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ABSTRACT: The ledges and banks of the central Gulf of Maine (i.e. Fippennies Ledge, Jeffreys
Ledge, Cashes Ledge, and Platts Bank) have supported groundfish and Atlantic sea scallop fisheries for centuries. The benthic community of Fippennies Ledge was evaluated and compared
during 2 time periods separated by more than 2 decades, the first based on a series of photographs
collected during manned submersible dives conducted in 1986 and 1987 and the second using
photographs collected during drop camera video surveys conducted in 2009 to 2014. Further, Fippennies, Jeffreys, and Cashes ledges were permanently closed to fishing in 2002, while Platts
Bank remained open, enabling a spatial comparison of benthic communities in open and closed
areas along with the examination of changes in the benthos over the 28 yr period on Fippennies
Ledge. In the absence of commercial fishing, the scallop population on Fippennies Ledge
appeared to be unchanged between 1986 and 2014, while observed differences in other dominant
species were attributed to predator−prey relationships and long-term shifts in benthic conditions.
Benthos of scallop habitat in the open and closed areas between 2009 and 2014 were similar in
spatially dominant species composition and species richness, likely a result of the study area being
a high-energy environment and therefore resilient to both natural and fishing perturbations.
Understanding change in benthic communities over decades and between open and closed areas
helps better define the dynamic nature of the central Gulf of Maine and may inform fisheries
management in this region as the ocean climate changes.
KEY WORDS: Benthic imaging · Population dynamics · Placopecten magellanicus

INTRODUCTION
Mobile fishing gear (i.e. scallop dredges, beam
trawls, otter trawls) can cause habitat degradation,
specifically in sediment composition and benthic
community structure, which can result in the reduction of benthic habitat complexity and affect trophic
interactions (reviewed in Stewart & Howarth 2016).
Quantifying these fishing impacts is difficult, however, due to the minimal availability of control areas,
where fishing is clearly restricted. This makes it diffi*Corresponding author: sasci@nefmc.org

cult to estimate the degree of impact commercial
fishing has on benthic communities as well as the
recovery time for key species to return to their unfished abundance (Jennings & Kaiser 1998, Sciberras
et al. 2013, Stewart & Howarth 2016).
Short-term and long-term area closures, or marine
protected areas (MPAs), are effective tools as fisheries management moves from a single species- to an
ecosystem-based approach that acknowledges the
impacts of fishing on trophic interactions and benthic
habitat conditions (Brodziak & Link 2002, Link 2005,
© The authors 2018. Open Access under Creative Commons by
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Stewart & Howarth 2016). MPAs are created to protect and preserve resident target and non-target species as well as the benthic ecosystems which support
their existence. Perhaps MPAs will offer an option as
controls for studies on benthic perturbation, but generally such areas have been established for conservation rather than experimentation.
In July 1986 and June 1987, 8 dive transects were
made on Fippennies Ledge, Gulf of Maine, USA,
using the manned submersible ‘Delta’. High-resolution photographic still frames of the seafloor taken
during each dive were used to quantify mean densities of dominant benthic invertebrates in 1986 and
again in 1987 after 1 yr of heavy scallop fishing
(Langton & Robinson 1990). The dominant species,
the Atlantic sea scallop Placopecten magellanicus,
cerianthid anemone Cerianthus borealis, and sabellid myxicolid worm Myxicola infundibulum, declined
significantly (70% in scallops, 25 to 27% in cerianthids and myxicolids) between 1986 and 1987,
suggesting that the benthic community was severely
impacted by fishing operations (Langton & Robinson
1990).
Fippennies Ledge, Jeffreys Ledge, Cashes Ledge,
and Platts Bank were surveyed by the School for
Marine Science and Technology (SMAST) using a
drop camera in early August of 2009, 2010, 2011,
2013, and 2014 (henceforth denoted as 2009 to 2014).
Three of the areas surveyed (Fippennies Ledge, Jeffreys Ledge, and Cashes Ledge) were closed to fishing as of 2002, while the fourth area surveyed (Platts
Bank) remained open (Fig. 1). The initial 2009 survey
investigated popular commercial fishing grounds
that had been untargeted by the New Bedford scallop fleet since the mid-1980s to early 1990s. A strong
recruitment of juvenile scallops was detected in both
the 2009 (Stokesbury et al. 2010) and 2013 surveys
(Asci 2016, Bethoney et al. 2016). In addition to estimating scallop density, abundance, and size distribution, the SMAST video survey characterizes the
benthic habitat including densities per square meter
of macroinvertebrates, spatial dominance of megafauna, and detailed information on substrate composition (Stokesbury 2002, Stokesbury et al. 2004,
Stokesbury & Harris 2006).
We hypothesize that the benthic community of
Fippennies Ledge changed between 1987 and 2009
as a result of post-fishing recovery and factors other
than fishing. The 2 benthic photographic surveys of
Fippennies Ledge, in 1986 and 1987 and again from
2009 to 2014, presented an opportunity to determine
if there was a change in the dominant invertebrate
fauna over the past several decades.

We also hypothesize that the benthic communities
in areas open and closed to scallop fishing in the central Gulf of Maine differed. Benthic communities in
the open and closed areas, which were surveyed in
the 2009−2014 period, were compared to examine
impacts of continual commercial fishing.
These hypotheses were tested by comparing densities of the dominant invertebrate species and comparing biodiversity measures for the benthic communities. Langton & Robinson (1990) monitored the
dominant benthic invertebrate community of Fippennies Ledge over 2 yr, and Stokesbury et al. (2010)
used 1 yr of data to describe the scallop populations
within the central Gulf of Maine. Using these studies
as a foundation, we were able to synthesize the associated data sets, which are both based on measures
per unit area from high-resolution photography, to
extend this examination temporally and spatially on
a scale few other studies have been able to achieve.

MATERIALS AND METHODS
‘Delta’ dive survey
The 1986 and 1987 ‘Delta’ dive transects on Fippennies Ledge covered from 1.9 to 3.7 km2 each, and
150 to 250 benthic photographs (35 mm) were collected per dive. Diver-scientists on board ‘Delta’
recorded observations of fauna, substrate type, and
other information regarding the benthic habitat on a
tape recorder. Photographs were examined on a light
table; animals large enough to be resolved (2 to 5 cm)
were identified, and the number of individuals of
each species category was recorded (Langton &
Robinson 1990). For this study, the original raw counts
per photograph (1.24 m2 quadrat area) from the 1986
and 1987 ‘Delta’ dives were analyzed to estimate the
density per square meter of benthic invertebrates,
where mean densities per square meter and SEs of
the total sample were calculated using standard statistical methods summarized in Cochran (1977) and
Krebs (1989), similar to the methods utilized by Langton & Robinson (1990).

SMAST video survey
Observations of the benthic communities on Fippennies Ledge, Jeffreys Ledge, Cashes Ledge, and
Platts Bank were made in 2009 to 2014 using the
SMAST drop camera survey (Fig. 1). This survey
employed a centric systematic sampling design, in
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Fig. 1. Extent of the central Gulf of Maine study area. The Western Gulf of Maine Closure Area and Cashes Ledge Closure
Area boundaries are shaded in grey. Also shown are the locations of ‘Delta’ dive transects from 1986 and 1987 (black lines) on
Fippennies Ledge and School for Marine Science and Technology video survey stations (black dots) from 2009, 2010 2011,
2013, and 2014 on Fippennies Ledge, Jeffreys Ledge, Cashes Ledge, and Platts Bank

which the first station location was chosen randomly
and subsequent stations were then located on a
1.0 km2 grid (Stokesbury et al. 2010). Upon arrival at
each station, a commercial scallop fishing vessel
deployed the drop camera pyramid system and as the
vessel drifted, the pyramid was lowered to the sea
floor and raised 4 times to collect 4 video quadrat
samples separated by approximately 40 m. To maintain the integrity of the sample design, the initial target station locations were the same each year. It is
impossible, however, to drop the pyramid on exactly
the same location of the sea floor each year due to
current, wind, and the vessel’s navigational ability;
the vessel aims to begin within a 75 m radius of the
target station location. The station depth ranged
between 11 and 130 m, but 95% of sampled stations
were at depths between 25 and 100 m, with an overall average of approximately 71 m.
Fixed to the pyramid were 8 lights, 2 live-feed
video cameras, and a high-resolution digital still
camera (Carey & Stokesbury 2011). Prior to surveying, the downward-facing live-feed cameras and
high-resolution digital still camera were calibrated in
a test tank to calculate lens height and quadrat size;
the downward-facing live-feed cameras provided
quadrat images of 2.84 and 0.60 m2, and the digital

still camera provided high-resolution quadrat images
of 1.04 m2 (Carey & Stokesbury 2011). For density
estimates of scallops on Fippennies Ledge, the
quadrat sizes were increased based on the mean
scallop shell height in the area to adjust for partially
visible scallops counted along the edge of the image
(Table 1) (O’Keefe et al. 2010).
Live video feed of the sea floor was recorded in the
wheelhouse, and a custom computer field application
allowed technicians to record station and quadrat
number, date, time, latitude, longitude, depth, and
number of scallops and other macroinvertebrates
observed in each quadrat as well as substrate composition. Video recordings were later viewed in the
Table 1. Mean shell height of scallops observed on Fippennies Ledge and adjusted quadrat areas used to estimate
scallop density in 2009, 2010, 2011, 2013, and 2014
Year

Mean shell
height (mm)

Adjusted quadrat
area (m2)

2009
2010
2011
2013
2014

50.51
55.84
62.51
66.01
72.05

3.02
3.03
3.06
3.07
3.09
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laboratory, and a still image of each quadrat was analyzed. Sediments were visually identified from the
video images following the Wentworth particle grade
scale, where the sediment particle size categories
were based on a doubling or halving of the fixed
reference point of 1 mm: sand = 0.0625 to 2.0 mm,
gravel = > 2.0 to 256.0 mm, and boulders =
> 256.0 mm (Lincoln et al. 1992). Gravel was divided
into 2 categories: granule/pebble = > 2.0 to 64.0 mm
and cobble = > 64.0 to 256.0 mm (Lincoln et al. 1992,
Stokesbury 2002, Harris & Stokesbury 2010). Shell
heights (mm) of scallops completely within the image
were measured from umbo to outer shell margin
using ImagePro® image analysis software (Carey &
Stokesbury 2011). Density per square meter was
calculated for scallops, anemones, sea stars, various
other benthic invertebrates, and fish.
Mean densities and SEs of counted benthic invertebrates were calculated using equations for a 2stage sampling design (Cochran 1977, Krebs 1989,
Stokesbury 2002, Carey & Stokesbury 2011). This
simplified version of the 2-stage variance is possible
when the sampling fraction n/N is small (Cochran
1977). This is the case for the video survey, where
thousands of square meters are sampled compared to
millions of square meters in the study area (Stokesbury & Harris 2006). Sponges, hydrozoans/bryozoans, and sand dollars were recorded as present or
absent within each quadrat (Stokesbury 2002, Stokesbury et al. 2004, Stokesbury & Harris 2006).
Despite the 2-decade difference between the ‘Delta’
and SMAST collections, the field sampling methods
and image quality of quadrat still frames were similar
(Fig. 2), allowing for the benthic invertebrate species
to be quantified on the same spatial scale (i.e. ind.
m−2). It was therefore possible to compare density per
square meter estimates of the dominant benthic invertebrate species observed in 1986 and 1987 (Fig. 3)
on Fippennies Ledge with the more recent density
estimates from 2009 to 2014. Significant shifts in density were tested using a 1-way ANOVA (α = 0.05)
over the duration of survey years, and then a Tukey
post hoc (α = 0.05) test was employed if significant
differences were noted. This comparison was repeated
excluding estimates from 1987, as appreciable dredging had occurred that year (Langton & Robinson
1990). Comparing density per square meter of Atlantic sea scallops Placopecten magellanicus, cerianthid anemones Cerianthus borealis, sea stars Asterias spp., and sabellid myxicolid worms Myxicola
infundibulum, among each of the 7 years Fippennies
Ledge was surveyed, as well as the 6 years where no
commercial fishing occurred, provided statistical evi-

Fig. 2. Example of quadrat still frames used to characterize
the benthic community of Fippennies Ledge between the
(A) 1986 and 1987 ‘Delta’ dive surveys and (B) 2009, 2010,
2011, 2013, and 2014 School for Marine Science and Technology drop camera surveys. Note that ‘Delta’ images (A)
included a time-stamp on the left side of the quadrat

Fig. 3. Digital still images of the dominant invertebrate species on Fippennies Ledge. (A) Atlantic sea scallop Placopecten magellanicus, (B) cerianthid anemone Cerianthus
borealis, (C) myxicolid worm Myxicola infundibulum, (D)
northern sea star Asterias vulgaris. The combination of a
high-resolution camera and light-emitting diode lighting is
required to accurately identify M. infundibulum; this combination was only used in the 2009 School for Marine Science
and Technology video survey
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dence of changes in benthic community structure on
a scale of almost 3 decades. The SMAST drop camera
samples for each year (2009 to 2014) were treated as
independent due to the variation in vessel positioning at each station and the effect of 1 yr between surveying the benthic community; many of these species
are annual, winter storms in this area are severe, and
tidal currents are strong, causing shifts in sea floor
structure (Thompson 2010). Comparing scallop size
distributions between 1986−1987 and 2009−2014 was
not possible because ‘Delta’ surveys did not measure
scallops.
The SMAST video surveys covered areas both
opened and closed to fishing; stations surveyed on
Fippennies Ledge, Jeffreys Ledge, and Cashes
Ledge fell within the boundaries of the Western Gulf
of Maine Closure Area and Cashes Ledge Closure
Area, while the surveyed area on Platts Bank was not
closed to fishing (Fig. 1). A preliminary test of independence was performed to determine if substrate
composition differed between areas (chi-square, α =
0.05). At each station, the most abundant coarse substrate type (i.e. sand, gravel, cobble, rock) was determined (Harris & Stokesbury 2010). Then, data were
compiled by area for all years surveyed by SMAST
and statistically compared. To reduce uncertainty in
the scenario where substrate composition varied significantly between areas, analysis was conducted
using only stations that were representative of suitable scallop habitat; this allowed for comparisons of
the total area surveyed to be made, as well as comparisons of scallop habitat within each respective
area.
Scallops aggregate in areas with coarse sand−
granule−pebble substrate (Langton & Robinson 1990,
Thouzeau et al. 1991, Stokesbury 2002, Stokesbury &
Harris 2006). These areas are known to fishermen,
and are where the majority of fishing effort is
directed, although fishing effort will shift if the scallops are below exploitable size. Therefore, a comparison between scallop substrates within the closed
and open areas not only captures the highest areas of
impact but also reduces the effect of different substrates on benthic community structure, since the
substrates analyzed are homogeneous. The drop
camera survey was designed to define exploitable
scallop beds, and 1 scallop station−1 is roughly a minimal commercial density; therefore, a station with 1
or more scallops represents suitable scallop habitat
(Stokesbury 2002).
A percent similarity index (Renkonen 1938) was
used to measure similarity between benthic community structures of the open and closed areas over the
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entirety of the survey period, in both total habitat and
scallop habitat. This index compared relative proportions of taxonomic categories present in each area,
where relative proportions were standardized as a
percentage of the total categories observed. The percentage similarity ranges from 100% for very similar
communities to 0% for those that are completely different. Although straightforward, this percent similarity index is robust to sample size and species
diversity (Krebs 1989) and serves as a quantitative
coefficient of community structure (Stokesbury &
Harris 2006). The percent similarity index uses species occurrence (standardized by quadrat) as opposed
to abundance (no. of ind. station−1), which means the
spatial dominance of species categories was compared as opposed to the true number of individuals
observed. This allowed for a more comprehensive
model of the benthic communities, as rarer species
were not completely excluded due to the extraordinarily high abundance of the few dominant species.
The percent similarity index included only species
that are sessile or exhibit locally mobile behavior.
Though the SMAST drop camera survey has the
ability to identify highly mobile species, it is designed to observe sessile and locally mobile species
(MacDonald et al. 2010); consequently, it is possible
that observations (or lack thereof) of highly mobile
species (i.e. roundfish, flatfish, and other demersal
fish) would misrepresent the actual abundance of
such species in any given quadrat.
The frequency of species present at each station
was used as a metric of species richness (Krebs
1989); estimates of species richness were calculated
for each area, and then open and closed areas were
compared statistically. Because this richness measure was broad and designed to encompass as many
species categories as possible, all species identifiable by the SMAST video survey were included. All
years of data were compiled by specific area, and
the frequency of species present at each station was
recorded. Observed species frequencies per station
were compared using a 2-sample KolmogorovSmirnov test, where the test statistic critical level
was adjusted to the number of collective samples
(total stations surveyed) for each area (Siegel &
Castellan 1988). Cumulative frequency distributions
of number of species observed per station were
plotted, and sample mean (x ), SE (x ), and mode
(Mo) were calculated to further compare open and
closed areas.
Rarefaction, an estimation of expected species
richness based on the number of individuals sampled, was employed to further compare benthic
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invertebrate communities. For each area, counts of
individuals observed per station were compiled by
species, and rarefaction curves were produced
using the R package vegan (Oksanen et al. 2008).
Because this method estimates the expected number of species observed as a function of individuals
sampled, rarefaction curves included only benthic
invertebrate species which were counted by the
drop camera survey (i.e. scallops, sea stars, crabs,
hermit crabs, whelks, lobsters, moon snails, sea
mice).
A test of heterogeneity was employed which compared frequencies of quantifiable species observed
by the SMAST video survey between the open and
closed areas. The counts of individual species
observed were combined for all years surveyed by
each area, and compared using chi-square (α = 0.05).
To avoid violating chi-square assumptions, species
frequencies were grouped so that < 20% of expected
values were < 5 (Stokesbury 2002, Zar 2010).

RESULTS

survey coverage of ‘Delta’ dives confirmed no significant variation in myxicolid density per square meter
(F(1, 79) = 2.437, p = 0.122); however, the decreased
sample size greatly reduced statistical power (0.22) of
the test below the desired threshold (0.80). Due to the
uniform nature of Fippennies Ledge and associated
statistical consequence in reducing sample size,
analysis and subsequent findings incorporated all
available ‘Delta’ (1986 to 1987) and SMAST (2009 to
2014) survey data.
Densities per square meter of the dominant benthic
invertebrates (Table 2) on Fippennies Ledge were
significantly different between 1986−1987 and 2009−
2014 for scallops (F(6,1833) = 34.506, p = < 0.001), anemones (F(6,1833) = 58.267, p = < 0.001), sea stars (F(6,1833)
= 7.389, p = < 0.001), and myxicolids (F(2,1502) = 7.317,
p = < 0.001). Post hoc Tukey analysis identified scallop density in 1987 to be different from 1986 and
2009–2014 and showed that 1986 was different than
2010, 2011, 2013, and 2014. Anemone density differed between 1986 and 1987 and was different
between 1986−1987 and 2009−2014. Sea star density
differed between 2014 and 1986−2013. Myxicolid
density differed between 1986−1987 and 2009.
Comparisons of Fippennies Ledge over time, excluding the year of heavy fishing (1987), also showed
significant differences in densities per square meter
of scallops (F(5, 845) = 4.122, p = 0.001), anemones
(F(5, 845) = 67.836, p = < 0.001), sea stars (F(5, 845) =
10.578, p = < 0.001), and myxicolids (F(1, 514) = 8.675,
p = 0.003). Post hoc Tukey results for anemone, sea
star, and myxicolid density were the same as the previous analysis, which included the fished year; however, unlike previous analyses including the fished
year, scallop density was only different between
1986 and 2014.
Scallops, anemones, and sea stars were the dominant benthic invertebrates on Fippennies Ledge

‘Delta’ dive (1986 to 1987) survey coverage (~10 km2)
was limited to the southeastern part of Fippennies
Ledge, whereas SMAST drop camera (2009 to 2014)
survey coverage (~83 km2) encompassed the entirety
of Fippennies Ledge (Fig. 1). Despite the relatively
small area where these surveys overlapped, comparing ‘Delta’ (1986 to 1987) observations to SMAST
(2009 to 2014) observations was valid because of the
uniform nature of this area, including characteristics
such as depth, substrate composition, and distribution of dominant benthic invertebrates. Post hoc
analysis (1-way ANOVA, α = 0.05) comparing observations from SMAST stations inside (n = 38) vs. outside (n = 376) the survey coverage of ‘Delta’ dives
showed no significant variation in densities
per square meter of scallops (F(1, 412) =
Table 2. Density (m−2, mean ± SE) of scallops, anemones, sea stars, and
0.215, p = 0.643), anemones (F(1, 412) = 0.016,
myxicolids based on observations made during ‘Delta’ dives (1986
and 1987) and the School for Marine Science and Technology video surp = 0.899), and sea stars (F(1, 412) = 0.189, p =
vey (2009, 2010, 2011, 2013, and 2014) on Fippennies Ledge. Myxicolid
0.664), confirming the uniform distribution
estimates were not available (n/a) after 2009
of these species across Fippennies. Restricting analysis to include only SMAST
Year
n
Scallops
Anemones
Sea stars
Myxicolids
stations (2009 to 2014) within the survey
area of ‘Delta’ dives (1986 to 1987) seve1986
435
1.04 ± 0.11
1.80 ± 0.09
0.24 ± 0.03 3.41 ± 0.34
rely reduces sample size. This was high1987
989
0.32 ± 0.02
1.48 ± 0.05
0.19 ± 0.02 3.29 ± 0.13
2009
81
1.39 ± 0.24
0.05 ± 0.02
0.12 ± 0.03 1.10 ± 0.20
lighted by the already minimal myxicolid
2010
84
1.70 ± 0.33
0.10 ± 0.03
0.06 ± 0.01
n/a
SMAST data available (only 2009, n = 81).
2011
83
1.75 ± 0.34
0.06 ± 0.03
0.05 ± 0.01
n/a
Post hoc analysis (1-way ANOVA, α = 0.05)
2013
84
1.66 ± 0.28
0.03 ± 0.01
0.16 ± 0.02
n/a
comparing observations from SMAST sta2014
84
2.16 ± 0.29
0.09 ± 0.02
0.51 ± 0.08
n/a
tions inside (n = 8) vs. outside (n = 73) the

Asci et al.: Similarity of open and closed areas

Table 3. Percent similarity index comparing species categories
present in the open and closed areas using all stations surveyed
by the School for Marine Science and Technology. Lines indicate areas used to calculate the percent similarity index
Species category

Scallops
Sea stars
Crabs
Hermit crabs
Lobsters
Whelks
Moon snails
Sea mice
Skates
Sand dollars
Bryz./Hydr.
Sponges

Total habitat
Closed
Fippennies Jeffreys
31.9
33.4
27.6
31.0
0.3
1.1
2.1
0.6
0.1
0.0
1.3
0.4
0.0
0.2
0.1
0.0
0.1
0.4
0.5
2.2
13.2
7.3
22.9
23.3

Cashes
6.0
42.6
2.1
0.5
0.4
0.0
0.0
0.0
0.5
0.5
12.5
34.8

Table 4. Percent similarity index comparing species categories
present in the open and closed areas using only stations defined as scallop habitat. Lines indicate areas used to calculate
the percent similarity index
Species category

Scallop habitat
Closed

Open
Platts
20.2
37.2
5.3
1.1
0.5
1.5
0.2
0.0
0.6
1.1
10.5
21.7

Sea stars
Crabs
Hermit crabs
Lobsters
Whelks
Moon snails
Sea mice
Skates
Sand dollars
Bryz./Hydr.
Sponges
% similarity

% similarity
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91.7
70.6
83.4

Fippennies Jeffreys
40.5
46.6
0.5
1.6
3.0
1.0
0.2
0.0
1.8
0.6
0.0
0.3
0.2
0.0
0.2
0.6
0.7
3.2
19.4
11.0
33.6
35.0

Cashes
45.3
2.3
0.6
0.4
0.0
0.0
0.0
0.6
0.6
13.3
37.0

Open
Platts
46.7
6.7
1.4
0.6
1.8
0.3
0.0
0.8
1.4
13.2
27.2

88.0
89.4
85.6
94.6
90.4
90.0

70.2
84.2
79.5

between 2009 and 2014. No variation in density per
square meter was apparent for scallops (F(4, 411) =
0.855, p = 0.491) and anemones (F(4, 411) = 1.542, p =
0.188); however, sea star density per square meter
did vary significantly (F(4, 411) = 22.734, p = < 0.001).
Tukey post hoc analysis identified sea star density in
2014 as being significantly higher than in 2009 to
2013.
In the open vs. closed area comparison, Fippennies, Jeffreys, and Platts had similar benthic community structures when all stations were examined
(Table 3). Of the 12 species categories considered,
scallops (31.9, 33.4, and 20.2%) and sea stars (27.6,
31.0, and 37.2%) dominated these respective areas.
Cashes was the least similar to the other closed areas
(70.6% with Fippennies, 70.2% with Jeffreys) and
slightly more similar with the open area, Platts
(79.5%). Cashes had minimal scallop composition
(6.0%) and was dominated by sea stars (42.6%) and
sponges (34.8%). Fippennies and Jeffreys had the
most similar benthic communities (91.7%).
Substrate composition varied significantly between
areas (χ2(9, N=1460) = 47.51, p < 0.001); therefore, the
percent similarity index was used to compare benthic
community structure of scallop habitat between areas.
Within scallop habitat, Fippennies, Jeffreys, Cashes,
and Platts all had highly similar benthic community
structures (Table 4). Of the 11 species categories con-

sidered (scallops were removed), sea stars (40.5, 46.6,
45.3, and 46.7%) and sponges (33.6, 35.0, 37.0,
27.2%) dominated these respective areas. Scallop
habitat on Jeffreys and Cashes had the highest similarity between benthic community structures (94.6%),
while Fippennies and Platts had the least similar benthic community structures (85.6%).
Species richness cumulative frequency distribution
curves were similar across all areas (Fig. 4), with
only Jeffreys and Platts being significantly different
(D(227, 454) = 0.11, p < 0.001). Of the 45 species identifiable by the SMAST video survey, 36 were seen on
Platts, 34 were seen on Fippennies, 33 were seen on
Cashes, and 29 were seen on Jeffreys. Platts had the
highest ranked mean number of species observed per
station (x = 3.54 ± 0.07) but was only slightly greater
than second highest ranked Cashes (x = 3.43 ± 0.08).
Jeffreys, Cashes, and Platts all shared the same
number of species per station mode (3), where Fippennies showed a slightly higher mode (4). Rarefaction analysis of benthic invertebrate species suggested species richness was highest on Platts, followed
by Jeffreys, Cashes, and Fippennies (Fig. 5). Of the 8
species included in the analysis, 8 were observed on
Platts and Fippennies, 7 were observed on Jeffreys,
and 6 were observed on Cashes. The number of individual benthic invertebrates sampled was greatest on
Fippennies (approximately 10 000 ind.), followed by
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individuals expected to exist in a given
area was based on the number of individuals observed across the entire study
region as a function of the size of the
specific area. The difference between
observed and expected values indicated
more scallops on Fippennies and Jeffreys
than expected and fewer scallops on
Cashes and Platts than expected. There
were fewer sea stars on Fippennies
and Jeffreys and more sea stars on
Cashes and Platts than expected. Cashes
Ledge had more bryozoans/hydrozoans
and sponges, while the other 3 areas
had fewer bryozoans/hydrozoans than
expected.

Fig. 4. Cumulative frequency distribution species richness curves of the
number of species observed per station vs. the proportion of total stations (n)
for the area. Platts Bank is the solid black line, Fippennies Ledge is the
dashed black line, Jeffreys Ledge is the solid grey line, and Cashes Ledge is
the dashed grey line

DISCUSSION

Seldom in marine ecology is there the
opportunity to examine temporally distinct generations of the benthic invertebrate community of an offshore ledge
using comparable sampling units. Here,
the Fippennies Ledge macrobenthic
community separated by 28 yr was compared. Given this extended time period,
the minimal variation in scallop density
per square meter between the unfished
years was striking. The fishing effort for
this area is unknown before 1986 and
between 1988 and 2002, but after 2002
the area was closed to fishing. This suggests a stable population structure for
scallops occurred shortly after the Cashes
Ledge Closure Area was established. The
benthos of heavily fished areas can take
over 10 yr to fully recover (Collie et al.
2000, 2009, Lambert et al. 2014), whereas
populations of relatively fast-growing
Fig. 5. Rarefaction curves comparing the number of benthic invertebrate species with high fecundity, such as scallop populations on Georges Bank, have
species observed based on the total number of individuals sampled
appeared to recover in < 5 yr (Stokesbury
Platts (approximately 6000 ind.), and was roughly
2002). Our findings suggest the scallop population on
similar on Jeffreys (approximately 3000 ind.) and
Fippennies recovered in < 8 yr. At least 2 factors
Cashes (approximately 2500 ind.).
affect the stability of the population structure of scalGrouped species frequencies were significantly
lops on Fippennies Ledge and contribute to the postdifferent among all 4 areas (χ2(18, 22474) = 3434.9, p <
fishing recovery: (1) a reduction of fishing effort
0.001) (Table 5). Expected grouped species frequenthrough the establishment of closures, and (2) excies were determined for each area, affording the
treme recruitment events, of which 2 were observed
opportunity to compare differences between obbetween 2009 and 2014 (Stokesbury et al. 2010,
served and expected frequencies; the number of
Bethoney et al. 2016).
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Table 5. Observed and expected grouped species frequencies of the open (Platts) and closed (Fippennies, Jeffreys,
Cashes) areas including chi-square results
Fippennies Jeffreys Cashes Platts
n

416

277

316

454

Scallops
Observed
Expected

8828
7593

2438
2239

990
2127

4107
4403

Sea stars
Observed
Expected

867
1741

354
513

1240
488

1291
1010

Crustaceans
Observed
Expected

22
65

8
19

18
18

91
37

Gastropods
Observed
Expected

12
13

2
4

1
4

13
8

Sand dollars
Observed
Expected

4
13

10
4

3
4

11
8

Bryozoans/hydrozoans
Observed
262
Expected
280

51
83

131
78

159
162

Sponges
Observed
Expected

212
214

539
203

376
420

χ2
df
p

3434.9
18
< 0.001

α = 0.05

434
724

Between 1986−1987 and 2009−2014, anemone and
myxicolid density per square meter decreased 67 and
95%, respectively, in sharp contrast to the stability of
the scallop population. As Fippennies Ledge had not
been fished since 2002, and in accordance with the
10 yr recovery time horizon (Collie et al. 1997, 2009,
Lambert et al. 2014), it is unlikely that long-term
effects of commercial dredging prevented these species from recovering. Anemones and myxicolids
potentially feed on scallop larvae (Shumway et al.
1985, 1988, Langton & Robinson 1990), and scallop
larvae were clearly abundant given the 2009 and
2013 recruitment events (Stokesbury et al. 2010, Asci
2016, Bethoney et al. 2016); therefore, food availability was most likely not limiting. Other factors, such as
the Gulf of Maine water temperature increasing
more rapidly in the past decade than in other regions
globally (Pershing et al. 2015), may be driving a
shift in the benthic community, for example, and
therefore impacting or even redefining what constitutes a recovery.
The marked increase of sea stars between 2013
and 2014 (x = 0.16 ± 0.02 to x = 0.51 ± 0.08) correlated
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with high scallop abundance on Fippennies in 2014
(≈1.81 × 108 ind.). Sea stars are a major predator of
scallops, particularly smaller juvenile scallops (Marino
et al. 2007); sea stars respond to increased prey abundance by increasing individual consumption rates
and by increasing in number (Barbeau & Scheibling
1994, Barbeau et al. 1996, Marino et al. 2007), and
they tend to aggregate in high density in closed areas
(Marino et al. 2007). Interestingly, Platts Bank, the
one continuously open area, had fewer scallops than
expected but a higher concentration of sea stars
(Table 5). This is possibly due to the scallop predator−prey relationship, and may relate directly to fishing activity; commercial catch is processed at sea,
where scallops are shucked for their adductor muscle
and all other body parts are discarded overboard,
which in turn may attract starfish, as do high densities of juvenile scallops (Langton & Bowman 1980,
Caddy 1989, Orensanz et al. 1991, Barbeau et al.
1996, Marino et al. 2007).
No direct relationship between benthic community
structure and commercial fishing was apparent. Fippennies, Jeffreys, and Platts had the highest percent
similarity, and were only different in the ranking of
the most spatially dominant species; scallops were
more spatially dominant than sea stars on Fippennies
and Jeffreys, and sea stars were more spatially dominant than scallops on Platts. Fippennies and Jeffreys
had more scallops observed than expected and fewer
sea stars observed than expected; Platts had fewer
scallops than expected and more sea stars. Cashes
was the outlier; bryozoans/hydrozoans and sponges
were spatially more dominant than scallops, and
were also observed more frequently than expected,
reflecting the difference in substrate composition between Cashes and the other areas, as these species
inhabit bouldered areas which are common on Cashes
(Bell & Barnes 2003, Brusca & Brusca 2003, Weaver et
al. 2007, Bell 2008). When benthic community structures of scallop habitat (assumed to have homogeneous substrate across areas) were compared, each
area was highly similar, further suggesting that overall variation in benthic community structure between
areas was dependent on substrate as opposed to
fishing intensity.
Species richness and commercial fishing intensity
were unrelated. Besides Jeffreys and Platts, cumulative frequency distributions of species observed per
station were similar. Descriptive statistics for each
area showed only slight differences between greatest and least sample mean (0.46 species station−1)
and mode (1.0 species station−1). Large differences in
sample sizes, in particular for Jeffreys (n = 277) and
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Platts (n = 454), reflect a common problem encountered with biodiversity measures. Increasing number
of observed species correlates directly with an
increasing sample size (Krebs 1989, Chao et al. 2005,
Colwell 2009, Gotelli & Colwell 2011); this phenomenon most likely explains why cumulative frequency
distributions of Jeffreys and Platts were found to be
significantly different. This point is illustrated when
comparing expected species richness based on the
number of individuals sampled (i.e. rarefaction curves)
of benthic invertebrate species across the survey
areas. For example, there were twice as many individuals observed on Platts as on Jeffreys, yet only
one less species was observed on Jeffreys compared
to Platts. Furthermore, Platts and Jeffreys rarefaction
curves followed a similar slope, suggesting that
increased sampling on Jeffreys may have led to an
increase in species observed.
Fishing impact was not great enough to noticeably
alter the benthic community of Platts Bank. This is
either because minimal fishing occurred on Platts
Bank during the survey period or because the benthic community of Platts Bank is very resilient. The
first scenario is unlikely; Platts is a favored target of
commercial scallop fleets, both of which have been
rising in ex-vessel value and annual landings for
several years. The second scenario, however, is the
more likely explanation; fished benthic communities
which experience high natural disturbance are very
similar to unfished areas with high natural disturbance (Hiddink et al. 2006, Sciberras et al. 2013, van
Denderen et al. 2015), suggesting that certain benthic communities are more resilient to fishing activity
(Stokesbury & Harris 2006, Diesing et al. 2013,
Szostek et al. 2016).
Benthic communities are both complex and diverse,
and vary in disturbance recovery times; the post-fishing
megafaunal community of the offshore region of the
northeastern USA, for example, may take up to 10 yr
to fully recover (Collie et al. 1997, Lambert et al.
2014). However, the diversity in sediment types and
other environmental drivers that exist throughout the
Gulf of Maine region defy a general characterization
in terms of how a specific ledge or bank responds
to fishing perturbations. In the case of our study
area, the central Gulf of Maine, sediment types are
generally more coarse, which reflects the complex
oceanography and tidal structure in this region
(Townsend et al. 2006) and suggests that it is a highenergy environment, and is subject to strong wave
action and currents. Because these ledges and banks
likely withstand strong natural perturbation, they
may be more resilient to fishing than the surrounding

deep muddy basins, for example, depending of course
on the frequency and intensity of fishing. Our monitoring of the sea floor found an unchanged scallop
population after roughly 2 decades, and described
great similarity between an evidently resilient fished
benthic community and its unfished analogs within
the central Gulf of Maine. Thus, we must consider
the possibility that commercial scallop fishing is not
detrimental to the overall benthic community of this
high-energy environment, and that the central Gulf
of Maine is capable of maintaining a healthy macrobenthic community over decadal time scales.
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