment nutritional quality using core samples taken seasonally from a 232-m deep site in Wilkinson Basin,
Gulf of Maine, from October 2003 through August 2004. The benthic assemblage was dominated by depositfeeding polychaetes of the families Cirratulidae, Paraonidae, and Cossuridae. Assemblage composition and
abundance remained relatively constant over the course of the study, despite seasonal changes in sediment
nutritional quality. Constant seawater temperatures and/or relatively long species generation times may
account for this pattern. Sediment depth-frequency distributions of cirratulid and paraonid polychaetes
varied temporally and exhibited subsurface abundance peaks; depth-frequency distributions of cossurid
polychaetes, in contrast, were temporally stable. Subsurface peaks of plant pigment concentrations matched
those of the cirratulid and cossurid polychaetes, suggesting that these groups transport and cache recently
deposited phytodetritus below the sediment surface. This subsurface caching may ameliorate the effects of a
seasonally variable food supply, damping any seasonal response of the fauna.
Published by Elsevier B.V.

1. Introduction
Most benthic communities below the photic zone feed on detritus
from phytoplankton settling to the sea ﬂoor. The supply of this
primary production varies seasonally in temperate waters (Billett
et al., 1983; Lampitt, 1985; Beaulieu, 2002), with variable degradation on the way to the bottom (Rice et al., 1986). Direct and indirect
responses to phytodetrital inputs by a variety of benthic organisms,
from bacteria to ﬁshes, have been reported (reviewed by Gooday and
Turley, 1990 and Gooday, 2002). These responses, including colonization, ingestion, aggregation around phytodetrital patches, growth,
and reproduction, may occur on time scales from hours to months.
Response of benthic macrofaunal populations to seasonal pulses of
organic matter has been difﬁcult to demonstrate, however, as
relatively long macrofaunal lifespans and great spatial variation in
macrofaunal abundance hinder the ability to detect population
responses to seasonal inputs of food (Gooday, 2002). Nevertheless,
some researchers (Drazen et al., 1998; Moodley et al., 1998; Galéron
et al., 2001) have found seasonal change in macrofaunal density
related to phytodetrital deposition.

Despite seasonal variation in supply of phytodetritus to the sediment
surface, subsurface organic–matter concentrations may remain relatively constant where low temperatures inhibit microbial activity
(Mincks et al., 2005). This constant subsurface food stock may
compensate for any temporal variation in surﬁcial food supply, and
may explain the lack of subsurface macrofaunal response to seasonal
inputs of organic matter.
The Gulf of Maine typically experiences two phytoplankton blooms
yearly, one in the spring and one in the fall (Yentsch et al., 1995), with the
spring bloom being much more pronounced than the fall bloom (O'Reilly
and Zetlin, 1998). Winter blooms also occur occasionally (Durbin et al.,
2003). These blooms are important sources of organic matter for
organisms living below the photic zone in the Gulf of Maine (Charette
et al., 2001). Variation in bloom timing and intensity will affect food supply
to the bottom, which in turn may affect benthic macrofaunal assemblage
structure. Alternatively, a relatively stable subsurface food stock may
result in a stable assemblage. We examine these two hypotheses by
investigating seasonal patterns in sediment nutritional quality and
macrofaunal assemblage structure in a deep basin of the Gulf of Maine.
2. Materials and methods
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2.1. Site description and sample collection
The study was conducted at a 232-m deep site in Wilkinson Basin
(43 ° 00′ N, 69 ° 54′ W), one of several deep basins in the Gulf of Maine.
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The sediment at this site consists of silty clay, and bottom temperatures
are relatively constant year-round at approximately 6 °C (Hopkins and
Garﬁeld, 1978). Six replicate core samples (9.5 cm diameter) were taken
seasonally with either an Oktopus Minimuc or an Ocean Instruments
MC-400 multicorer. Samples were taken on 23 October 2003 and 27
February, 19 April, 7 June, and 10 August 2004.
2.2. Sediment nutritional quality
Two cores from each sampling date were analyzed for sediment
nutritional quality. The top 22 cm of the cores were sectioned horizontally (0.5-cm sections from 0–2 cm, 1-cm sections from 2–10 cm,
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and 2-cm sections from 10–22 cm), and the sections combined for
analysis.
Measures of nutritional quality included plant pigments (chlorophyll
a, fucoxanthin—a pigment characteristic of diatoms, and pheopigment—
a breakdown product of chlorophyll a), organic C, N, and enzymatically
hydrolyzable amino acids (EHAA). Pigments were measured using the
reverse-phase, high-pressure liquid chromatography method of Wright
et al. (1991) on a Hitachi System 7200 HPLC. Organic C and total N were
measured using a Perkin Elmer 2400 Series II CHNO/S analyzer after HCl
fuming to remove calcium carbonate (Mayer et al., 1995). EHAA analyses
were performed by incubating sediment with commercially available
proteolytic enzymes, followed by ﬂuorimetric measurement of the total

Fig. 1. Measures of sediment nutritional quality over time. All measures are inventories for the top 345 g of sediment. A. chlorophyll a, B. fucoxanthin, C. pheopigment, D. carbon, E. nitrogen,
F. C/N, G. freeze-dried EHAA, H. fresh EHAA.
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Table 1
Comparisons of sediment depth distributions over season
Variable

W′

p

Animals
Total fauna
Cirratulidae
Paraonidae
Cossuridae

1.43
1.22
1.31
1.07

0.004
0.009
0.014
0.104

Measures of nutritional quality
Chlorophyll a
Fucoxanthin
Pheopigment
C
N
C/N
Fresh EHAA
Freeze-dried EHAA

1.06
1.17
1.42
0.94
0.89
1.59
1.04
1.38

0.139
0.014
0.006
0.220
0.260
0.003
0.147
0.021

W′ represents Solow et al.'s (2000) modiﬁcation of the Kolmogorov–Smirnov statistic.

released amino acids (Mayer et al., 1995). This method was employed on
both fresh (unfrozen, analyzed within a few hours of collection) and
freeze-dried sediment, except for October 3 when only freeze-dried
sediment was analyzed. Sediment porosity was measured by weighing

sediment before and after air-drying. Given water's density of 1 g ml− 1,
pore volume in milliliters is numerically equal to the gram weight
difference between the two measurements.
2.3. Macrofaunal analysis
Macrofaunal assemblages were examined using two different
cores collected from the same deployment of the multicorer that
yielded the cores for nutritional analysis. These two cores were
sectioned as described above, ﬁxed for at least 5 days in 10% formalin
buffered with sodium tetraborate, and then transferred to 70% ethanol
until sorting. Prior to sorting, samples were rinsed in tap water and
sieved on a 250-μm mesh screen. All animals were removed, and
polychaetes were identiﬁed to family according to Fauchald (1977).
Molluscs and echinoderms were identiﬁed to class; crustaceans were
identiﬁed to subclass or order according to Brusca and Brusca (1990).
Although analysis to lowest identiﬁable taxonomic unit is preferable,
it is not always feasible because of the time and effort involved.
Analysis at higher taxonomic levels results in little loss of information
for macrobenthos (Warwick,1988; Pagliosa, 2005; Quijón and Snelgrove, 2006) because the functional diversity of macrobenthos is still
poorly resolved below these high taxonomic levels. Although some

Fig. 2. Depth distributions of sediment nutritional quality measures. A. chlorophyll a B. fucoxanthin, C. pheopigment, D. carbon, E. nitrogen, F. C/N, G. freeze-dried EHAA, H. fresh EHAA.

Table 2
Mean abundances (number per 1275 cc core) of organisms collected at Wilkinson Basin
Phylum

Cnidaria
Nemertea
Annelida

Class

Order

Family

Hydrozoa
Polychaeta

Capitellida
Opheliida
Phyllodocida

Eunicida
Flabelligerida
Terebellida

Paraonidae
Cossuridae
Spionidae
Poecilochaetidae
Cirratulidae
Capitellidae
Opheliidae
Polynoidae
Hesionidae
Pilargidae
Syllidae
Nereidae
Glyceridae
Sphaerodoridae
Lumbrineridae
Dorvilleidae
Flabelligeridae
Ampharetidae
Terebellidae

Predator
Predator
Deposit feeder
Crack feeder
Surface deposit feeder
Subsurface deposit feeder
Crack feeder
Subsurface deposit feeder
Deposit feeder
Predator
Predator
Predator
Predator
Predator
Predator
Surface deposit feeder
Predator
Predator
Deposit feeder
Surface deposit feeder
Crack feeder

Unidentiﬁed polychaete
Echiura
Sipunculida
Arthropoda

Mollusca

Echinodermata
Hemichordata
Chordata

Ostracoda
Copepoda
Malacostraca
Aplacophora
Gastropoda
Bivalvia
Scaphopoda
Ophiuroidea
Enteropneusta
Ascidiacea

Isopoda
Amphipoda

Deposit feeder
Deposit feeder
Browser
Browser
Deposit feeder
Detritivore
Deposit feeder
Many
Surface deposit feeder
Deposit feeder
Omnivore
Deposit feeder
Suspension feeder

25 Oct 2003

27 Feb 2004

19 Apr 2004

7 Jun 2004

10 Aug 2004

Mean

SE

Mean

SE

Mean

SE

Mean

SE

Mean

SE

0
0.5
5
3.5
1
0
35.5
2.5
3
0
2.5
0
2
0
0
0
0.5
0
0
0.5
0
1.5
0
0
0
4.5
0
0
0.5
0.5
6
4
2
0
0

0
0.5
2
2.5
1
0
0.5
0.5
1
0
1.5
0
1
0
0
0
0.5
0
0
0.5
0
0.5
0
0
0
0.5
0
0
0.5
0.5
1
2
2
0
0

0
1.5
14
24
0
0
49
2
12.5
1
3.5
0.5
6
10
0
0
0.5
1
0
0
0
4
0
0
1
4
0
0
0.5
1
9
4
1
0
0

0
0.5
6
4
0
0
28
0
5.5
1
0.5
0.5
5
8
0
0
0.5
1
0
0
0
1
0
0
1
3
0
0
0.5
0
4
1
1
0
0

0
2
40
20
0
7
126.5
0.5
9
0
1.5
0
6.5
5.5
1
0
1.5
1
0.5
4.5
0
3
0
0
4.5
11
0.5
1.5
1.5
1.5
15.5
3
1.5
0
0

0
1
29
5
0
7
91.5
0.5
2
0
0.5
0
2.5
3.5
1
0
1.5
1
0.5
1.5
0
2
0
0
3.5
9
0.5
1.5
1.5
1.5
9.5
2
1.5
0
0

0.5
6.5
34
24.5
7
0.5
57
6
10
0.5
9
0
4
11.5
2.5
0
2.5
0.5
0
0
0
6.5
0.5
2
0.5
6.5
0
0.5
0
1.5
15.5
4.5
4.5
0
6

0.5
0.5
18
4.5
2
0.5
4
1
3
0.5
4
0
1
2.5
0.5
0
0.5
0.5
0
0
0
1.5
0.5
2
0.5
2.5
0
0.5
0
1.5
8.5
0.5
3.5
0
6

0
4.5
16
19
3.5
3
36.5
2.5
6
0
7
0
12
4
0
1
1
1.5
0
1
0.5
0
0
0.5
2
13.5
0
1
0.5
3.5
9
6.5
26.5
0.5
0

0
0.5
4
1
0.5
3
2.5
1.5
4
0
5
0
2
2
0
1
0
1.5
0
1
0.5
0
0
0.5
1
1.5
0
0
0.5
1.5
0
0.5
1.5
0.5
0
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nematodes and agglutinating foraminiferans were retained on the
250-μm mesh, they were not included in this study.

Table 3
Subsets of taxa that yielded the same MDS pattern (Spearman′s ρ ≥ 0.95) as the MDS
including all taxa

2.4. Statistical analysis

Phylum

Class

Order

Family

Subset
1

Because some of the cores sampled were less than 22 cm deep,
statistical analysis of biota was restricted to a depth of 18 cm, the
length of the shortest core. Because of an error in sectioning, only one
core from August 10 was included in analyses of depth distributions.
As inventories of pigments and other nutritional measures depend
partly on sediment porosity, inventories were calculated for the top
345 g of sediment of each core. This mass depth was calculated by
converting linear depth intervals to mass depth intervals via the
porosity measurements, calculating a cumulative mass depth curve,
linearly interpolating the 345 g mass depth, and summing chemical
inventories from the sediment–water interface to that point. This
mass depth encompassed approximately the top 10 cm of sediment
and included most of the animals found in the cores. For analyses
involving both nutritional and biotic measures, the biotic measures
were recalculated for the top 345 g of sediment.
For all statistical tests, the signiﬁcance level was set at α = 0.05
except in the case of multiple comparisons. Signiﬁcance levels were
adjusted for multiple comparisons using the false discovery rate
method of Benjamini and Hochberg (1995) as described by Verhoeven
et al. (2005).
2.4.1. Seasonal change in macrofaunal assemblage
Seasonal change in basic assemblage structure measures (total
animal abundance, abundance of major taxonomic groups, taxonomic
richness, Shannon–Weaver diversity (Shannon and Weaver, 1963), and
Pielou's evenness (Pielou, 1975)) were analyzed using ANOVA. To ensure
that ANOVA assumptions were met, homogeneity of variance among
sampling dates was examined using Bartlett's test (Sokal and Rohlf,
1981), and normality of residuals was tested using the Shapiro–Wilk test
(Shapiro and Wilk, 1965) and a normal probability plot. Variables failing
to meet the assumptions of ANOVA were analyzed nonparametrically
using the Kruskal–Wallis test (Sokal and Rohlf, 1981).
Group-averaged hierarchical clustering and non-metric multidimensional scaling (MDS) on square-root transformed abundances and Bray–
Curtis similarities among samples (Clarke and Warwick, 2001) assessed
change in taxonomic composition over time. PRIMER ANOSIM and
SIMPROF tests (Clarke and Warwick, 2001) established levels of
signiﬁcance among dates. The PRIMER BVSTEP routine (Clarke and
Warwick, 2001) determined which taxa drove patterns identiﬁed in the
whole-assemblage MDS. This analysis ﬁnds the subset or subsets of taxa
that yield an MDS pattern similar to that of the entire assemblage.
Clustering by taxon was also performed to determine which taxonomic
groups had similar patterns of occurrence among samples. This

Fig. 3. Multidimensional scaling plot of square-root transformed animal abundances
based on Bray–Curtis similarities. Rings indicate 65% similarity from cluster analysis.

Cnidaria
Nemertea
Annelida

Polychaeta

Orbiniida
Cossurida
Spionida

Capitellida
Opheliida
Phyllodicida

Eunicida
Flabelligerida
Terebellida
Unidentiﬁed
Polychaete
Echiura
Sipunculida
Arthropoda

2

3

4

Hydrozoa
Paraonidae
Cossuridae
Spionidae
Poecilochaetidae
Cirratulidae
Capitellidae
Opheliidae
Polynoidae
Hesionidae
Pilargidae
Syllidae
Nereidae
Glyceridae
Sphaerodoridae
Lumbrineridae
Dorvilleidae
Flabelligeridae
Ampharetidae
Terebellidae

X
X X
X
X X
X X
X
X X
X
X X
X
X X X
X
X
X
X X X
X
X
X
X
X
X
X X
X

X
X

X
Ostracoda
Copepoda
Malacostraca

Aplacophora
Gastropoda
Bivalvia
Scaphopoda
Echinodermata Ophiuroidea
Hemichordata Enteropneusta
Chordata
Ascidiacea

Isopoda
Amphipoda

X
X X
X X X X
X
X X X X

Mollusca

X

X
X
X X X
X
X
X
X X
X

approach has the disadvantage of making two samples appear more
similar if they both lack many of the same species. Therefore, any taxon
contributing b3% of the individuals to any sample was excluded from
this cluster analysis (Legendre and Legendre, 1983).
In addition to analyzing changes in assemblage structure by taxon, we
investigated change in feeding guild diversity over time. Feeding guilds
were assigned as speciﬁcally as possible based on the work of Fauchald
and Jumars (1979), Brusca and Brusca (1990), Ruppert and Barnes (1994),
and Rouse and Pleijel (2001). For example, some taxa were classiﬁed as
deposit feeders rather than surface or subsurface deposit feeders because
their feeding biology is currently unresolved. Here we introduce a new
feeding guild, crack feeders, based on the work of Dorgan et al. (2005).
Crack feeders burrow by crack propagation, and may feed along the
surfaces of the crack as well as the sediment–water interface when the
path of the crack intersects it. In a sense they are surface deposit feeders,
but the surface that they often feed upon is the interior wall of a fracture,
and it is important to recognize that they can acquire food particles at
depths well below the sediment–water interface (Jumars et al., 2007)
and that many such animals were misclassiﬁed as surface deposit feeders
by Fauchald and Jumars (1979). Relationships among feeding groups
were analyzed using MDS and ANOSIM.
2.4.2. Relating assemblage structure to measures of sediment nutritional
quality
To determine which measures of sediment nutritional quality best
correlated with taxonomic composition, a principal components analysis (PCA) by date was performed on the nutritional quality measures.
EHAA measurements on unfrozen samples were not used in this
analysis because we lack data from the ﬁrst sampling. Results of this
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Fig. 4. Measures (mean ± standard error) of the benthic assemblage structure over time. A. Taxonomic richness, B. Total faunal abundance, C. Shannon–Weaver diversity, D. Pielou's
evenness.

PCA were then compared to an MDS performed on the mean abundances of the animals by date using the BEST-BIOENV routine in
PRIMER. If two nutritional variables were correlated either positively
or negatively with each other at R2 N 0.95, one of those variables was
excluded from the analysis because they supplied essentially redundant information. Spearman correlations (PROC CORR, SAS Institute
Inc., 1985) were used to determine which sediment nutritional quality
factors were correlated with total animal abundance and the diversity
measures described above.
2.4.3. Depth distributions
Changes in depth distribution of macrofauna and nutritional
quality over time were analyzed using the W′ of Solow et al. (2000),
a modiﬁcation of the multiple-sample Smirnov test (Conover, 1980).

This method was also used to compare depth distributions of animals
and measures of sediment nutritional quality.
3. Results
3.1. Sediment nutritional quality
Measures of nutritional quality differed in their temporal patterns,
reﬂecting the spring and fall blooms. Chlorophyll a inventory peaked
in June whereas pheopigment peaked in June and August (Fig. 1A, B).
Fucoxanthin also peaked in June (Fig. 1C), but was almost completely
absent in February, consistent with low bulk productivity and high
silicate concentrations in the water column during this time of the
year (Townsend and Thomas, 2001; Thomas et al., 2003). A smaller

Fig. 5. Abundances (mean ± standard error) of major taxonomic groups over time. A. Cirratulidae, B. Paraonidae, C. Cossuridae. Abundances are number per 9.5 cm diameter core to a
depth of 18 cm. Note differing scales for each group.
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fucoxanthin peak was observed in October, indicating the fall bloom.
Carbon, nitrogen, and C/N showed relatively little variation over the
study (Fig. 1D–F), with the lowest seasonal values being 95%, 94%, and
98% of the highest seasonal values, respectively. Unfrozen EHAA
increased dramatically from February to April and remained high
through August; freeze-dried EHAA showed a peak in June (Fig. 1G–H).
Depth distributions of fucoxanthin, pheopigment, C/N, and freezedried EHAA varied temporally (Table 1, Fig. 2). All three pigments
exhibited their highest peaks at the surface in June. Chlorophyll
showed smaller peaks at 3–5 and 10 cm depths in June as well.
3.2. Macrofaunal assemblage
Thirty-ﬁve taxa were identiﬁed from the core samples (Table 2).
Composition of the benthic assemblage remained relatively constant
over time (ANOSIM, p = 0.06). The multidimensional scaling plot and
cluster analysis (Fig. 3) show greater differences within dates than
among dates, except for 10 August 2004, when there was little
difference between cores. This date drives the nearly signiﬁcant
ANOSIM result. Subsets of 13–18 of the 35 taxa identiﬁed yielded a
multidimensional scaling pattern similar to that of the full set of taxa
(BVSTEP, Spearman's ρ ≥ 0.95, Table 3), with 11 taxa appearing in at
least 3 of 4 subsets.
Total number of taxa did not vary signiﬁcantly over time (Fig. 4A,
ANOVA F[4, 5] = 1.46, p = 0.34). Total macrofaunal abundance ranged from
10,571 to 63,714 individuals m− 2, but did not vary signiﬁcantly over time
(Fig. 4B, Kruskal–Wallis test, X2[4] = 5.67, p = 0.23). Three polychaete
families, Cirratulidae, Paraonidae, and Cossuridae, accounted for 55% of
all animals found. No other taxon identiﬁed made up more than 7% of
the total number of animals found. Because of their relative abundance,
the three dominant taxa were analyzed individually. Of these taxa, only
Cossurid abundance varied over time (Fig. 5, ANOVA F[4, 5] = 5.35,
p = 0.05). Shannon–Weaver diversity differed over time, with the ﬁrst
three sampling dates being less diverse than the last two dates (Fig. 4C,
ANOVA F[4, 5] = 37.62, p = 0.0006). Pielou's evenness did not vary
signiﬁcantly over time (Fig. 4D, ANOVA F[4, 5] = 2.08, p = 0.22) but trended
in the same direction as the Shannon–Weaver diversity.
Clustering by taxon (excluding all taxa that did not constitute at
least 3% of the total abundance of any one core) shows similar patterns

Fig. 7. Multidimensional scaling of taxa contributing at least 3% of the individuals to any
one sample, showing relationships among feeding guilds.

of occurrence for scaphopods and hesionid polychaetes, cossurid and
paraonid polychaetes, and bivalves and opheliid polychaetes (Fig. 6).
When analyzing by feeding guild (Fig. 7), predators grouped together,
suggesting that all predator species experienced similar abundance
ﬂuctuations over time. General deposit feeders also grouped together,
indicating that members of this functional group also experienced
similar population ﬂuctuations over time.
Sediment depth distribution of the entire assemblage changed
over time (Fig. 8A, Table 1). When the dominant infaunal families were
analyzed individually, the depth distributions of cirratulid and
paraonid worms differed temporally, but the distribution of cossurid
worms did not (Table 1). Cirratulid worms had relatively narrow depth
distributions, mostly between 2 and 5 cm (Fig. 8B). Paraonid and
cossurid worms were found throughout the cores except for the top
0.5 cm (Fig. 8C–D).

Fig. 6. Cluster analysis by taxonomic group. Only taxa contributing at least 3% of the individuals to any one sample are included. Group average method was used to link samples.
Dotted lines indicate non-signiﬁcant splits using a SIMPROF test.
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Fig. 8. Mean sediment depth distribution of A. entire assemblage B. Cirratulidae C. Paraonidae D. Cossuridae. Note differing scales for each group. Error bars omitted for clarity of
presentation.

Depth distributions of pigments, C, N, and EHAA were similar to
animal depth distributions on some dates (Table 4). Fucoxanthin
depth distributions more closely matched those of the animal
assemblage on all ﬁve sampling dates, due to peaks near the sediment–water interface for each.

3.3. Relationship between sediment nutritional quality and macrofaunal
assemblage
Nitrogen and carbon inventories varied by small amounts that were
highly correlated with one another, and both were negatively correlated
with mean core porosity. Therefore, of C, N, and C/N, only C was included
in the PCA of nutritional quality variables, which was then compared to
the benthic assemblage MDS. No subset of nutritional variables
signiﬁcantly explained the variation in benthic assemblage structure
(BIOENV maximum p = 0.62, p = 0.53). Of the three major taxa, only
Cossuridae showed signiﬁcant correlations with nutritional variables,
with abundance being positively correlated with freeze-dried EHAA
inventories (p = 1, p b 0.0001). None of the biotic diversity measures was
signiﬁcantly correlated with the nutritional quality measures.

4. Discussion
4.1. Sediment nutritional quality
Nutritional quality of our sediment samples varied seasonally,
reﬂecting the spring and fall phytoplankton blooms usually experienced in the Gulf of Maine (Yentsch et al., 1995). Based on a settling
rate of 75–110 m d− 1 (Pfannkuche, 1993), phytodetritus resulting from

Table 4
Relationship between depth distribution of all animals and indicators of sediment nutritional quality
Date

Measure of sediment nutritional quality
Chlorophyll

25 Oct 2003
27 Feb 2004
19 Apr 2004
7 Jun 2004
10 Aug 2004

Fucoxanthin

Pheopigment

C

N

C/N

Fresh EHAA

Freeze-dried
EHAA

p

W′

p

0.450
0.000
0.000
0.000

1.77
1.78
1.60
1.74
1.51

0.000
0.000
0.000
0.000
0.002

W′

p

W′

p

W

p

W′

p

W′

p

W′

p

W′

1.50
0.86
1.76
0.96
1.40

0.002
0.290
0.000
0.240
0.006

1.04
0.96
1.13
0.93
1.04

0.120
0.210
0.060
0.262
0.070

1.74
1.77
1.68
1.65
1.61

0.000
0.000
0.000
0.001
0.001

1.77
1.76
1.70
1.77
1.69

0.001
0.000
0.000
0.000
0.000

1.77
1.77
1.70
1.77
1.68

0.000
0.000
0.001
0.000
0.000

1.76
1.77
1.71
1.78
1.70

0.001
0.000
0.000
0.000
0.000

No data
0.76
1.75
1.74
1.73

W′ represents Solow et al.'s (2000) modiﬁcation of the Kolmogorov–Smirnov statistic. p values N 0.05 indicate similar depth distributions.
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the blooms should reach the seaﬂoor of Wilkinson Basin 2–3 days
after leaving the surface.
There was no strong response in EHAA concentrations to the
spring pigment peak, which is in line with the low pigment concentrations. The sum of chlorophyll and pheopigment at the June
maximum was approximately 2 μg g− 1 at the sediment–water
interface. Assuming a protein:chlorophyll ratio of about 28 for
phytoplankton (Montagnes et al., 1994), an increase of only 0.06 mg
EHAA g− 1 would be expected, which would be difﬁcult to detect
against a background of approximately 1 mg EHAA g− 1. In intertidal
sediments with an order of magnitude higher pigment concentrations, Mayer and Rice (1992) found a strong correlation of protein
with pheopigment, but not chlorophyll, concentrations. Thus, if
animals are responding to bloom inputs, as suggested by the subsurface chlorophyll peaks (see Section 4.3 below), then this organic
nutrient addition is not detectable using the EHAA measurement.
Even less variation would be expected in the total organic carbon or
nitrogen values.
The nutritional quality of the organic matter in the sediment can
be assessed via the ratio of EHAA to total organic matter, i.e., the
proportion of organic matter available to consumers (Mayer et al.,
2002). Calculating the carbon and nitrogen contents of EHAA as 50%
and 16.7%, respectively, virtually all cores yielded EHAA-C:TOC and
EHAA-N:TN ratios of b0.03 and 0.06, respectively. These low values
are similar to those of refractory organic matter found in NW Atlantic
sediments at slope depths (Mayer et al., 2002). The notable
exceptions to these ratios were the 0–0.5 and 3–3.5 cm samples at
the August sampling, reﬂecting accumulation of proteinaceous material at the sediment–water interface from settling detritus and
transport of detritus below the sediment surface by animals (see
Section 4.3 below).
4.2. Macrofaunal assemblage response
Despite seasonal changes in sediment nutritional quality, the
structure of the Wilkinson Basin macrofaunal assemblage remained
relatively stable over the course of our study at the taxonomic resolution we employed. There is some indication of a long-term (longer
than seasonal) increase in taxonomic diversity (Fig. 4A,C). The data
record is short, however, precluding analysis of possible longer-term
drivers such as climate oscillations. Dominant taxa were cirratulid,
paraonid, and cossurid polychaetes. Eleven taxa, including the three
dominant polychaete families, appeared in most of the subsets of taxa
whose MDS plots matched those of the entire assemblage. This result
suggests that a relatively small number of taxa are driving the
observed assemblage pattern. Of the dominant taxa, paraonid and
cossurid polychaetes had similar patterns of temporal occurrence,
suggesting that these taxa may be responding similarly to seasonal
inputs of organic matter.
The only major taxon to show a statistically signiﬁcant relationship with a measure of sediment nutrition was the polychaete
family Cossuridae, whose abundance was positively correlated with
freeze-dried EHAA. Maurer and Leathem (1981) noted a positive
relationship between the guild containing the Cossuridae (burrowing, motile, non-jawed) and carbon and nitrogen, although cossurids were not a major component of their sample. They noted no
relationship between the feeding guilds containing the Paraonidae
(surface deposit-feeding, motile, non-jawed) and the Cirratulidae
(that they classiﬁed as surface deposit-feeding, discretely motile,
tentaculate) and carbon and nitrogen, just as we found no relationship between these taxa and measures of sediment nutritional
quality.
Predatory taxa had similar patterns of occurrence among cores.
Because predator population density should respond to prey population density, the similarity of predator occurrences suggests that the
predatory taxa are preying on the same items. Alternatively, various

prey items may have similar temporal patterns of occurrence. General
deposit feeders also had similar patterns of occurrence among cores.
These taxa may be responding in the same way to the deposition of
phytodetritus.
The literature on benthic macrofaunal assemblage response to
seasonal variation in sediment nutritional value is equivocal. The
lack of a clear relationship may result from relatively long
macrofaunal lifespans, or from great spatial variation in macrofaunal abundance (Gooday, 2002). For sites in the tropical northeast
Atlantic ranging from 1600 to 4640 m deep, Galéron et al. (2000)
reported no seasonal variation in macrofaunal abundance or composition despite variation in primary productivity. For a 4560-m
deep site in the Northeast Atlantic, Pfannkuche (1993) reported no
seasonal changes in meiofaunal or macrofaunal abundance, despite
seasonal variation in sediment chlorophyll. Valderhaug and Gray
(1984) also reported no seasonal changes in macrofaunal abundance
at a 32-m deep site in the Oslofjord, Norway, again despite a seasonal change in chlorophyll a. When their data were broken down
by feeding guild or broad taxonomic group, ﬂuctuations did occur,
but without clear seasonal pattern. Valderhaug and Gray (1984)
attributed the absence of seasonality in macrofaunal abundance to
the constancy of the physical environment, as well as to the activities of predatory polychaetes and sediment disturbers such as
echinoids. These hypotheses may apply to Wilkinson Basin, which
has a relatively constant temperature and a fair number of predatory
polychaetes. For a 4100-m deep site in the North Paciﬁc, Drazen
et al. (1998) reported temporal variation in chlorophyll a and pheopigment, although there was no regular seasonal pattern. Total
metazoan density did not vary seasonally, although several major
components of the fauna, including polychaetes, increased in density over the winter after detrital aggregates had disappeared and
approximately eight months after the peak in particulate organic
carbon concentrations. Galéron et al. (2001) also noted a lagged
response of macrofaunal polychaete density to summer food input
at a 4850-m deep site in the Northeast Atlantic, with density increasing over the winter and into the next summer. Our major
polychaete taxa show a similar increase over winter months, perhaps due to a lag between food input and reproductive response.
Moodley et al. (1998) noted no lag between food input and macrofaunal density at three much warmer, 18-m deep sites in the Adriatic
Sea. Macrofaunal densities were highest in summer, when sediment
chlorophyll concentrations were highest.
The relationship between seasonal food input and macrofaunal
density may be weak because reproduction may occur some time
after food input (Galéron et al., 2001). One might expect the relationship between seasonal food input and biomass or size to be
stronger as biomass may respond more quickly than density to
pulses of organic matter. The evidence, however, is again equivocal.
Of the studies cited above in which macrofaunal biomass was measured, some (Pfannkuche, 1993; Galéron et al., 2000) found no
relationship between seasonal food input and macrofaunal biomass.
Drazen et al. (1998) found little difference in biomass over the
course of their study for all taxa except polychaetes. The polychaete
differences were caused by a few large individuals. Valderhaug and
Gray (1984) found more pronounced differences over time for biomass compared to density for some species but not others. And
where Moodley et al. (1998) found signiﬁcant differences over time
for macrofaunal density, they found no differences over time in
macrofaunal biomass.
Despite the confusion over longer-term responses (density and
biomass) of macrofauna to pulses of organic matter, it is clear that
macrofauna respond to these pulses in the short term. Tracer studies
indicate that benthic macrofauna begin to ingest phytodetritus within
hours of deposition (e.g., Moodley et al., 2005; Aspetsberger et al.
2007). The rapid uptake of phytodetritus suggests that macrofauna are
food-limited.
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4.3. Animal and pigment depth distributions
The dominant taxon, cirratulid polychaetes, had a narrow depth
distribution close to, but peaking just below, the sediment surface,
whereas the other two major taxa (paraonid and cossurid polychaetes) had broader depth distributions. The sessile tubicolous or
mudball-building cirratulids (Jumars, 1975; Levin and Edesa, 1997) are
surface deposit feeders, but it is clear from recent observations (Shull
and Yasuda, 2001, K.M. Dorgan, unpublished data; P.A. Jumars,
unpublished data) that burrowing cirratulids are able to deploy both
their gills and feeding tentacles in the cracks that they produce at a
range of sediment depths. According to Rouse and Pleijel (2001),
paraonids are usually found on the surface or burrowing into the
upper layers of the sediment. Given that paraonids may be surface or
burrowing deposit feeders (Fauchald and Jumars, 1979), a relatively
broader depth distribution is to be expected. As primarily subsurface
deposit feeders (Jumars et al., 2007), cossurids have the deepest depth
distribution of the dominant taxa.
The depth distributions of the dominant taxa may be a function of
competition and habitat partitioning. According to Whitlatch (1980),
deposit-feeding polychaetes partition habitat by sedimentary organic
carbon and either particle size or vertical space. Species occupying
habitats over a wide range of sedimentary organic carbon tend to
consume a narrow range of particle sizes or have narrow depth distributions. Conversely, species occupying areas within a narrow range of
sedimentary organic carbon tend to consume a wider range of particle
sizes or have a broader depth distribution. We cannot test this hypothesis using our data because we sampled in only one location and did
not examine sediment grain size consumed by the organisms we
collected, but it would be interesting to explore further.
The June subsurface peaks of chlorophyll matched subsurface peaks
in the distribution of the three dominant taxa found at Wilkinson Basin.
All three dominant polychaete families showed June peaks at approximately 5 cm, and the Cossuridae showed an additional peak at 10 cm.
This result suggests that these animals are transporting relatively fresh
phytodetritus below the sediment surface. Given chlorophyll a decay
rates (half-life of 28 d at 5 °C in Long Island Sound, Sun et al., 1994) and
sedimentation rates for the Gulf of Maine (b1 cm yr− 1, Crusius et al.,
2004), it is unlikely that the phytodetritus would have been buried by
sedimentation alone. There is evidence that macrofauna (Blair et al.,
1996; Levin et al., 1997; Levin et al., 1999; van de Bund et al., 2001;
Josefson et al., 2002; Moodley et al., 2005; Aspetsberger et al., 2007), and
cirratulid worms in particular (George, 1964; Myers, 1977; Shull and
Yasuda, 2001) rapidly transport particles downward from the sediment
surface (although Witte et al. (2003) considered that Opheliidae and
Maldanidae are more important than Cirratulidae in this respect).
Jumars et al. (2007) observed that many cirratulids have subterminal
expansions at both ends of the body, enabling them to burrow effectively
through crack propagation up, down and laterally in the sediment, and
Shull and Yasuda (2001) have shown the effectiveness of such burrowing in mixing tracers below the surface. A tracer study by Josefson
et al. (2002) showed that 90% or more of phytodetritus transported
below the sediment surface was not respired or incorporated into biomass. This buried material may serve as a subsurface food cache to
sustain deposit feeders over a longer period of time. Indeed Rudnick
(1989) showed that some meiobenthic taxa utilize a large buried reserve
of older phytodetritus.
Fucoxanthin shows no subsurface peak, suggesting some decay of the
algal material before transport below the sediment surface, decay of the
material between being cached by animals and our sampling, or selection
by animals for non-diatomaceous material. Pheopigment peaks at 3–
5 cm in June and 2.5 cm in August, by contrast, suggest continued
nonlocal transport of phytodetritus below the sediment surface by polychaetes, or slow decay of previously transported material.
In addition to transport by animals, other processes may result in
subsurface pigment peaks. First, storms may deposit sediment over
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the surface layer of phytodetritus. This scenario is unlikely given the
depth of Wilkinson Basin, its distance from shore, and the low sedimentation rates for this area. Second, turbidity currents may
transport sediment, covering previously deposited phytodetritus.
Turbidity currents result in characteristic sediment deposits that are
coarsest at the bottom and ﬁnest at the top (Gross, 1990). This sediment structure was not apparent in our cores, suggesting a lack of
turbidity currents. Third, trawling may also result in transport of
phytodetritus below the sediment surface. Wilkinson Basin is intensively trawled (Pilskaln et al., 1998), and proﬁles of 210Pb in our cores
(L. Mayer et al., unpublished data) are erratic and consistent with
trawling impacts. Trawling, however, would most likely result in a
homogenization of the top layers of sediment, including the surface
layer of phytodetritus (Mayer et al., 1991), and hence be unlikely to
result in subsurface pigment peaks. Given that these scenarios are
unlikely, transport by animals remains the probable mechanism by
which phytodetritus is transported below the sediment surface at
our site.
Mincks et al. (2005) reported much larger interannual than
seasonal variation in phytodetrital deposition on the West Antarctic
Peninsula shelf. Temporal variability in chlorophyll a was conﬁned to
the top 2 cm of sediment, however, and although no subsurface peaks
were found, substantial amounts of chlorophyll a were found deep in
the sediment, with concentrations up to 50% of surface values at 8–
10 cm. Chlorophyll a half-life in this cold water was estimated to be up
to 442 days, which, depending on sedimentation rate, may account for
the high subsurface values. Mincks et al. (2005) hypothesized that the
need for high substrate concentrations for microbial mineralization of
organic matter at low (−2.0 to 1.0 °C) Antarctic temperatures may lead
to a “food bank” of labile organic matter. This organic matter would
represent a temporally stable stock of food for deposit feeders. It is
possible that that a similar scenario exists in Wilkinson Basin. Although chlorophyll a half-lives are likely shorter in Wilkinson Basin
(probably more akin to the 28 d value reported by Sun et al. (1994) for
Long Island Sound at 5 °C), there is still a substantial concentration of
chlorophyll a deep in the sediment, exceeding the surface concentration at 10 cm in April, and 15–28% of the surface concentration at
10 cm the rest of the year. It is unclear if the subsurface chlorophyll is
the result of low bacterial activity, rapid or persistent animal transport, or a combination of these factors. Regardless, the stability of the
benthic assemblage suggests that there may be a relatively constant
food stock in Wilkinson Basin.
Alternatively, the low and fairly constant EHAA-N: Total N ratios
imply that the proteinaceous material at this site, as assayed by the
EHAA measurement, has little nutritional value. Although the benthic
assemblage may be relatively constant year-round, the animals may be
waiting for pulses of fresh organic matter, detectable with our pigment
measurements, but not the EHAA assay. It also suggests that the
animals must be able to select fresh particles from refractory ones.
5. Conclusions
Despite seasonal changes in organic input from phytoplankton
blooms, the macrofaunal assemblage at Wilkinson Basin remained
relatively constant in composition and abundance over the course of a
year. This stability may be due to a constant subsurface food stock, the
constant temperature at this site, or long generation times (due to low
temperature) precluding a rapid response to the input of organic
matter. Clearly the spatial variation in abundance and species composition would help to mask any subtle seasonal pattern.
The dominant polychaete families appear to play a major role in
transporting phytodetritus from the sediment surface to subsurface
depths. They may accomplish it by feeding, burrowing, or both. The rate
of phytodetrital burial by animal activity appears to be much greater
than the rate of burial by sedimentation. This caching may provide the
continuity of food stock through the year to maintain these deeper-
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dwelling polychaetes. The tactic of drawing material below the surface
for later ingestion clearly lowers subsequent risk from demersal predators as well, affecting both sides of the risk and gain equation.
Acknowledgments
Thanks to Robert Downs for operation of the R/V Ira C., and to the
crew of the R/V Argo Maine. Shawn Shellito and Anne Simpson
assisted in collection and processing of core samples. Les Watling and
Gary Rosenberg assisted in identiﬁcation of the benthic fauna. Rodrigo
Ramos Jiliberto kindly provided a spreadsheet set up to perform
Solow's modiﬁcation of the multiple-sample Kolmogorov–Smirnov
test. Marguerite Pelletier, Stephen Hale, Roxanne Johnson, Timothy
Gleason, and two anonymous reviewers provided helpful comments
on the manuscript. Patricia DeCastro provided assistance with the
ﬁgures. This work was supported by the Ofﬁce of Naval Research
DEPSCoR grant no. N000140210653. Although the research described
in this article has been partially funded by the U. S. Environmental
Protection Agency, it has not been subjected to Agency-level review.
Therefore, it does not necessarily reﬂect the views of the Agency.
Mention of trade names or commercial products does not constitute
endorsement or recommendation for use. This publication is
contribution no. 401 from the Darling Marine Center and contribution
no. AED-08-027 from the U.S. Environmental Protection Agency, Ofﬁce
of Research and Development, National Health and Environmental
Effects Laboratory, Atlantic Ecology Division.
References
Aspetsberger, F., Zabel, M., Ferdelman, T., Struck, U., Mackensen, A., Ahke, A., Witte, U.,
2007. Instantaneous benthic response to different organic matter quality: in situ
experiments in the Benguela Upwelling System. Mar. Biol. Res. 3, 342–356.
Beaulieu, S.E., 2002. Accumulation and fate of phytodetritus on the sea ﬂoor. Oceanogr.
Mar. Biol. Annu. Rev. 40, 171–232.
Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate—a practical and
powerful approach to multiple testing. J. R. Stat. Soc. B 57, 289–300.
Billett, D.M.S., Lampitt, R.S., Rice, A.L., Mantoura, R.F.C., 1983. Seasonal sedimentation of
phytoplankton to the deep-sea benthos. Nature 302, 520–522.
Blair, N.E., Levin, L.A., DeMaster, D.J., Plaia, G., 1996. The short-term fate of fresh algal
carbon in continental slope sediments. Limnol. Oceanogr. 41, 1208–1219.
Brusca, R.C., Brusca, G.J., 1990. Invertebrates. Sinauer Associates, Inc., Sunderland, MA.
Charette, M.A., Moran, S.B., Pike, S.M., Smith, J.N., 2001. Investigating the carbon cycle in the
Gulf of Maine using the natural tracer thorium-234. J. Geophys. Res. 106, 11553–11580.
Clarke, K.R., Warwick, R.M., 2001. Change in Marine Communities: An Approach to
Statistical Analysis and Interpretation, 2nd. PRIMER-E, Plymouth.
Conover, W.J., 1980. Practical Nonparametric Statistics, 2nd. Wiley, New York.
Crusius, J., Bothner, M.H., Sommerﬁeld, C.K., 2004. Bioturbation depths, rates and processes
in Massachusetts Bay sediments inferred from modeling of 210PB and 239+240Pu
proﬁles. Estuar. Coast. Shelf Sci. 61, 643–655.
Dorgan, K.M., Jumars, P.A., Johnson, B., Boudreau, B.P., Landis, E., 2005. Burrow
elongation by crack propagation. Nature 433, 475.
Drazen, J.C., Baldwin, R.J., Smith Jr., K.L., 1998. Sediment community response to a
temporally varying food supply at an abyssal station in the NE Paciﬁc. Deep-Sea Res. II
45, 893–913.
Durbin, E.G., Campbell, R.G., Casas, M.C., Ohman, M.D., Niehoff, J., Runge, B., Wagner, M.,
2003. Interannual variation in phytoplankton blooms and zooplankton productivity
and abundance in the Gulf of Maine during winter. Mar. Ecol. Prog. Ser. 254, 81–100.
Fauchald, K., 1977. The polychaete worms: deﬁnitions and keys to the orders, families,
and genera. Nat. Hist. Mus. Los Angeles Cty. Sci. Ser. 28, 1–288.
Fauchald, K., Jumars, P.A., 1979. The diet of worms: a study of polychaete feeding guilds.
Oceanogr. Mar. Biol. Annu. Rev. 17, 193–284.
Galéron, J., Sibuet, M., Mahaut, M., Dinet, A., 2000. Variation in structure and biomass of
the benthic communities at three contrasting sites in the tropical Northeast
Atlantic. Mar. Ecol. Prog. Ser. 197, 121–137.
Galéron, J., Sibuet, M., Vanreusel, A., Mackenzie, K., Gooday, A.J., Dinet, A., Wolff, G.A., 2001.
Temporal patterns among meiofauna and macrofauna taxa related to changes in
sediment geochemistry at an abyssal NE Atlantic site. Prog. Oceanogr. 50, 303–324.
George, J.D., 1964. Organic matter available to the polychaete Cirriformia tentaculata
(Montagu) living in an intertidal mud ﬂat. Limnol. Oceanogr. 9, 453–455.
Gooday, A.J., 2002. Biological responses to seasonally varying ﬂuxes of organic matter to
the ocean ﬂoor: a review. J. Oceanogr. 58, 305–332.
Gooday, A.J., Turley, C.M., 1990. Responses by benthic organisms to inputs of organic
material to the ocean ﬂoor: a review. Philos. Trans. R. Soc. Lond. Ser. A 331, 119–138.
Gross, M.G., 1993. Oceanography, 6th. Prentice Hall, Englewood Cliffs, NJ.
Hopkins, T.S., Garﬁeld, N., 1978. Physical oceanography. A Summary of Environmental
Information, Continental Shelf, Bay of Fundy to Cape Hatteras, vol. 1(2). Center for
Natural Areas, Washington, DC, pp. IV–1–IV-170.

Josefson, A.B., Forbes, T.L., Rosenberg, R., 2002. Fate of phytodetritus in marine
sediments: functional importance of macrofaunal community. Mar. Ecol. Prog. Ser.
230, 71–85.
Jumars, P.A., 1975. Target species for deep-sea studies in ecology, genetics, and
physiology. Zool. J. Linn. Soc. 57, 341–348.
Jumars, P.A., Dorgan, K.M., Mayer, L.M., Boudreau, B.P., Johnson, B.D., 2007. Physical
constraints on infaunal lifestyles: may the persistent and strong forces be with you.
In: MillerIII III, W. (Ed.), Trace Fossils: Concepts, Problems, Prospects. Elsevier
Scientiﬁc Publishing Company, Amsterdam, pp. 442–457.
Lampitt, R.S., 1985. Evidence for the seasonal deposition of detritus to the deep-sea ﬂoor
and its subsequent resuspension. Deep-Sea Res. 32, 885–897.
Legendre, L., Legendre, P., 1983. Numerical Ecology. Elsevier Scientiﬁc Publishing
Company, Amsterdam.
Levin, L., Blair, N., DeMaster, D., Plaia, G., Fornes, W., Martin, C., Thomas, C., 1997. Rapid
subduction of organic matter by maldanid polychaetes on the North Carolina slope.
J. Mar. Res. 55, 595–611.
Levin, L.A., Blair, N.E., Martin, C.M., DeMaster, D.J., Plaia, G., Thomas, C.J., 1999.
Macrofaunal processing of phytodetritus at two sites on the Carolina margin: in situ
experiments using 13C-labeled diatoms. Mar. Ecol. Prog. Ser. 182, 37–54.
Levin, L.A., Edesa, S., 1997. The ecology of cirratulid mudballs on the Oman margin,
northwest Arabian Sea. Mar. Biol. 128, 671–678.
Maurer, D., Leathem, W., 1981. Polychaete feeding guilds from Georges Bank, USA. Mar.
Biol. 62, 161–171.
Mayer, L., Benninger, L., Bock, M., DeMaster, D., Roberts, Q., Martens, C., 2002. Mineral
associations and nutritional quality of organic matter in shelf and upper slope
sediments off Cape Hatteras, USA: a case of unusually high loadings. Deep-Sea Res.
49, 4587–4598.
Mayer, L.M., Rice, D.L., 1992. Early diagenesis of a protein: a seasonal study. Limnol.
Oceanogr. 37, 28–295.
Mayer, L.M., Schick, D.F., Findlay, R., Rice, D.L., 1991. Effects of commercial dragging on
sedimentary organic matter. Mar. Environ. Res. 31, 249–261.
Mayer, L.M., Schick, L.L., Sawyer, T., Plante, C., Jumars, P.A., Self, R.L., 1995. Bioavailable
amino acids in sediments: a biomimetic, kinetics-based approach. Limnol.
Oceanogr. 40, 511–520.
Mincks, S.L., Smith, C.R., DeMaster, D.J., 2005. Persistence of labile organic matter and
microbial biomass in Antarctic shelf sediments: evidence of a sediment ‘food bank’.
Mar. Ecol. Prog. Ser. 300, 3–19.
Montagnes, D.J.S., Berges, J.A., Harrison, P.J., Taylor, F.J.R., 1994. Estimating carbon,
nitrogen, protein, and chlorophyll a from volume in marine phytoplankton. Limnol.
Oceanogr. 39, 1044–1060.
Moodley, L., Heip, C.H.R., Middleburg, J.J., 1998. Benthic activity in sediments of the
northwestern Adriatic Sea: sediment oxygen consumption, macro- and meiofauna
dynamics. J. Sea Res. 40, 263–280.
Moodley, L., Middelburg, J.J., Soetaert, K., Boschkerl, H.T.S., Herman, P.M.J., Heip, C.H.R.,
2005. Similar rapid response to phytodetritus deposition in shallow and deep-sea
sediments. J Mar. Res. 63, 457–469.
Myers, A.C., 1977. Sediment processing in a marine subtidal sandy bottom community I.
Physical aspects. J. Mar. Res. 35, 609–632.
O’Reilly, J.E., Zetlin, C., 1998. Seasonal, horizontal, and vertical distribution of
phytoplankton chlorophyll a in the northeast U.S. continental shelf ecosystem.
NOAA Technical Report NMFS 139.
Pagliosa, P.R., 2005. Another diet of worms: the applicability of polychaete feeding guilds
as useful conceptual framework and biological variable. Mar. Ecol. 26, 246–254.
Pfannkuche, O., 1993. Benthic response to the sedimentation of particulate organic
matter at the BIOTRANS station, 47°N, 20°W. Deep-Sea Res. II 40, 135–149.
Pielou, E.C., 1975. Ecological Diversity. Wiley, New York.
Pilskaln, C.H., Churchill, J.H., Mayer, L.M., 1998. Resuspension of sediment by bottom
trawling in the Gulf of Maine and potential geochemical consequences. Conserv.
Biol. 12, 1223–1229.
Quijón, P.A., Snelgrove, P.V.R., 2006. The use of coarser taxonomic resolution in studies
of predation on marine sedimentary fauna. J. Exp. Mar. Biol. Ecol. 330, 159–168.
Rice, A.L., Billett, D.S.M., Fry, J., John, A.W.G., Lampitt, R.S., Mantoura, R.F.C., Morris, R.J.,
1986. Seasonal deposition of phytodetritus to the deep-sea ﬂoor. Proc. R. Soc. Edinb.
88B, 265–279.
Rouse, G.W., Pleijel, F., 2001. Polychaetes. Oxford University Press, Oxford.
Rudnick, D.T., 1989. Time lags between the deposition and meiobenthic assimilation of
phytodetritus. Mar. Ecol. Prog. Ser. 50, 231–240.
Ruppert, E.E., Barnes, R.D., 1994. Invertebrate Zoology, 6th. Saunders College Publishing,
Fort Worth, TX.
SAS Institute Inc, 1985. SAS® User's Guide: Statistics, Version, 5. SAS Institute Inc. Cary, NC.
Shannon, C.E., Weaver, W.W., 1963. The Mathematical Theory of Communications.
University of Illinois Press, Urbana, IL.
Shapiro, S.S., Wilk, M.B., 1965. An analysis of variance test for normality (complete
samples). Biometrika 52, 591–611.
Shull, D.H., Yasuda, M., 2001. Size-selective downward particle transport by cirratulid
polychaetes. J. Mar. Res. 59, 453–473.
Sokal, R.R., Rohlf, F.J., 1981. Biometry, 2nd. W.H. Freeman and Company, New York.
Solow, A.R., Bollens, S.M., Beet, A., 2000. Comparing two vertical plankton distributions.
Limnol. Oceanogr. 45, 506–509.
Sun, M., Aller, R.C., Lee, C., 1994. Spatial and temporal distributions of sedimentary
chloropigments as indicators of benthic processes in Long Island Sound. J. Mar. Res.
52, 148–176.
Thomas, A.C., Townsend, D.W., Weatherbee, R., 2003. Satellite-measured phytoplankton
variability in the Gulf of Maine. Cont. Shelf Res. 23, 971–989.
Townsend, D.W., Thomas, A.C., 2001. Winter–spring transition of phytoplankton
chlorophyll and inorganic nutrients on Georges Bank. Deep-Sea Res. II 48, 199–214.

E.J. Weissberger et al. / Journal of Sea Research 60 (2008) 164–175
Valderhaug, V.A., Gray, J.S., 1984. Stable macrofauna community structure despite
ﬂuctuating food supply in subtidal soft sediments of Oslofjord, Norway. Mar. Biol.
82, 307–322.
van de Bund, W.J., Ólafsson, E., Modig, H., Elmgren, R., 2001. Effects of coexisting Baltic
amphipods Monoporeia afﬁnis and Pontoporeia femorata on the fate of a simulated
spring diatom bloom. Mar. Ecol. Prog. Ser, 212, 107–115.
Verhoeven, K.J.F., Simonsen, K.L., McIntyr, L.M., 2005. Implementing false discovery rate
control: increasing your power. Oikos 108, 643–647.
Warwick, R.M., 1988. Analysis of community attributes of the macrobenthos of
Frierfjord/Langesundfjord at taxonomic levels higher than species. Mar. Ecol.
Prog. Ser. 46, 167–170.

175

Whitlatch, R.B., 1980. Patterns of resource utilization and coexistence in marine
intertidal deposit-feeding communities. J. Mar. Res. 38, 743–765.
Witte, U., Aberle, N., Sand, M., Wenhöfer, F., 2003. Rapid response of a deep-sea benthic
community to POM enrichment : an in situ experimental study. Mar. Ecol. Prog. Ser.
251, 27–36.
Wright, S.W., Jeffrey, S.W., Mantoura, R.F.C., Llewellyn, C.A., Bjornland, T., Repeta, D.,
Welschmeyer, N., 1991. Improved HPLC method for the analysis of chlorophylls and
carotenoids from marine phytoplankton. Mar. Ecol. Prog. Ser. 77, 183–196.
Yentsch, C.H., Campbell, J.W., Apollonio, S., 1995. The garden in the sea: biological
oceanography. In: Conkling, P.W. (Ed.), From Cape Cod to the Bay of Fundy: An
Environmental Atlas of the Gulf of Maine. MIT Press, Cambridge, MA, pp. 61–74.

