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Abstract The first bay-wide synoptic survey of benthic hab-
itat quality in Narragansett Bay, Rhode Island, USA, was con-
ducted in August of 1988. Twenty years later, we revisited the
same sampling locations as the original survey using similar
sediment profile imagery technology and analysis tools. Like
estuaries throughout the US, increased temperatures and re-
ductions to anthropogenic nutrient inputs have cumulatively
affected Narragansett Bay in the intervening 20 years. To un-
derstand how these changes may have influenced benthic or-
ganic enrichment and habitat quality, we compared the prev-
alence and spatial arrangement of benthic biotopes (i.e., biotic
and abiotic benthic descriptions) between 1988 and 2008 sur-
veys. Biotopes dominated by Ampelisca spp. tubiculous am-
phipods increased >fivefold between 1988 and 2008, and ex-
panded into the more urban, anthropogenically stressed
Providence River estuary. Ampelisca beds occurred at critical
boundaries in organic enrichment and habitat quality in both
years and indicated the quantity of organic matter reaching the
benthos. In general, benthic biotopes reflect the degree of
benthic-pelagic coupling and are an important link between

estuarine water quality and other marine life. As estuaries
globally cope with the effects of increased warming and leg-
islated anthropogenic nutrient reductions, rapid assessments
of benthic biotopes will be critical for understanding changes
to whole-estuary condition as a result of these cumulative
stressors.
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Introduction

Estuaries are highly dynamic ecosystems, greatly affected by
the large human populations that have settled in their water-
sheds. Over the last several decades, eutrophication (Nixon
1995) and related hypoxia (Diaz and Rosenberg 2008) have
become common stressors to estuaries, with deleterious ef-
fects for the benthos and dependent fisheries (Levin et al.
2009 and references therein). However, some estuaries are
now undergoing oligotrophication, a decline in the supply of
organic matter (Nixon 2009), due to nutrient management
policies (Mozetič et al. 2010; Riemann et al. 2016). These
improvements, ushered in the US by the Clean Water Act,
have also continued to lower the concentrations of chemical
contaminants in sediments and the water column from maxi-
mum levels since the 1950s (Corbin 1989; Nixon and
Fulweiler 2012). Climate changes, including warmer waters,
altered phenology, and lower rates of primary productivity,
may further reduce the supply of organic matter to estuaries
(Chaalali et al. 2013), as is hypothesized to be the case in our
study area, Narragansett Bay (Northeast USA) (Nixon et al.
2009). Management actions targeted to address only one of
many stressors in coastal ecosystems can have unintended
consequences (Cloern et al. 2016), as was the case in Danish
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coastal waters where higher water temperatures have
counteracted the expected positive effects of nutrient reduc-
tions (Riemann et al. 2016). Water column temperature, light
attenuation, anthropogenic nutrient inputs, and the timing of
plankton blooms in Narragansett Bay have all changed dra-
matically over the last 15 years, affecting the quantity and
quality of organic matter delivered from the pelagic zone to
the benthos (Li and Smayda 1998; Oviatt et al. 2002;
Borkman and Smayda 2009; Nixon et al. 2009). Reductions
in organic matter delivery to the benthos may have led to
changes to benthic abundance, community composition, and
structure (Frithsen 1990; Oviatt 2008; Deacutis 2008).
However, methodological differences in benthic surveys over
the past 30–40 years confound any trends in the data (Frithsen
1990; Nixon et al. 2009). Decreases in sediment metals con-
centrations between 1988 and 1998 (http://www.narrbay.org/
d_projects/rised/data.html) were most pronounced near the
industrial head of the Narragansett Bay estuary and could be
responsible for changes to the benthos through time. Trends in
benthic ecosystem status could reflect the cumulative effects
of climate change and reduced anthropogenic nutrient inputs
and may highlight other potentially dramatic ecosystem
changes.

Benthic biotopes are units of the abiotic environment and
associated assemblies of species (Connor et al. 2004; Costello
2009; Davies et al. 2004). The structure of surface sediments
and the composition, or successional stage, of benthic com-
munities is linked to the degree of organic loading to a water
body (Pearson and Rosenberg 1978; Rosenberg 2001) and
readily indicates recent (weeks to months) water quality con-
ditions (Cicchetti et al. 2006; Shumchenia and King 2010).
The composition of a biotope mosaic and how it changes over
time may indicate degradation or recovery of an ecosystem
(Dunning et al. 1992; Wiens et al. 1993; Pittman et al. 2007)
and monitoring of biotope mosaics can help assess the effects
of multiple stressors on coastal marine ecosystems (Cicchetti
and Greening 2011). To date, studies to quantify change in
benthic biotope mosaics have been mostly limited to aerial
surveys of seagrass, mangrove, and saltmarsh ecosystems
(Bostrom et al. 2011; Pittman et al. 2011; Cicchetti and
Greening 2011; Zajac 2008). Benthic biotope characterization
by traditional sampling methods is incredibly labor-intensive
due to the collection, sorting, and identification of benthic
samples. However, a recent example in the Milford Harbor
estuary (Wales, UK) shows that utilizing the biotope approach
in soft sediment environments provides a robust assessment of
biological and physical characteristics and can lead to better
management and monitoring (Carey et al. 2015).

One method that has increased the efficiency of benthic
assessments is sediment profile imagery (SPI). SPI is a rapid
reconnaissance technique that delivers clear images of benthic

biotopes regardless of water column turbidity (Germano et al.
2011). Ideally, SPI images capture an area including the
sediment-water interface and up to 20 cm below—the most
biologically active zone of the sediment column. SPI has long
been used to characterize and map seabed patterns, sediment
quality, and benthic biotopes (Germano et al. 1989; Valente
et al. 1992; Solan et al. 2003). The depth of oxygenated sed-
iment, depth of bioturbation, and benthic community succes-
sional stage visible in these images provide clues to recent
incidences of hypoxia, organic loading rates, and the ability
of the benthos to process organic carbon (Diaz et al. 2008).
SPI is especially useful for long-termmonitoring and has been
used to measure the effects of multiple human activities on the
benthic ecosystem including dredging and dredged material
disposal, aquaculture, eutrophication, and low dissolved oxy-
gen (Germano et al. 2011 and references therein).

In 1988, SPI was used in the first comprehensive survey of
benthic habitat quality in Narragansett Bay (Fig. 1) (Valente et
al. 1992). This study provided the first in situ snapshot of
benthic processes in Narragansett Bay soft sediments. Most
researchers were unaware and Bsurprised^ by the proportion
of the bottom that had been exposed to high levels of organic
deposition and low concentrations of dissolved oxygen
(Granger et al. 2000). Many of the sites identified as having
excessive organic enrichment and degraded benthic habitat
were in the Providence River estuary or shallow embayments;
sites near waste water treatment facility (WWTF) outfalls, in
coves, or other spatially constricted areas that received efflu-
ent (refer to Fig. 1; Valente et al. 1992).

Like most estuaries and coasts globally, there has been a
great deal of human intervention and human-mediated change
in Narragansett Bay and its watershed since the 1980s. Human
population in the watershed has increased by about 200,000 to
a total of about 2 million people (Nixon et al. 2008), increas-
ing both impervious surfaces and WWTF loads. Between
1980 and 1995, the Field’s Point WWTF in Providence (re-
sponsible for ~55 % of total effluent discharged directly to the
Bay) transitioned from being considered by the US
Environmental Protection Agency one of the worst in the
country to one of the best (Nixon and Fulweiler 2012). The
Field’s Point plant initiated secondary treatment of its sewage
in June of 1988, just months before the benthic habitat assess-
ment took place. Although chemical contaminants were once
one of the dominant ecological stressors in the Narragansett
Bay watershed, they have both declined in concentration since
the 1950s (Nixon and Fulweiler 2012) and declined in prom-
inence relative to other stressors in the Bay (e.g., Shumchenia
et al. 2015). In the 1990s, seasonal nutrient- and stratification-
driven hypoxia was discovered in upper Narragansett Bay and
has since been monitored by state and academic programs
(Deacutis 2008; Codiga et al. 2009). In 2003, severe hypoxia
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and anoxia cause a large fish kill and Bnuisance^ macroalgal
concentrations in Greenwich Bay (RI DEM 2003). The fish
kill resulted in media and political attention, and in 2004 the
Rhode Island Department of Environmental Management (RI
DEM) issued a statutory mandate to eleven WWTFs within
the upper Narragansett Bay watershed to reduce summer sea-
son nitrogen discharges to the Bay between 48 and 65 % with
respect to 1995–1996 levels (RI DEM 2005). Most monitor-
ing efforts since the 2003 fish kill and 2004 nutrient reduction
mandate have focused on dissolved oxygen data to evaluate
compliance with water quality standards (RI DEM 2005) and
highlight the summer recurrence of bottom water hypoxia in
upper- and mid-Narragansett Bay (Bergondo et al. 2005;
Deacutis et al. 2006; Melrose et al. 2007; Codiga et al.
2009). Impacts to mid-Narragansett Bay from climate-
induced oligotrophication have been recently documented,
and further changes Bay-wide are expected to result from
mandated nutrient reductions (Fulweiler and Nixon 2009).

Exactly 20 years after the 1988 study (i.e., August 2008),
and using the same SPI techniques, we revisited the same sites
to reassess benthic biotope status. Using the same image anal-
ysis approach (Germano et al. 2011) on both 1988 and 2008
datasets, we classified benthic biotopes from the abiotic and
biotic features of the surface and near-surface environment to
compare biological and physical processes between surveys.
We analyzed our results using a biotope mosaic approach
(Cicchetti and Greening 2011) to assess benthic condition
throughout the system. Here, we compare the spatial distribu-
tion, composition, and diversity of benthic biotopes throughout
Narragansett Bay in 1988 and 2008 and relate any observed
trends in biotope condition to changes in organic loading. This
study provides a starting point for understanding these changes
in Narragansett Bay and an approach that can be used to mon-
itor changes to cumulative stressors in other estuaries.

Methods

Study Area

Narragansett Bay, a temperate, phytoplankton-based ecosys-
tem, is the second-largest estuary on the east coast of the US
and has the most densely populated watershed. It is generally
well mixed with salinities ranging from ~20 psu at the head of
the estuary to ~34 psu at the mouth, and a mean residence time
of 26 days (Pilson 1985). In the north, the Providence River
estuary is heavily populated, narrow, and opens to
Narragansett Bay (i.e., Open Bay), which consists of the
East and West Passages on either side of Conanicut Island
(Fig. 1; Valente et al. 1992; Nixon et al. 2009; Raposa
2009). In addition, a few Shallow Embayments (e.g.,
Greenwich Bay and associated coves) form distinct regions
of the mid-Bay (Fig. 1). Narragansett Bay lies near the

boundary between the boreal species of the Gulf of Maine/
Bay of Fundy (also known as Acadian) ecoregion to the north
and warmer water species of the Virginian ecoregion to the
south (Spalding et al. 2007). Recent shifts in marine species
distribution and abundance near this boundary are driven in
part by climate change (Oviatt 2004; Collie et al. 2008; Pinksy
et al. 2013). Because of its position on this boundary,
Narragansett Bay provides an excellent case study for other
estuaries affected by climate change and oligiotrophication.

Data Collection

To bemost comparable with the 1988 study, we conducted our
survey over the same length of time in mid-August and during
the same neap tidal stage. Station locations were originally
chosen to define Bay-wide trends in soft sediment benthic
habitat quality and were located in areas 5 to 20 m deep
(Fig. 1). Fifty-two of the 56 stations sampled in 1988 were
revisited from August 12 through 15, 2008. We excluded sta-
tions in the Sakonnet River (OB-27, OB-28) and Potowamut
River (PWR-1, PWR-2) for logistical reasons. We used
Hypack software (Hypack, Inc., Middletown, CT) linked to
a differential GPS with sub-meter accuracy (Trimble ProXH,
Trimble Navigation Ltd., Sunnyvale, CA) for navigation in
the field. At each station, we deployed an Ocean Imaging
Systems Inc. (Falmouth, MA) digital sediment profile camera
for three to five replicate drops, as in the 1988 study (Valente
et al. 1992). We recorded coordinates of the first camera drop
at each station to compare with the 1988 target location.

Analysis of 2008 Images and Re-analysis of 1988 Images

Original, analog printed black and white images from the 1988
survey were obtained from archives at the Graduate School of
Oceanography, University of Rhode Island, and scanned into
digital format at a resolution of 300 pixels per inch. The 2008
digital images were uploaded to the analysis computer in .jpg
format at 335 pixels per inch. The difference in image color
compromised our ability to compare the depth of sediment
oxygenation between surveys. Sediment oxygenation is detect-
able as a change in sediment color and is an important indicator
of habitat quality. To overcome this limitation, we relied on the
other abiotic and biotic surface and subsurface features visible
in images to classify biotopes. To increase the comparability of
these other features, we re-analyzed 1988 images using the
same method as the 2008 images.

All SPI photos were imported into Adobe Photoshop CS6,
and image brightness and contrast were adjusted manually to
increase the detectability of habitat features such as tubes and
burrows. For each station in each survey, we examined each
available replicate and recorded information on sediment
grain size, surface features, and subsurface features following
the protocol described in Rhoads and Germano (1982; 1986).
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Sediment Grain Size

We distinguished between organic-rich mud, mud, sandy
mud, sand and gravel. Coarse-grained sediments were indicat-
ed by shallow prism penetration and suggested physically
dominated habitats. Fine-grained sediments were indicated
by deeper prism penetration and suggested that the seafloor
environment was depositional and less-frequently physically
disturbed. Organic-rich muds were characterized by fine-
grained sediments and very deep prism penetration, little to
no visible surface oxidation, and minimal surface disturbance
or roughness.

Surface Features

Surface descriptors included both biogenic and physical fea-
tures, such as amphipod and worm tubes, epifauna (e.g.,
snails, crabs), shells, macroalgae, bacterial mats (e.g.,
Beggiatoa sp.), feeding pits/mounds, bedforms and rough-
ness. The presence of tolerant species (e.g., tubiculous poly-
chaetes such as capitellids and spionids) associated with early
infaunal succession was also noted (Rhoads and Germano
1986). The presence of these features was noted to indicate
any recent disturbance and the degree and nature of biological
activity at each station.

Subsurface Features

The presence of burrows, infaunal feeding voids, infauna, and
gas voids were recorded in each image. Subsurface features
such as burrows, feeding voids, and infauna indicated biolog-
ically active environments, whereas the presence of gas-filled
voids at depth indicated high rates of methanogenesis and
anaerobic respiration (Rhoads and Germano 1986) associated
with high rates of organic matter decomposition.

Benthic Biotope Classification

To classify biotopes, we first assigned each image to a sedi-
ment grain size category. We then described the biota for all
station replicates from the biotic surface and subsurface fea-
tures. Following guidance from the Coastal and Marine
Ecological Classification Standard (FGDC 2012), these ele-
ments were summarized into a short phrase using the sediment
grain size descriptor and dominant biota such as BBurrowing
fauna on mud with shell hash.^ Non-dominant but conspicu-
ous biota were included in the descriptions when present.
Biotope descriptions were kept consistent among images,
and any minor variation among replicates was integrated by
grouping descriptions by dominant biota and/or sediment type
into eight general biotopes (Table 1). Detailed biota and sed-
iment descriptions and the designated biotope for each SPI
image replicate are presented in the Supplementary Material T
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(S1). It was not surprising to find that some biota did not
appear to have preference for a particular sediment category
(i.e., were associated with multiple sediment grain sizes), as
this has been previously noted in Narragansett Bay and else-
where (Calabretta and Oviatt 2008; Snelgrove and Butman
1994).

Comparison of 1988 and 2008 Surveys Using Biotope
Mosaic Approach

To assess the influence of survey repositioning on interpreted
biotope change, we checked for a relationship between bio-
tope change and the 2008 field distance from the 1988 target
location. We found that sites classified as Bchanged^ were a
mean 61m from the target location (n=25) and sites classified
as Bno change^ were a mean 57 m from the target location
(n=15), indicating that repositioning likely had little to do
with change detection. We address biotope change detection
with regard to specific stations in Benthic biotope change
section.

We assessed Bay-wide biotope diversity for each survey
and within each Bay region each year (Providence River es-
tuary, Shallow Embayments, and Open Bay) (Fig. 1). Using
only the subset of stations that could be directly compared
between years, we calculated the proportion of images for
which biotope changed between 1988 and 2008 Bay-wide
and among each Bay region. If a biotope changed between
1988 and 2008, we noted to which type of biotope it changed.
We measured changes in the composition and spatial structure
of the benthic biotope mosaic by calculating the observed
proportion of each biotope for each survey Bay-wide and
among Bay regions.

Results

In 2008, we re-sampled 52 of the 56 stations from the 1988
survey. On average, we were able to sample each station with-
in 59 m of the mapped location, with distances ranging from 9
to 218 m from the targeted station location (Table 2).

We examined 143 images from 50 stations in the 1988
archive and 152 images from 52 stations from the 2008 survey
(Table 2). From these, 47 stations had at least one replicate
image from each survey to compare, and 42 stations had at
least three replicate images from each survey. Biotope vari-
ability among replicates was less than between surveys (see
S1). We were able to classify 48 stations to the biotope level
from the 1988 archive and 45 stations from the 2008 survey to
the biotope level (Table 2). Between the two survey years, 38
total stations could be directly compared at the biotope level
(Table 2).

Benthic Biotope Diversity

Differences in Bay-wide environmental conditions between
surveys were not large enough to generate novel biotopes
but were sufficient to generate differences in sediment struc-
ture and movement of species and communities. Bay-wide
biotope diversity was the same between 1988 and 2008 but
differed among sub-regions. In 1988, the Providence River
estuary contained five different biotope types and in 2008 it
contained three. Biotope diversity rose from four to five bio-
tope types in Shallow Embayments between 1988 and 2008.
Finally, the Open Bay stations contained five biotope types in
1988 and six in 2008. BBurrowing fauna on mud^ and
BAmpelisca beds^ were the only two biotopes observed in
all of the three sub-regions between 1988 and 2008.
BOrganic rich mud with tolerant species^were never observed
in the Open Bay, and BBurrowing and tube-building fauna on
sandy mud^ were only observed in the Open Bay.

Benthic Biotope Change

We noticed examples of both apparent biotope fidelity (Fig. 2
a, b) and marked change (Fig. 2c, d). For sites showing a stark
change in sediment type between years, apparent biotope
change could actually reflect high degrees of small-scale ben-
thic heterogeneity or a shift in sediment transport dynamics in
the intervening 20 years (e.g., sites PR-9 and AC-2 in Table 2).
Of the 38 stations that could be reliably compared between
years, we observed biotope change in 22 (58 %) (Fig. 3). The
Providence River estuary saw the highest degree of benthic
biotope change (8/10, 80 %), followed by Shallow
Embayments (6/10, 60 %) and Open Bay (10/18, 55 %).

Changes in the Composition and Spatial Structure
of the Benthic Biotope Mosaic

In 1988, the Bay-wide biotope mosaic was dominated by
Burrowing fauna on mud with 13/38 (34%) stations classified
mainly in the Open Bay. Ampelisca beds comprised 4/38
(11 %) of the mosaic and were concentrated mainly in
Shallow Embayments, with none in the Providence River es-
tuary (Fig. 4a). Organic-rich mud with tolerant species (9/38;
24 %) were found in the Providence River estuary and
Shallow Embayments only. Other biotopes comprised a small
portion of the total benthic biotope mosaic.

In 2008, Ampelisca beds dominated the Bay-wide biotope
mosaic (22/38 or 58 %), representing a greater than fivefold
increase from 1988. Ampelisca beds shifted distribution into
the Providence River estuary (seven stations) and expanded
within the Open Bay (nine stations) and Shallow Embayments
(six stations) (Fig. 4b). Burrowing fauna on mud and organic-
rich mud with tolerant species were much less abundant, each
with 2/38 stations. Burrowing fauna on mud were no longer
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Table 2 Stations and replicates
analyzed for 1988 archive and
2008 survey sediment profile
images, with biotopes classified
for 1988 and 2008

Bay region Station Distance between 2008
sample and 1988
mapped location (m)

Number of replicate
images examined in
this study

Classified biotope

1988 2008 1988 2008

Providence River estuary PR1 16 1 3 UN.SF UN.SF
PR2 98 3 3 UN.SI UN.SF
PR3 41 3 3 UN.SF AM
PR4 42 3 3 UN.SF AM
PR5 60 3 3 UN.SF AM
PR6 20 3 3 UN.SH -
PR7 67 3 3 UN.SI AM
PR8 24 3 3 UN.SI -
PR9 63 3 3 SH.SA AM
PR10 115 3 3 UN.SF AM
PR11 45 0 3 - AM
PR12 20 3 3 UN.SI AM
PR13 54 3 3 SH.SI SH.SI

Shallow Embayments AC1 10 3 3 AM -
AC2 69 3 3 UN.SF SH.SA
AC3 32 3 3 AM -
AH1 22 3 3 UN.SI AM
AH2 48 3 2 UN.SI AM
AH3 53 3 3 SH.SI SH.SI
GB1 45 3 3 AM AM
GC1 66 3 3 UN.SF AM
GC2 30 3 3 UN.SF AM
GC3 40 3 3 UN.SF AM
WC1 63 3 3 AM UN.SI
WC2 85 3 3 AM SH.SI
WC3 218 3 2 - SA
PWR1 NS 3 0 UN.SF -
PWR2 NS 3 0 AM -

Open Bay OB1 67 3 3 UN.SI AM
OB2 171 1 3 AM AM
OB3 120 1 3 UN.SH AM
OB4 52 3 3 UN.SI -
OB5 75 3 3 UN.SI AM
OB6 15 3 3 UN.SH UN.SH
OB7 9 3 3 UN.SI UN.SI
OB8 34 0 3 - SH.SA
OB9 82 0 3 - UN.SI
OB10 37 0 3 - AM
OB11 55 0 3 - AM
OB12 65 3 3 UN.SI AM
OB13 65 0 3 - AM
OB14 10 3 3 UN.SH AM
OB15 26 3 3 UN.SI SH.SI
OB16 47 3 3 UN.SI AM
OB17 119 3 3 UN.SI AM
OB18 53 3 3 UN.SI AM
OB19 34 3 3 SA UN.SH
OB20 20 3 3 UN.SS UN.SS
OB21 58 3 3 UN.SS UN.SS
OB22 60 2 1 UN.SS -
OB23 111 3 3 UN.SS UN.SS
OB24 99 3 3 UN.SS UN.SS
OB25 39 3 3 UN.SS UN.SS
OB26 53 3 3 AM -
OB27 NS 3 0 - -
OB28 NS 3 0 UN.SI -

See Table 1 in Sediment grain size section for code definitions.NS not sampled in 2008, - not classified, italicized
change in biotope between 1988 and 2008
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found within the Providence River estuary; there was one
instance in Shallow Embayments and one in the Open Bay.
Organic-rich mud with tolerant species were confined to the
Providence River estuary.

The most common type of benthic biotope change was a
change to Ampelisca beds between 1988 and 2008 (Fig. 3).
Ten stations changed from Burrowing fauna on mud in 1988
to Ampelisca beds in 2008. Seven additional stations changed
from organic-rich mud with tolerant species in 1988 to
Ampelisca beds in 2008. The increases in Ampelisca beds
occurred in roughly equal proportions in both the
Providence River estuary (7/9) and Open Bay (8/9). Most
(5/8) of the biotope change in Shallow Embayments was also

to Ampelisca beds in 2008. However, two Shallow
Embayment stations classified as Ampelisca beds in 1988
changed to other types in 2008, a shift not observed in other
Bay regions.

Discussion

We have observed a Bay-wide expansion of Ampelisca beds
into the Providence River estuary and throughout
Narragansett Bay between 1988 and 2008. Changes to the
benthic biotope mosaic have occurred in the same time frame
as oligotrophication due to climate change (Fulweiler and

1988 2008

1 cm 1 cm

1 cm 1 cm

a

c d

b
Fig. 2 Example images of a site
within Narragansett Bay (OB-2)
where benthic biotope appeared
to remain the same (Ampelisca
beds) between 1988 (a) and 2008
(b) surveys; example images of a
site (PR-3) where benthic biotope
appeared to change from Organic
rich muds with tolerant species to
Ampelisca beds between 1988 (c)
and 2008 (d) surveys
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Nixon 2009; Nixon et al. 2009) and initial reductions in an-
thropogenic nutrient inputs (i.e., initiation of biological

nitrogen removal at five small facilities as of January 2008;
RI DEM 2008). This work is the first step toward
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Benthic biotope status between 1988 & 2008
Changed from Burrowing fauna on mud to 
Ampelisca beds
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Changed from Organic-rich mud with 
tolerant fauna to Ampelisca beds
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Fig. 3 Benthic biotope change between the 1988 and 2008 surveys in Narragansett Bay was primarily from Burrowing fauna on mud or Organic-rich
muds with tolerant species to Ampelisca. beds
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characterizing the responses of the Narragansett Bay benthic
ecosystem to these stressors.

Bay-wide Benthic Biotope Patterns

The Bay-wide gradient of benthic biotopes matched the
known Bay-wide gradient in organic enrichment described
by Valente et al. (1992), Oviatt (2008) and Nixon et al.
(2008); organic enrichment is highest in constricted Shallow
Embayments with high nutrient loads, at the head of the Bay
in the Providence River estuary, and decreases towards the
mouth of the Bay. As expected, biotopes composed of
organic-rich sediments were confined to Shallow
Embayments and the Providence River estuary and were not
observed at Open Bay stations in either survey year. Biotopes
composed of coarser-grained sediments, indicating lower or-
ganic deposition, higher benthic carbon mineralization, and
higher flushing rates (e.g., BBurrowing and tube building fau-
na on sandymuds^), were observed further down the gradient,
primarily south of Prudence Island (refer to Fig. 1). Calabretta
and Oviatt (2008) describe the same gradient in benthic

successional stage from north to south and similarly com-
posed benthic communities. In their study, Ampelisca abdita
was most numerous at their Providence River estuary and
Mount Hope Bay stations between 2000 and 2004, with high
densities appearing inconsistently at the Greenwich Bay sta-
tion (Calabretta and Oviatt 2008).

The change from predominantly Burrowing fauna on mud
and organic-rich mud with tolerant species in 1988 to
Ampelisca beds in 2008 reflects a shift to a more Bmature^
benthic community (Pearson and Rosenberg 1978). Biotopes
indicative of high organic loading decreased by 78% between
1988 and 2008, entirely within the constricted areas of the Bay
with high historical nutrient loads. These observations suggest
that on average, there was less organic matter available to the
benthos in August 2008 than in August 1988.

Benthic Biotope Patterns in Bay Sub-regions

The largest area of organic enrichment in 1988 (Valente et al.
1992) contained biotopes classified as organic-rich muds with
tolerant species (stations PR-1 through PR-5, PR-8, PR-11,
and PR-12). The northernmost two stations in the
Providence River estuary (PR-1 and PR-2) remained the same
in 2008, evidence of continued organic enrichment. However,
the other stations for which images were available (PR-3, PR-
4, PR-5, PR-11, PR-12) all changed to Ampelisca beds.
Images from three Shallow Embayment stations (Greenwich
Cove: GC-1, GC-2, GC-3) in 1988 had Bno visible macrofau-
na,^ were classified as organic-rich muds with tolerant spe-
cies, and showed signs of Bexcessive organic enrichment^
likely from the nearby East Greenwich WWTF discharge lo-
cated within the cove (Valente et al. 1992; Fig. 1). In 2008, all
three of these Shallow Embayment stations were classified as
Ampelisca beds (Fig. 5). Biotopes at the heads of the
Providence River estuary and Shallow Embayments (i.e., in
the most constricted portions of the water bodies) had organic-
richmudswith little visible oxidized sediments and occasional
Ampelisca spp. tubes in Blife-position^ (e.g., Fig. 5e, j, and k),
whereas biotopes at the mouths of these water bodies were
more robust Ampelisca beds with visibly oxidized sedi-
ments and evidence of burrowing fauna (e.g., Fig. 5f, l).
Although portions of the Providence River estuary and
Shallow Embayments still show signs of organic enrich-
ment, it appears that the gradients have moved, and
moved in similar ways between these two areas in
Narragansett Bay: landward up the Providence River
estuary and up Shallow Embayments. Within the Open
Bay, some stations near places of apparent organic mat-
ter focusing (southwest of Prudence Island OB-11 and
OB-12; Valente et al. 1992) and organic loading (the
mouth of the Taunton River through Mount Hope Bay
OB-1–OB-4) also changed to Ampelisca beds between
1988 and 2008.

Ampelisca
beds 

(4)

Burrowing fauna
on mud (13)

OTHER
(12)

Organic-rich mud 
with tolerant 

               fauna (9)

Providence 
River Reach
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Open Bay
(1)

Open Bay
(8)
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Embayments
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a
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Ampelisca beds
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(2)
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(12)

(2)
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River Reach
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(1)
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Burrowing fauna on mud

b
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Fig. 4 Composition and spatial arrangement of the Narragansett Bay
benthic biotope mosaic in 1988 (a) and 2008 (b). The smaller bubbles
show spatial distribution for each biotope
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The BAmpelisca beds^ Benthic Biotope

It has been suggested that Ampelisca spp. are organic enrich-
ment opportunists (McCall 1977). There is also a debate as to
whether ampeliscids serve as indicators of impending hypoxia

(Levin et al. 2009) or of improving conditions (Diaz et al.
2008; Rhoads and Germano 1986). A recent study of hypoxia
in Greenwich Bay (i.e., one of the Shallow Embayments in
this study) demonstrated that ampeliscids colonized degraded
habitats soon after the resumption of normal oxygen

1 cm

1 cm 1 cm

1 cm 1 cm 1 cm

1 cm 1 cm 1 cm

1 cm 1 cm 1 cm

PR-1 PR-5 PR-12

GC-1 GC-2 GC-3

head mouth

1988

2008

1988

2008

a

b c

f

g h i

j k l

d e

Fig. 5 Sediment profile images
along gradients from the heads to
the mouths of the Providence
River Reach (a–f) and Greenwich
Cove (g–l) in 1988 and 2008. In
1988, each of these constricted
water bodies showed organic-rich
sediments with few visible
macrofauna. The gradient of
habitat quality appears to have
shifted up-bay and shoreward
such that images show Ampelisca
beds at the mouths of each water
body in 2008. Note visible
camera artifacts in the last row of
images are not features of the
sediment or water column
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conditions and were reliable indicators of improving water
quality (Shumchenia and King 2010). Ampeliscid tube struc-
tures have been associated with increased biogenic activity
and oxygen penetration into the sediment (Diaz et al. 2008)
and increased hard clam abundance (MacKenzie et al. 2006),
but have also contributed to the exclusion of other tube-
dwelling species (Santos and Simon 1980). In Jamaica Bay,
New York, amphipod productivity was so high that it was
likely more than sufficient to support the entire local winter
flounder (Pleuronectes americanus) population, with
Ampelisca abdita making up 88 % of the diet of juveniles
(Franz and Tanacredi 1992). In Narragansett Bay, winter
flounder juveniles have been most abundant in the
Providence River estuary and Shallow Embayments recently
(Meng et al. 2005) and so the observed increases in Ampelisca
beds in these Bay regions may have already benefited this
important fish species. Ampeliscids do require large quantities
of organic matter to sustain Bmat^ densities (Franz and
Tanacredi 1992; McCall 1977), which signals eutrophic con-
ditions. It was estimated that 500-g carbon m-2 yr-1 is required
to maintain Ampelisca spp. tube mats in Boston Harbor
(Massachusetts, USA), approximately 60 miles to the north
of Narragansett Bay (Diaz et al. 2008). Assuming this rela-
tionship is relevant to Narragansett Bay, there has likely been
enough carbon produced historically via primary productivity
on an annual basis in the Providence River estuary (mean of
559-g Cm-2 yr-1), Greenwich Bay (mean 219–254-g C m-2 yr-
1) and the Open Bay north of Prudence Island (mean of 517-g
C m-2 yr-1) to support these communities (Oviatt et al. 2002).
Given that primary productivity historically comprised an es-
timated 80 % of the total organic carbon input to the Bay
(Nixon et al. 1995), it is also likely that there are sufficient
amounts of organic matter stored in the sediments on which
these ampeliscids thrive.

Dense Ampelisca spp. communities in areas with high
organic input and good water quality have been previously
observed within Narragansett Bay and in Boston Harbor
(Stickney and Stringer 1957; Diaz et al. 2008). The ces-
sation of primary sewage discharges to Boston Harbor in
the early 1990s appears to have Bset the stage^ for the
observed Bwidespread increases^ in Ampelisca spp.
throughout the harbor. Prior to 1992, organic loading
was high but water quality may have been too poor to
allow Ampelisca spp. to thrive (Diaz et al. 2008). A de-
cade later, declines in Ampelisca spp. tubes were associat-
ed with the reductions in organic loadings to the harbor
and the eventual depletion of sediment organic inventories
(i.e., surface sediment total organic carbon) (Diaz et al.
2008). Reductions in organic matter and lower numbers
of Ampelisca spp. have apparently had a positive effect
on fish species, as the recreational fishing community
has made note of significant recent increases in winter
flounder populations in Boston Harbor (Powers 2015).

Narragansett Bay could be exhibiting a pattern similar to
the Boston Harbor example. In 1988, we observed conditions
that did not favor widespread Ampelisca beds: stations with
high organic loading and surface sediments that indicated poor
water quality conditions (Valente et al. 1992). Between 1988
and 2008, conditions theoretically became increasingly favor-
able for Ampelisca beds: climate changed and management
strategies to reduce organic loadings and improve water qual-
ity were initiated. In 2008, we observed an increase in the
proportion of Ampelisca beds Bay-wide and especially in
areas where organic loading was known to be previously high.
Water quality monitoring programs continue to record hypox-
ic events (see http://www.dem.ri.gov/bart), but it is possible
that hypoxia occurs now over a smaller area, with less
frequency and/or intensity than previous events (the first
Bay-wide dissolved oxygen monitoring program did not be-
gin until in 1999; Prell et al. 2004). Unfortunately, we did not
continuously monitor benthic biotopes between 1988 and
2008, and we cannot determine where Narragansett Bay is
Blocated^ along the Boston Harbor trajectory. Assuming
oligotrophication continues, future surveys would demon-
strate whether benthic biotope quality could be:

1. Staying the same—Ampelisca beds are maintaining posi-
tion via existing sediment organic matter inventories un-
der good or improving water quality,

2. Improving—Ampelisca beds decrease and biotopes
reflecting more Bmature^ successional stages increase un-
der good or improving water quality conditions,

3. Declining—Ampelisca beds decrease; novel but more de-
pauperate biotopes emerge.

As organic loading continues to decrease and sediment
organic matter inventories are depleted, we would expect to
see changes in benthic community composition and reduc-
tions in overall benthic biomass (e.g., Riemann et al. 2016).
The nature of these changes Bay-wide could have a profound
effect on the ecosystem services delivered by the benthos.

Implications for Other Estuarine Biota

The benthic biotope mosaic of 2008 may represent improved
conditions for the protection and growth of other organisms.
Ampelisca tubes can exist in such dense aggregations that they
are likely important prey sources for the demersal fish of
Narragansett Bay. However, demersal fish species in
Narragansett Bay have declined in number over the past
47 years and especially since 1980, concurrent with increases
in water temperature and decreases in chlorophyll concentra-
tions (Collie et al. 2008). When the critical boundaries of
organic enrichment are in the more shallow, protected
(constricted) regions of the Bay as in 2008, robust
Ampelisca beds may serve as critical habitats for juvenile
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demersal fish such as winter flounder. When the critical
boundaries of organic enrichment existed in deeper, less
protected waters as in 1988, we observed fewer Ampelisca
beds. With future warming and decreasing anthropogenic nu-
trient inputs, Ampelisca beds should be monitored more fre-
quently as potential indicators of patterns in organic enrich-
ment and important fish habitat.

We have inferred that a zone of organic enrichment is nec-
essary to support biotopes valuable to other organisms.
Indeed, estuaries are naturally fertile environments that serve
as nursery grounds for many species. As others have described
(Calabretta and Oviatt 2008; Nixon et al. 2009; Nixon and
Fulweiler 2012), the cumulative stress of climate change and
decreasing anthropogenic nutrient inputs will influence estua-
rine primary production and the flux of organic matter to the
benthos in unknown ways. Future changes to benthic biotope
composition and spatial arrangement could help describe
these impacts. In this case, benthic biotope monitoring has
added to our understanding of ecosystem status in the context
of climate-driven reductions in primary productivity and re-
ductions to anthropogenic nutrient inputs.
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