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1 | INTRODUCTION

| Kevin D. E. Stokesbury

Abstract

The spatiotemporal variation of the distribution of echinoderms in the Georges Bank
ecosystem was examined from 2005 to 2012. Density and abundance of representa-
tives from echinoderm classes (brittle stars, sand dollars, sea stars, and sea urchins)
were estimated using a drop camera video survey of the benthos in areas open and
closed to fish trawling. The influence of closed areas on these echinoderm popula-
tions relative to a suite of key environmental and biotic factors was evaluated using
Canonical Correspondence Analysis (CCA). While marine protected areas appeared
to influence the distribution of sand dollars and sea stars, the distribution of brittle
stars and sea urchins seemed to be defined mainly by preferred habitat conditions.
According to the CCA, depth, sediment stability, temperature, predator abundance,
and management area were the most important factors explaining this echinoderm
assemblage. On Georges Bank, echinoderms dominate the benthic biota and are pre-
sent in a variety of habitats. They can alter marine communities and are preferred
prey and main predators for several commercially targeted species. The detailed
information presented here (on the scale of kilometers) on abundance and spatial
distribution of these populations is thus valuable towards the implementation of

ecosystem-based fisheries management.
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and adult fish species, including American plaice (Hippoglossoides

platessoides), haddock (Melanogrammus aeglefinus), and ocean pout

Echinoderms are strictly marine organisms, widely distributed in all
oceans and extremely important for marine ecosystems (Brusca &
Brusca, 1990). They can alter sediments with their burrowing ac-
tivities (Smith, 1981). Fluctuations in their population size and dis-
tribution can cause changes in other marine communities (Meidel
& Scheibling, 1998). Echinoderms are important primary consumers
and predators (e.g., sea stars are the main predator of sea scallops

[Placopecten magellanicus]), and the main prey for some juvenile

(Macrozoarces americanus) (Link & Almeida, 2000; Marino, Juanes,
& Stokesbury, 2009; Steimle, 1990). Therefore, echinoderms play
major ecological roles in marine ecosystems and are keystone pred-
ators and grazers that can determine benthic community structure
(Brusca & Brusca, 1990; Byrne, 1994; Link et al., 2012).

Georges Bank is located on the North American continental shelf
between the New England states and Nova Scotia. It is a shallow area
encompassing 40,000 km? within the 100 m isobath, and is delimited
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by the deep-water Northeast Channel and the Great South Channel
(Fogarty & Murawski, 1998). In 1994, three large areas on Georges
Bank and southern New England (closed area | [CAI], closed area
Il [CAll], and Nantucket lightship closed area [NLSA]) were estab-
lished, and all mobile fishing gear were banned (Murawski, Brown,
Lai, Rago, & Hendrickson, 2000; Stokesbury, 2002). The selection of
these protected areas was based on their historically high spawning
and juvenile production of primary groundfish (i.e., cod, haddock,
and yellowtail flounder) (Murawski et al., 2000). Some areas inside
these closures have been periodically opened as rotational access
areas in the last decade through the Scallop Fishery Management
Plan of the New England Fisheries Management Council (Hart &
Rago, 2006; Stokesbury, 2012; Valderrama & Anderson, 2007).

In general, the absence of or reduction in fishing inside closed or
rotational access areas have resulted in changes in abundance (Asch
& Collie, 2008; Collie, Hermsen, Valentine, & Almeida, 2005; Hart
& Rago, 2006; Stokesbury, 2002), mean size (Hart & Rago, 2006;
Stokesbury, Harris, Marino, & Nogueira, 2007), mean age (Coutré
et al, 2013), distribution patterns (Langton & Robinson, 1990),
and fishing effort redistribution (Murawski, Wigley, Fogarty, Rago,
& Mountain, 2005) of several marine organisms (e.g., colonial epi-
fauna, crabs, sea scallops, skates, haddock, and yellowtail flounder).
Although some of these closures resulted in substantial increases
in abundance for some shallow and sedentary fishes and inverte-
brates (Murawski et al., 2000; Stokesbury, 2002; Stokesbury, Harris,
Marino, & Nogueira, 2004), other studies suggest that environmen-
tal factors have had a greater influence on these marine populations
(Holland, 2000; Link et al., 2005). Consequently, the simultaneous
examination of abiotic and biotic factors is necessary to determine if
marine protected areas (MPAs) are the main drivers of modifications
in patterns of species abundance and distribution.

Echinoderms are abundant and dominant on Georges Bank,
representing almost half of the total biomass (wet weight g/m?) of
macrobenthic organisms in this ecosystem (Steimle, 1987, 1990;
Stokesbury et al., 2004; Theroux & Wigley, 1998). Despite their
abundance and ecological importance, detailed descriptions of these
populations on the scale of kilometers for this region are lacking.
Previous studies have employed coarse sampling designs that hin-
der the comparison of abundance between regions of the Georges
Bank (e.g., marine closures versus areas open to fishing) (Link, 2004;
Theroux & Wigley, 1998).

Here, we quantified echinoderm populations on Georges Bank
and explored the potential effects of established MPAs on these
populations. We estimated and compared annual density and
abundance of echinoderms in closed (non-fishing), access (par-
tially closed), and open areas, using video survey data collected
from 2005 to 2012. We further assessed the influence of closed
areas on echinoderm populations relative to a suite of biotic (pred-
ator and prey abundance) and abiotic (depth, sediment stability,
sediment type, temperature) factors with the goal of delineating
the optimal habitat conditions for given echinoderm taxa. Using
a multivariate direct gradient analysis technique (canonical corre-
spondence analysis, CCA), we explored the importance of each of

the above variables in determining density and distribution of the
echinoderm assemblage. In summary, we tested two null hypoth-
eses: (a) echinoderm densities remained similar within the three
management areas (access, closed, and open areas) across years
of study and (b) MPAs do not have a significant effect on echino-
derms populations when environmental and biotic covariates are

controlled for statistically.

2 | METHODS

The School for Marine Science and Technology (SMAST) video sur-
vey research project was developed to provide a visual census of sea
scallops on Georges Bank in southern New England and in the Mid-
Atlantic Bight. A secondary objective of this survey was to analyze the
distribution and abundance of other benthic marine organisms, includ-
ing echinoderms (Stokesbury, 2002; Stokesbury et al., 2004). From
2005 to 2012, ~900 stations with depths ranging 20-160 m were an-
nually sampled on Georges Bank, covering a total area of ~28,000 km?.
Survey stations were positioned over a grid with 5.6 km of separa-
tion between stations (Figure 1), using a centric systematic design
with a random starting point (Krebs, 1989). A video sampling pyramid
(Stokesbury, 2002; Stokesbury et al., 2004) was equipped with a set of
nine lights and two downward-looking cameras mounted vertically at
heights of 0.7 and 1.6 m from the base of the pyramid, providing view
areas of 0.6 and 2.8 m?, respectively, of the sea floor. Only the data
from the 0.6-m? area camera were used in the present study, since
the image resolution at that quadrat size allowed the identification of
organisms smaller than 20 mm (Carey & Stokesbury, 2011). Two more
cameras, one mounted parallel to the seafloor providing a side view
of the area, and a digital still camera providing high-resolution images
(quadrat size of 1.13 m?), were only used for species identification.

At each station, the survey video pyramid was lowered from a
scallop fishing vessel and placed on the sea floor. Video footage of
the first quadrat was recorded on DVDs and DVRs, and then the pyr-
amid was raised so the sea floor could no longer be seen. The vessel
drifted ~30 m, and the pyramid was lowered to the sea floor again to
obtain a second quadrat; this process was repeated four times at each
station, resulting in a total sampled area of 2.4 m? at each station. For
each quadrat, the time, depth, latitude, longitude, substrate, macro-
invertebrates, and fishes were recorded. After each survey, the video
footage was reviewed in the laboratory, and a still image of each
quadrat was captured, digitized, and saved, using Image Pro Plus®
software. Echinoderms were identified to class level as Asteroidea
(sea stars), Echinoidea (sand dollars and sea urchins), and Ophiuroidea
(brittle stars), with the class Echinoidea further resolved to the orders
Clypeasteroida (sand dollars) and Echinoida (sea urchins).

The number of echinoderms present in each image was counted
and standardized to individuals per m?. Only echinoderms com-
pletely inside the quadrat were counted. Given the constant num-
ber of quadrats at every station, the mean density (and the standard
error [SE] of echinoderms were estimated using the equations for a
two-stage sampling design (Cochran, 1977):
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This simplified estimation of the SE is accurate when the sam-
pling fraction (e.g., hundreds of individuals sampled from the millions
of individuals present in the study area) is small (Krebs, 1989). We
reported mean density and SE accounting for all surveyed stations,
and also for “echinoderm habitats,” defined here as stations where
at least one echinoderm was observed. The abundance was obtained
by multiplying number of individuals per m? by the total surveyed
area.

Due to the large number (in the order of thousands) of sand
dollars recorded at some stations, we subsampled a number of sta-
tions before undertaking the counting process. We selected an area
(NLSA) and a random year (2005) with observed high variation in
the presence of sand dollars, and we counted all the individuals. The
mean density (x = 28.33) and the SE (SE = 17.22) were estimated
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following Equations 1 and 2. Then the subsample size was estimated

assuming a Poisson distribution, using the equation
100CVt,

()

where n is the number of stations; CV the coefficient of varia-

(4)

tion = SE/observed mean; t_is Student's t with an a = 0.05; r = de-
sired relative error (as percentage) (Krebs, 1989). At least 24 stations
per year were required to provide estimates of sand dollar density
with 25% precision. To improve this precision, we randomly selected
100 stations per year as the subsample size. Increasing the subsam-
ple size beyond this number of stations was time-prohibitive.

The echinoderm density in closed, partial access, and open areas
were compared to each other using a Kruskal-Wallis analysis of vari-
ance (Sokal & Rohlf, 1981) with @ = 0.05 and post hoc comparisons
using the Dunn's post hoc test (Zar, 1999). The same tests were used
for annual comparisons. These statistical comparisons were based
on densities observed in echinoderm habitats.

Density of echinoderms (accounting for all stations) was used
as the dependent variable for the CCA. Environmental (depth, sedi-
ment, sediment stability, temperature) and biological (predator and
prey abundance) data were used as the explanatory factors.

Sediment and sediment stability maps were obtained from
previous studies that also used SMAST video survey data (Harris,
Cowles, & Stokesbury, 2012; Harris & Stokesbury, 2010). These
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FIGURE 1 Georges Bank map. Location of SMAST video survey stations in a 5.6-km grid. Polygons represent the MPAs with access areas
depicted in light grey. CAl, closed area |; CAll, closed area Il; NLSA, Nantucket lightship closed area
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maps provided an adequate spatial resolution (1 km raster grid) for
habitat characterization. The dominant sediment (S,) map showing
most frequently occurring sediment type at each station (Harris &
Stokesbury, 2010) was used. The sediment type from this analy-
sis was based on Wentworth particle size categories (Wentworth,
1922). The sediment stability index (Harris et al., 2012) was defined
as the shear stress to critical shear stress ratio (£ = To/Tcr)- Shear
stress (z) is the force per unit area exerted on the sediment by
water, while critical shear stress (z_) is the force needed to move a
particle in the sediment (Harris et al., 2012). Therefore, a higher sed-
iment stability index (>1) in the map, indicates unstable sediments
and high shear stress conditions (Harris et al., 2012). Bathymetry
and sea scallop density was also obtained directly from the SMAST
video survey data set (Stokesbury, 2002; Stokesbury et al., 2004).

Temperature data and relative abundance (Catch per Unit Effort
[CPUE] = fish/number of tows) of American plaice, haddock, and
ocean pout were obtained yearly (2005-2012) from the Northeast
Fisheries Science Center (NEFSC) bottom trawl survey program from
late spring, summer, and fall, which roughly matches the temporal
scale at which the SMAST video survey is carried out (end of May
through late September). Relative abundance data were adjusted for
differences in trawl doors, gear types, and vessels used over time,
applying calibration factors as specified by Miller et al. (2010). The
NEFSC bottom trawl survey used a stratified random design. Strata
were delineated by depth. Stations were allocated to strata in pro-
portion to the area and were assigned to specific locations within
strata at random (Azarovitz, 1981). A “Number 36 Yankee” bottom
trawl has been used in all summer/fall surveys since 1981. This trawl
has a 12.5-mm mesh in the cod end. At each station the net was
towed for 30 min at 6.5 kph relative to the sea bottom. The catch
(fish and invertebrates) was sorted by species, weighed to the near-
est 0.1 kg, and measured in length. Sex and maturity stage were
noted. Location, depth, and time were also recorded. Surface and
bottom water temperature were obtained using SeaBird Electronics
SBE19+ CTD units (Azarovitz, 1981; Despres-Patanjo, Azarovitz, &
Byrne, 1988; Holzwarth & Mountain, 1990).

Spatial analyses were performed using Geographic Information
System (ESRI ArcGIS®) mapping software. To examine the spatial
relationship between echinoderm abundance and independent
variables, a grid composed of cells each representing 5 km? was
overlaid on the Georges Bank region. The rationale behind this grid
resolution was to avoid having many cells with null values. To achieve
that, we used a similar spatial scale to the one used in the SMAST
video survey (grid with 5.5 km between stations). Furthermore, this
meter-to-kilometer scale is consistent with the observed in several
echinoderm bed formations (Broom, 1975; Merrill & Hobson, 1970;
Warner, 1971). Creating and working with a grid was also neces-
sary because the location of sampling stations varied among data
sets. The product of this spatial analysis was a matrix with sites
(cells) related to a specific value of each dependent and indepen-
dent variable. Thus, mean depth (Figure 2A), mean sediment stabil-
ity, most common sediment type (Figure 2B,C), mean temperature
(Figure 2D), mean CPUE for groundfish species (Figure 3A,B,C), and

mean density for scallops (Figure 3D) were allocated to each spatial
cell. Additionally, each cell was identified with a binary code, where
0 = closed area and 1 = open area to fishing (management area).

With this matrix, CCA (Ter Braak, 1986) was used to simultane-
ously explore all the environmental factors and species to determine
the independent variables that correspond as closely as possible to
the major patterns of echinoderm abundance. This multivariate di-
rect gradient analysis technique performs well in cases with skewed
species distributions, with quantitative noise in species abundance
data, with samples taken from unusual sampling designs, with highly
intercorrelated environmental variables, and with situations in which
only some of the factors determining species composition are known
(Palmer, 1993).

This analysis determines a score for each echinoderm taxon
that is constrained to a linear combination of the explanatory fac-
tors in the analysis (Methratta & Link, 2006). Those scores are dis-
played in an ordination diagram (biplot) that shows the echinoderm
taxa (centers of abundance) and vectors representing the indepen-
dent variables. The length and the angle of vectors on the biplot
indicate the importance (e.g., magnitude of correlation) of inde-
pendent variables in the ordination (Palmer, 1993). The longer and
more parallel a vector is to a CCA axis, the stronger the relationship
between the variable and the axis. Implicit correlations also ex-
tend equally in opposite directions from the vectors (Rakocinski,
Lyczkowski-Shultz, & Richardson, 1996). The relative position of
the echinoderm taxa along the vectors reflects how they are as-
sociated with each factor relative to the other echinoderm taxa in
the ordination (Methratta & Link, 2006). Echinoderms found at the
center of the ordination diagram are generally ubiquitous, while
echinoderms found at the edges of the biplot are associated with
more specific environmental or biological conditions (Ter Braak &
Prentice, 1988). By analyzing the signs and the relative magnitudes
of the intraset correlations (i.e., correlation coefficients) it is also
possible to determine the importance of variables for each of the
axes in the biplot. Coefficients >|0.4| were regarded conserva-
tively as biologically significant for the CCA axes (Hair, Anderson,
Tatham, & Grablowsky, 1984).

We added a positive small value (0.0001) to all the biotic vari-
ables to avoid a null marginal sum in a row or column of the input ma-
trix. Any missing values were removed from the final matrix before
running the CCA (final n = 550 cells). Variations in density for each
individual echinoderm taxon within different environmental cate-
gories were also tested using a Kruskal-Wallis analysis of variance
(Sokal & Rohlf, 1981), with « = 0.05, and post hoc comparisons using
the Dunn's post hoc test. All statistical tests were performed using
XLSTAT version 2014.3.02 software (Addinsoft 1995-2014).

3 | RESULTS

3.1 | Quantification of echinoderms

Distribution and abundance of echinoderms varied significantly
among taxa. While brittle star and sea urchin densities were similar
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FIGURE 2 Independent environmental variables displayed on a grid of 5-km? cells. Each cell represents the average value of all the data
points found inside. A. Depth (2005-2012). B. Sediment stability (1999-2010). C. Sediment type (1999-2009). D. Temperature (2005-2012).
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statistical analyses

in closed and open areas, some of the highest densities of sand dol-
lars and sea stars were observed inside closed areas. Brittle stars
were observed in 54 stations on Georges Bank from 2005 to 2012,
and 4,265 individuals were counted. Brittle stars generally occurred
in high densities (>10 individuals per quadrat), and in some cases
they completely covered the sea floor (Figure 4). Other megafauna
in these brittle star beds were rare. The distribution of brittle stars
was mainly confined to the northern edge, between CAIl and the
outside western edge of CAIl (Figure 5). Yearly variations in brit-
tle star densities were not significant (H = 9.81, df = 7, p = 0.200;
Table 1).

Brittle stars were observed in 2.9% and 0.8% of all stations sam-
pled in CAl and open areas, respectively. Within the stations with
at least one brittle star observed in CAl, densities ranged between
4.1 and 34.1 individuals per m? (SE = 0.52 and 4.21, respectively;
Table 1), with an annual average of ~19 individuals per m2. In open
areas, densities ranged from 0.4 to 93.0 individuals per m? (SE = 0.02
and 4.98, respectively; Table 1), with an annual average of ~41 indi-
viduals per m2. Densities in brittle star habitats were similar between
closed and open areas (H = 2.82, df = 1, p = 0.090). No brittle stars
were observed in access areas. Abundance reflected similar patterns
of density, with values ranging from 3.8 x 108 to 4.2 x 107 individuals

in CAIl and from 1.3 x 107 to 1.3 x 10 individuals in open areas
(Table 1).

In a subsample of 754 stations from 2005 to 2012, 56,683 sand
dollars were counted. When aggregated, they formed beds of hun-
dreds of individuals (Figure 4), and as with brittle stars, the presence
of other megabenthic organisms within these beds was rare. Sand
dollars were found mainly inside and outside the southwestern cor-
ner of CAIll, the southern area of CAl, in the central-eastern portion
of NLSA, and outside the northeastern portion of CAl (Figure 5).
Annual density estimates did not differ significantly between years
(H = 7.56, df = 7, p = 0.373) although temporal variability was ob-
served (Table 1).

The subsample of stations containing sand dollars represented
29.0%, 18.1%, 25.8%, and 9.2% of the total stations sampled in
CAl, CAIl, NLSA, and open areas, respectively. Within stations
with at least one sand dollar observed in CAl, density ranged be-
tween 11.9 and 125.5 individuals per m? (SE = 3.93 and 51.81,
respectively; Table 1), with an average annual value of ~32 indi-
viduals per m2. An unusually high density (125.5 individuals per
m?) was observed in 2008 in the non-fishing portion of this area.
In CAll, densities ranged between 8.6 and 33.4 individuals per m?
(SE = 2.60 and 16.16, respectively; Table 1), with an annual average
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FIGURE 3

Independent biological variables displayed on a grid of 5-km? cells. Each cell represents the average abundance from 2005-

2012 of American plaice (A), haddock (B), ocean pout (C), and scallops (D). Blank cells represent no data. For all statistical analyses, the yearly

average was used

of ~19 individuals per m?. Densities in NLSA ranged between 18.0
and 62.8 individuals per m? (SE = 6.00 and 18.49, respectively;
Table 1), with an annual average value of ~44 individuals per m2.
In open areas sand dollar densities ranged between 24.5 and 92.6
individuals per m? (SE = 6.55 and 19.08, respectively; Table 1), with
an annual average density of ~52 individuals per m?. Differences in
density by area in these sand dollar habitats were statistically sig-
nificant (H = 47.79, df = 3, p < 0.001), with highest densities found
in both NLSA and open areas and lowest densities in CAll (Dunn's
post hoc test). Abundance followed similar patterns to density; the
lowest value observed in CAll in 2008 was 6.4 x 10° sand dol-
lars, and the highest value in open areas in 2012 was 7.1 x 10%°
sand dollars (Table 1). In NLSA and CAIll, densities were higher in
the non-fishing portion of the area compared with the access area
(H=4.61,df =1,p =0.032; H = 13.76, df = 1, p < 0.001, respec-
tively). For CAl, the differences in density between the non-fishing
portion and the access area were not significant (H = 1.00, df = 1,
p = 0.320).

We analyzed 2,866 stations containing sea stars between 2005
and 2012. We counted a total of 20,104 individuals. Although sea
stars (Figure 4) had a widespread distribution throughout the entire
study area (Figure 5), highest densities were observed in the south-

ern edge of the bank, both in the non-fishing portion of NLSA and in

the adjacent open areas (Figure 5). Density estimates revealed high
and significant interannual variability (H = 222.30, df = 7, p < 0.001).
Highest average density over the entire time series was observed
in 2009. Conversely, in 2012, density was significantly lower than
that observed in the 2005-2009 time period (Dunn's post hoc test;
Table 1).

Sea stars were observed in 28.2%, 29.1%, 58.2%, and 44.7% of
all stations sampled in CAI, CAIl, NLSA, and open areas, respectively.
In stations with at least one sea star observed inside CAl, densities
ranged between 0.8 and 1.8 individuals per m? (SE = 0.13 and 0.28,
respectively; Table 1). For CAll, densities ranged between 0.6 and
1.8 individuals per m? (SE = 0.04 and 0.17, respectively; Table 1).
Both of these areas featured an annual average of ~1 individual
per m2. In NLSA, densities ranged between 4.5 and 9.6 individuals
per m? (SE = 0.85 and 0.95, respectively; Table 1), with an annual
average of ~8 individuals per m2. In open areas, the stations had
densities ranging from 1.3 to 5.1 individuals per m? (SE = 0.08 and
0.26, respectively; Table 1), with an annual average of ~2 individuals
per m?. Density differences by area in these sea star habitats were
highly significant (H = 476.02, df = 3, p < 0.001). CAl and CAll had
the lowest densities while NLSA had densities at least three times
higher than any other area. Open areas had lower densities com-
pared to NLSA but higher than in CAl and CAIl (Dunn's post hoc
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FIGURE 4 SMAST video survey images. Images collected with small camera providing a view area of 0.6 m?. A. Brittle stars. B. Sand

dollars. C. Sea stars. D. Sea urchins. Scale bar depicted in the last panel

test). Abundance followed similar patterns as to density with values
ranging from 1.9 x 108 (in CAl) to 4 x 10%° (in open areas). Higher
abundances in the open areas compared to NLSA, are due to greater
number of stations in open areas with presence of sea stars (Table 1).
There was significant difference between the non-fishing portion
and the access area of all closed areas. In NLSA (H = 95.96, df = 1,
p < 0.001) and CAI (H = 6.56, df = 1, p = 0.010) densities were higher
in non-fishing areas. Conversely, in CAll (H = 5.38, df = 1, p = 0.020),
higher densities were observed in the access areas.

We analyzed 98 stations with sea urchins present from 2005 to
2012; 208 sea urchins (Figure 4) were counted. They were distrib-
uted throughout all the areas of Georges Bank (Figure 5) but mainly
observed in the central portion of CAl, in the northern peak of CAll
and in the northwestern portion of the bank (Figure 5). We rarely
observed aggregations of >5 individuals per quadrat (Figure 4).
Density differences between years were significant (H = 14.69,
df =7, p = 0.040) and were mainly caused by high densities observed
in 2010 and 2012 and low densities in 2007 (Dunn's post hoc test;
Table 1).

Sea urchins were present in 2.4%, 2.1%, 1.0%, and 1.2% of the
total stations analyzed in CAl, CAIl, NLSA, and open area, respec-
tively. In CAIl stations with presence of urchins, density ranged
from 0.4 to 2.9 individuals per m? (SE = 0.06 and 0.34, respectively;
Table 1). In CAIll densities ranged between 0.4 and 1.4 individuals

per m? (SE = 0.03 and 0.14, respectively; Table 1). In NLSA densi-
ties ranged between 0.4 and 0.8 individuals per m? (SE = 0.04 and
0.08, respectively; Table 1). Finally, in open areas, densities ranged
between 0.6 and 1.4 individuals per m? (SE = 0.03 and 0.07, respec-
tively; Table 1). In all areas, an annual average density of ~ 1 indi-

2 was observed. Densities in urchin habitats were not

vidual per m
significantly different between closed and open areas (H = 6.29,
df = 3, p = 0.098). Additionally, densities were similar between non-
fishing and access portion of any closed area (For CAl, H = 0.07,
df=1,p=0.791; for CAll, H=1.93,df = 1, p = 0.164; no urchins were
observed in the non-fishing portion of NLSA). Abundance ranged

across all areas from 1.3 x 10 to 3.1 x 108 sea urchins (Table 1).

3.2 | Canonical correspondence analysis

The canonical relationship between matrices of independent and
dependent variables was highly significant (p < 0.0001, Monte
Carlo permutation test, pseudo F = 0.196, 1,000 permutations).
Eigenvalues provided three factors that represented 100% of the
constrained variance or inertia (Table 2). The first two canonical axes
accounted for 98.2% of the constrained variance explained by the
independent variables (Table 2). Depth (r = -0.53), American plaice
abundance (r = -0.54), and management area (r = -0.85) were the
variables with greatest contribution to the first axis (Table 3), while
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FIGURE 5 Distribution and density (number of individuals per m2) of echinoderms from 2005 to 2012, relative to location of MPAs.

A. Brittle stars. B. Sand dollars. C. Sea stars. D. Sea urchins

sediment stability (r = -0.60), temperature (r = 0.65), and ocean pout
abundance (r = 0.79) were the variables with greatest contribution to
the second axis (Table 3).

Most brittle stars were found in depths ranging 90-130 m
(H =145.32,df = 2, p < 0.001) and in cold (<10°C) waters (H = 44.71,
df = 3, p < 0.001). Highest densities were found in stable sand or
granule sediments (sediment, H = 13.74, df = 3, p < 0.001; sediment
stability, H = 20.27, df = 5, p < 0.001). The CCA biplot (Figure 6) in-
dicates that brittle stars were primarily associated with increasing
depth and American plaice abundance. They were also the only echi-
noderm associated with open areas, as represented by the manage-
ment area vector (Figure 6).

Most sand dollars were observed between 30 and 70 m
(H=223.48,df =4, p < 0.001) and in unstable sandy and granule sed-
iments (sediment, H = 160.20., df = 3, p < 0.001; sediment stability,
H =352.64,df = 5, p < 0.001). Highest sand dollar densities occurred
in temperatures >10°C, with lower densities occurring in the lowest
temperatures (~5°C) (H = 46.96, df = 3, p < 0.001). The CCA biplot
depicts that sand dollars were associated with unstable sediments,
management area (closed areas), and were negatively (but weakly)
correlated with ocean pout abundance and positively (and strongly)
correlated with haddock abundance (Figure 6).

Sea stars occurred in all depth ranges, but highest densities oc-
curred between 70 and 100 m (H = 717.17, df = 4, p < 0.001) and in

sandy substrates (H = 82.31, df = 3, p < 0.001). Most sea stars were
found in stable sediments (H = 1162.28, df = 5, p < 0.001). Highest
sea star densities occurred between 7 and 13°C (H = 427.28, df = 3,
p < 0.001) with lower densities occurring in temperatures >13°C
(H = 101.92, df = 3, p < 0.001). According to the CCA biplot, sea
stars were associated with areas of high stability, and they were pos-
itively correlated with temperature and abundance of ocean pout
(Figure 6).

Higher urchin densities were observed in coarser sediments
(boulder and cobble) (H = 69.33, df = 3, p < 0.001). These organ-
isms occurred mainly in depths ranging 40-100 m (H = 12.71,
df = 4, p < 0.001). Their density decreased with sediment instability
(H=50.87,df =5, p <0.001) and increased with water temperatures
>10°C (H = 10.45, df = 3, p < 0.001). According to the CCA biplot,
sea urchin density was mainly associated with coarser and stable
sediments, management area (closed areas), and was positively cor-
related with temperature and abundance of ocean pout (Figure 6).

4 | DISCUSSION

On Georges Bank, echinoderms contribute significantly to spe-
cies diversity and abundance of the benthic fauna (Steimle, 1987,
Stokesbury et al., 2004; Theroux & Wigley, 1998) and play a



ROSELLON-DRUKER anp STOKESBURY

' 9 of
(T Giolosy ¢ IAIREVRRE

TABLE 1 Brittle star, sand dollar, sea star, and sea urchin density (individuals per m?) and abundance in closed and open areas of Georges
Bank from 2005 to 2012. Values are given for all sampled stations and for those stations with at least one echinoderm observed

(echinoderm habitat). Abundance (number of individuals) is also provided

Year

Brittle stars
Closed area |
2005
2006
2007
2008
2009
2010
2011
2012
Open areas
2005
2006
2007
2008
2009
2010
2011
2012
Sand dollars
Closed area |
2005
2006
2007
2008
2009
2010
2011
2012
Closed area Il
2005
2006
2007
2008
2009
2010
2011
2012

Nantucket lightship closed area

2005
2006
2007
2008

All stations Echinoderm habitat
No. stations Density SE CV (%) No. stations Density SE CV (%)
86 0.32 0.32 98.48 13.87 2.07 14.93
96 1.42 0.87 61.19 34.15 4.21 12.32
99 0.12 0.09 74.86 4.06 0.52 12.92
29 = = = = = = =
95 0.91 0.64 70.48 3 28.72 3.56 12.39
99 = = = = = = =
97 0.42 0.39 93.82 5 8.15 1.73 21.18
46 1.09 1.05 96.62 2 25.01 498 19.92
532 0.64 0.26 40.8 9 37.55 1.98 5.28
548 0.78 0.46 59.17 9 47.59 3.6 7.56
507 0.3 0.16 54.32 5 30.69 1.65 5.38
525 0 0 100 1 0.42 0.02 4.36
422 = = = = = = =
531 0.01 0.01 59.51 4 1.16 0.06 5.15
518 0.54 0.38 70.5 & 93.04 498 5.35
507 0.47 0.28 59.13 3 79.02 3.58 4.54
89 273 1.71 62.52 17 14.32 8.59 60.01
94 5.99 3.72 62.14 24 23.47 14.21 60.52
87 SES 1.21 36.83 24 11.95 3.93 32.93
31 56.68 25.6 45.16 14 125.51 51.81 41.28
69 11.98 5.88 49.12 24 34.44 16.14 46.88
99 9.08 3.7 40.76 24 37.44 13.94 37.23
75 14.97 7.36 49.15 24 46.79 21.9 46.81
42 10.61 6.33 59.67 19 23.45 13.6 58.01
152 2.68 1.53 57.14 24 16.95 9.31 54.94
150 &L 1.6 51 22 21.35 10.24 47.96
167 5 2.55 50.99 25 33.43 16.16 48.35
161 1.28 0.45 35.21 24 8.59 2.6 30.25
86 2.89 1.24 42.99 24 10.37 4.14 39.9
137 1.77 0.74 41.79 24 10.12 3.85 38.08
97 7.55 2.53 33.46 25 29.31 4.8 16.39
115 4.79 2.54 52.94 25 22.04 11.17 50.67
102 15.22 5.93 38.98 25 62.11 21.98 354
100 11.4 3.74 32.77 25 45.59 12.86 28.2
100 15.71 5.31 33.81 25 62.82 18.49 29.43
68 11.85 2.96 24.94 20 40.29 6.66 16.54

Abundance

8.6 x 10°
4.2 x 107
3.8x 10°

2.7 x 107
1.3 x 10°
1.5 x 107

1.0 x 101°
1.3x 10%°
4.7 x 10°
1.3x 107
1.4 x 108
8.6 x 10°
7.3 x10°

7.5 x 10°

1.7 x 101°
8.9 x 10’

5.4 x 10%°
2.6 x 101°
2.8 x 10%°
3.5 x 10'°
1.4 x 10%°

1.3 x 10%°
1.4 x 10%°
2.6 x 10%°
6.4 % 10°
7.7 x 10°
7.5 % 107
2.3 x10%°
1.7 x 101°

4.8 x 10%°
3.5 x 10%°
4.8 x 10%°
2.5 x10%°

(Continues)
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TABLE 1 (Continued)

All stations Echinoderm habitat
Year No. stations Density SE CV (%) No. stations Density SE CV (%) Abundance
2009 132 5.89 2.48 42.03 24 32.41 12.44 38.39 2.4 x10%°
2010 103 8.78 3.11 35.43 25 36.19 11.32 31.29 2.8 x 10%°
2011 81 5.54 2.05 36.95 25 17.96 6 33.41 1.4 x 10%°
2012 61 20.81 8.05 38.71 24 52.89 18.88 35.7 3.9 x 10%°
Open areas
2005 485 2.2 1.31 59.74 25 42.64 24.55 57.57 3.3x10%
2006 338 4.68 2.46 52.41 25 63.34 31.46 49.67 4.9 x 10%°
2007 227 3.84 1.57 40.83 24 36.36 13.32 36.65 2.7 x 10%°
2008 166 5.31 1.7 32 25 35.27 9.37 26.58 2.7 x 10°
2009 183 7.38 271 36.71 24 56.24 17.97 31.94 4.2 x10%
2010 221 2.77 0.9 32.32 25 24.52 6.55 26.71 1.9 x 10°
2011 258 6.22 2.31 37.2 25 64.21 20.9 32.55 5.0 x 10%°
2012 258 8.97 2.49 27.78 25 92.61 19.08 20.61 7.1 x 10%°
Sea stars
Closed Area |
2005 86 0.18 0.05 28.62 18 0.84 0.1 12.33 4.7 x 108
2006 93 0.22 0.05 24.72 24 0.86 0.1 11.7 6.4 % 10°
2007 92 0.26 0.07 26.71 21 1.16 0.14 11.98 7.5 x 108
2008 29 0.29 0.14 47.79 8 1.05 0.25 23.64 2.6 x 108
2009 91 0.6 0.17 28.08 31 1.76 0.28 15.61 1.7 x 107
2010 88 0.49 0.11 22.61 29 1.48 0.18 11.96 1.3 x 107
2011 96 0.34 0.06 18.88 35 0.92 0.1 10.28 1.0 x 107
2012 41 0.15 0.06 40.22 8 0.79 0.13 16.63 1.9 x 108
Closed area Il
2005 171 0.21 0.03 15.51 50 0.71 0.05 7.63 1.1 x 10°
2006 178 0.21 0.03 15.53 49 0.78 0.06 7.42 1.2 x 10°
2007 199 0.47 0.05 10.59 88 1.06 0.06 6.1 2.9 x 10°
2008 195 0.3 0.04 12.31 67 0.86 0.05 6.36 1.8 x 107
2009 144 0.86 0.12 14.55 67 1.84 0.17 9.01 3.8 x 10’
2010 193 0.21 0.03 14.84 54 0.76 0.05 715 1.3 x 107
2011 200 0.09 0.02 18.83 31 0.6 0.04 6.96 5.7 x 108
2012 195 0.07 0.02 22.47 24 0.6 0.04 7.52 4.4x 108
Nantucket lightship closed area
2005 110 4.04 0.57 14.23 67 6.63 0.67 10.07 1.4 x 10%°
2006 108 5.35 0.83 15.49 64 9.03 0.99 10.93 1.8 x 101°
2007 115 6.01 0.87 14.56 74 9.34 1.01 10.78 2.1 x10%
2008 65 4.44 0.77 17.35 37 7.8 0.9 11.53 8.9 x 107
2009 110 6.04 0.83 13.78 69 9.63 0.95 9.88 2.1 x10%°
2010 101 3.16 0.55 17.36 54 591 0.69 11.67 9.8 x 107
2011 106 3.64 0.58 15.98 55 7.02 0.73 10.42 1.2 x 10
2012 70 2.39 0.65 27.16 37 4.52 0.85 18.81 5.2 x 107
Open areas
2005 532 0.81 0.09 10.71 219 1.97 0.13 6.53 1.3 x 101°
2006 533 0.88 0.08 9.24 247 1.9 0.11 591 1.5 x 101°

(Continues)
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TABLE 1 (Continued)

All stations Echinoderm habitat
Year No. stations Density SE CV (%) No. stations Density SE CV (%) Abundance
2007 495 1.28 0.12 9.66 245 2.58 0.17 6.41 2.0 x 10%°
2008 500 1.03 0.1 9.48 231 2.23 0.13 6.04 1.6 x 101°
2009 422 3.06 0.22 7.32 255 5.06 0.26 5.16 4.0x 10
2010 527 0.72 0.08 10.61 206 1.85 0.12 6.29 1.2 x 10%°
2011 518 0.58 0.06 10.29 196 1.53 0.09 5.96 9.2 x 10°
2012 506 0.52 0.05 9.82 206 1.28 0.08 5.87 8.2 x 10°
Sea urchins
Closed area |
2005 72 0.04 0.04 100 1 2.94 0.34 11.7 9.1 x 107
2006 94 0.02 0.01 60.69 3 0.56 0.06 10.69 5.2 x 10’
2007 99 — — — - - — - —
2008 34 0.05 0.05 99.96 1 1.68 0.28 16.9 5.2 x 10’
2009 93 0.03 0.02 74.21 2 1.26 0.42 233 7.8 x 107
2010 99 0.1 0.05 49.31 6 1.47 0.19 12.59 2.7 x 108
2011 97 — — — - - — - —
2012 46 0.02 0.01 69.92 2 0.42 0.06 14.26 2.6 x 107
Closed area Il
2005 141 0.02 0.01 62.01 3 0.84 0.08 8.96 7.8 x 107
2006 178 0.01 0.01 74.37 2 0.63 0.05 7.84 3.9 x 107
2007 199 0.01 0 57.44 3 0.42 0.03 7 3.9 x 107
2008 195 0.02 0.01 65.24 3 0.98 0.08 8.04 9.1 x 10’
2009 144 - - - — - - - -
2010 193 0.03 0.02 71.57 4 1.37 0.14 10.28 1.7 x 108
2011 200 0.04 0.01 40.67 8 0.89 0.07 8.01 2.2 x108
2012 200 0.05 0.02 40.14 7 1.32 0.1 7.39 2.9 x 108
Nantucket lightship closed area
2005 110 0.01 0.01 100 1 0.84 0.08 9.49 2.6 x 107
2006 108 0.02 0.01 57.19 4 0.63 0.07 10.85 7.8 x 107
2007 115 — — — - - — - —
2008 65 - - - — — - — -
2009 110 0.01 0.01 74.26 2 0.63 0.06 9.93 3.9 x 107
2010 101 0 0 100 1 0.42 0.04 9.9 1.3 x 107
2011 106 — — — - - — - —
2012 70 - - - — — - — -
Open areas
2005 367 0.03 0.01 50.49 9 1.12 0.09 7.87 3.1x 108
2006 533 0.01 0 34.76 10 0.59 0.03 4.72 1.8 x 10°
2007 495 0.01 0 42.23 7 0.6 0.03 4.99 1.3x 108
2008 500 0.01 0 49.85 5 0.67 0.03 497 1.0 x 108
2009 422 0.01 0 48.81 6 0.7 0.04 5.79 1.3x 108
2010 527 0.01 0 50.48 5 0.92 0.05 4.9 1.4 x 108
2011 518 0 0 74.48 2 0.63 0.03 4.62 3.9 x 10’
2012 506 0.01 0.01 55.88 4 1.37 0.07 4.95 1.7 x 108

Dashes represent years with no observations.
Abbreviations: CV, coefficient of variation; SE, standard error.
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TABLE 2 Canonical eigenvalues and constrained inertia

F1 F2 F3
Eigenvalue 0.60 0.32 0.02
Constrained inertia (%) 64.35 33.82 1.83
Cumulative (%) 64.35 98.17 100

Variance explained by the three factors. The first two factors combined
carry a total of 98.2% of the total inertia.

TABLE 3 Correlation coefficients between the first (F1) or
second (F2) factors in the canonical correspondence analysis and
individual independent variables including species abundance,
environmental variables, and management area

F1 F2
American plaice -0.54 -0.17
Haddock 0.28 -0.28
Ocean pout 0.06 0.79
Scallops -0.38 0.00
Depth -0.53 0.01
Temperature 0.31 0.65
Stability 0.29 -0.60
Sediment 0.10 0.00
Management area -0.85 0.06

Variables for which |r| > 0.40 were considered to be biologically
meaningful for the CCA axes.

significant role in the transfer of energy from the benthos to upper
trophic levels (Steimle & Terranova, 1985; Zamarro, 1992). The most
comprehensive research to date regarding the main echinoderm
taxa on Georges Bank relies on a series of surveys from offshore
New England waters conducted from the mid-1950s to the mid-
1960s by the National Marine Fisheries Service in cooperation with
the Woods Hole Oceanographic Institution. Two technical reports
(Theroux & Wigley, 1998; Wigley & Theroux, 1981) and one book
chapter (Steimle, 1987) quantitatively and qualitatively described
abundance and distribution of major macrobenthic invertebrates,
including echinoderms, on the Atlantic continental shelf. Spatial res-
olution of these studies was on the scale of tens to hundreds of kilo-
meters. More recent studies have generally investigated echinoderm
abundance and distribution as part of benthic assemblages (i.e., phy-
lum taxonomic resolution) or are focused on specific areas of the
bank (e.g., Collie, Escanero, & Valentine, 1997; Hermsen, Collie, &
Valentine, 2003; Link, 2004; Link et al., 2005; Marino, Juanes, &
Stokesbury, 2007; Marino et al., 2009; Packer, Watling, & Langton,
1994; Thouzeau, Robert, & Ugarte, 1991).

We spatially described and quantified echinoderm populations
on Georges Bank at a spatial resolution of square kilometers (im-
proving available spatial resolution by at least an order of mag-
nitude). Abundance and distribution varied significantly among
the four echinoderm groups and between management areas.
Brittle stars were mainly restricted to the northern edge of the
bank, between CAIl and CAIl. Sand dollars dominated the central

Ocean pout

Temperature

21 . stars
%f Management
& area 5
e . Dep - Urchins
& 0 ! Scallops Sediment d
« Brittle stars Sand dollars
51 American plaice
Haddock
2
3 Stability
5 -4 -3 2 1 0 b 2 3 4 5

F1(64.35 %)

FIGURE 6 Canonical correspondence analysis. Statistical
modeling examining relationship of echinoderms and environmental
and biological factors. These results are depicted in an ordination
diagram with the axes (F1, F2) that, when combined, explained
98.2% of the constrained variance. Vectors (red lines) represent
explanatory factors. Echinoderms are represented with black
squares

areas of the bank as well as the central portion of NLSA. Sea stars
dominated the southern edge of the bank and were highly ag-
gregated in the southern non-fishing portion of NLSA and in the
adjacent southern open areas. Sea urchins were found in all sam-
pled areas of the bank with the exception of the southern edge.
The lack of overlap in the density hotspots of these echinoderm
groups suggest that echinoderm populations in Georges Bank are
habitat-specific.

Echinoderms are ubiquitous, persistent, dominant, and resilient
organisms but have distinct patterns of habitat preference (Cusson
& Bourget, 2005; Ellis & Rogers, 2000; Freeman & Rogers, 2003;
Thouzeau et al., 1991). All of these were characteristics observed in
this study. The preferred environmental conditions (driven primarily
by depth, sediment stability, and temperature), along with preda-
tor abundance, were the most important factors in explaining the
patterns of echinoderm assemblage on Georges Bank. These envi-
ronmental descriptors of echinoderm habitat generally agreed with
related literature. For example, an examination of global patterns of
marine benthic macroinvertebrate production determined that tem-
perature was the most important variable explaining the variance of
echinoderm populations (Cusson & Bourget, 2005). Kostylev et al.
(2001) found a strong association of echinoderm taxa with depth
and specific hydrodynamic conditions of Browns Bank on the south-
western Scotian Shelf, off the Canadian Atlantic coast. The influence
of management area in our study was also significant. Thus, higher
abundances of echinoderms in closed areas than in adjacent open
areas that share similar biological and environmental conditions may
be indicative of an indirect, positive effect of reduced fishing over

these populations.
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Depth was the most important explanatory environmental factor
for the abundance of brittle stars. Although ophiuroids are presentin
depths ranging from the intertidal zone down to 8,000 m (Summers
& Nybakken, 2000), some species have depth-specific preferences
(Gage & Tyler, 1991; Garcia, Yeh, & Ohta, 2002; Piepenburg, Voss, &
Gutt, 1997). On Georges Bank, brittle star abundance increased with
depth. Deeper waters, with characteristics that include abundant
food supply (e.g., suspended matter), may provide a more constant
hydrodynamic environment for these organisms. Common brittle
stars of Georges Bank, such as Ophiura sarsi LoTken 1855 (Steimle,
1987), are suspension and deposit feeders, which may benefit from
increased flux of fine particulate matter into the sediment. Other fa-
vorable characteristics for brittle stars of these deep waters include
stable sediments, low temperatures, and reduction in competition
and predation pressure (Aronson, 1992; Haedrich, Rowe, & Polloni,
1980; Harris et al., 2012; Howell, Billett, & Tyler, 2002).

Sediment stability and temperature were strongly related with
the distribution of sea stars and sea urchins. Stable sediments re-
duce the potential of suffocation and burial of these organisms
in comparison with highly unstable sediments (Aronson, 1992;
Hinchey, Schaffner, Hoar, Vogt, & Batte, 2006). Strong currents and
high shear stress also compromise the directional swimming ability
of sea urchin larvae (Sameoto, Ross, & Metaxas, 2010). Conversely,
sand dollars were the only echinoderm associated with relatively un-
stable sediments (sediment index >1), but their density decreased
in the most unstable regimes (sediment index >3). Feeding of these
flat sand dollars is actually enhanced under unstable conditions,
because more food in the form of suspended particles is readily
available (O'Neill, 1978). However, at higher water velocities asso-
ciated with a storm surge event, sand dollars bury themselves for
protection (O'Neill, 1978), and these storm events may negatively
influence their survival. Stable sediments and temperatures ranging
7-13°C appeared to be related to the narrow center of distribution
of sea stars in the southern areas of the bank. Sea star distribu-
tion on the North Atlantic coast may be controlled by temperature
(Khanna & Yadav, 2005). Furthermore, mortality of Asterias vulgaris
VERRILL 1866, one of the most representative species of this ecosys-
tem (Bigelow & Schroeder, 2002; Link & Almeida, 2000; Theroux
& Wigley, 1998), is associated with temperatures >25°C (Khanna &
Yadav, 2005). For sea urchins, temperatures >15°C have a consid-
erable detrimental effect on the development of larvae (Stephens,
1972) and increased mortality of adults (Scheibling & Stephenson,
1984).

Predator abundance was as strongly correlated with echinoderm
abundance as the environmental factors. High densities of American
plaice and brittle stars were observed in the same northern areas
of the bank. Brittle stars are a preferred prey of American plaice in
this ecosystem (Link & Almeida, 2000; Packer et al., 1994). Similarly,
haddock prey on sand dollars (Link & Almeida, 2000), and their den-
sities were also positively correlated. We were expecting to observe
a stronger correlation between ocean pout and sand dollars, be-
cause they are a preferred prey (Buzulutskaya, 1983; Link & Almeida,
2000). The weakly negative correlation may have resulted from a

stronger association between ocean pout and urchins because both
share similar substrates (e.g., cobble, boulder). Ocean pout distribu-
tion may be related to coarse sediments because their fertilized eggs
are laid in rocky crevices (Steimle, Morse, Berrien, Johnson, & Zetlin,
1999).

Sea scallops and sea star distribution were weakly associated,
although previous studies indicate that sea star distribution can
be influenced by the location of their prey (Marino et al., 2009).
Predator and prey densities are influenced by the spatial scale
used in the analysis (Rose & Leggett, 1990). Stronger species-spe-
cific relationships may only be determined at local scales, rather
than at the regional scales used in our analysis. Georges Bank is
considered a predator-controlled ecosystem (Worm & Myers,
2003) and our results support this hypothesis, because the influ-
ence of predators in echinoderm populations was stronger than
that of prey availability. Therefore, a stronger association between
sea stars and scallops may only be discernible by analyzing these
populations separately.

Several studies indicate that the establishment of MPAs leads to
significant differences in invertebrate populations after a period of
time, with a general consensus that abundance, biomass, and diver-
sity are modified as a result of diminishing the impacts of fishing dis-
turbance (Ashworth, Ormond, & Sturrock, 2004; Collie et al., 1997,
Hermsen et al., 2003; Marino et al., 2007; Stokesbury, 2002). The
types of fishing disturbance include direct removal of invertebrates
by fishing gear, body breakage, enhanced predation and migration
rates, along with modification of sediments via re-suspension of
finer particles or dispersion of coarser sediments (Asch & Collie,
2008; Prena et al., 1999; Stokesbury & Harris, 2006).

Initially, brittle stars were expected to be more abundant in
undisturbed areas than in open areas, because there would likely
be less removal, burial, or body breakage caused by bottom fish-
ing gear (Collie et al., 1997; Hansson, Lindegarth, Valentinsson, &
Ulmestrand, 2000; Prena et al., 1999). The high abundance of brit-
tle stars in open areas seen in the present study may have several
explanations, including a possible reduction in predation pressure,
and the capacity of brittle stars (with the capability to regenerate
lost arms and portions of the central disk; Hendler, Miller, Pawson,
& Kier, 1995; Kaiser & Spencer, 1995) to survive damage induced by
bottom trawls. Furthermore, trawling may increase food availability
in the form of damaged organisms and disturbed sediment particles,
and thus may be beneficial to brittle stars (Ramsay, Kaiser, & Hughes,
1998; Tuck, Hall, Robertson, Armstrong, & Basford, 1998).

Estimates of brittle star density were limited by the distribution
of survey stations, which provided few records within brittle star
habitat. The SMAST video survey was designed primarily to exam-
ine the distribution and abundance of scallops, thus habitats outside
their distribution range were not sampled. These include stations
with depths >160 m. Brittle stars may be found in waters well below
the 100 m isobath. Therefore, brittle star habitat is underrepre-
sented in the present study and unambiguous evidence about the
lack of impact of MPAs on these populations cannot be adequately
evaluated.
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Sand dollars have high survival rates when they are discarded from
bottom trawls, and may have the ability to recover fast from potential
damage inflicted on the test during trawling. Sand dollars also re-ag-
gregate rapidly after a disruption of their beds (Murawski & Serchuk,
1989). Therefore, the presence and high-density aggregation of sand
dollars in different areas of Georges Bank, regardless of the presence
of fishing pressure, was expected. However, some studies have also
found significantly lower biomasses in trawled areas compared to un-
disturbed sites (Murawski & Serchuk, 1989; Prena et al., 1999). The
unusual high density observed inside the closed portion of CAl is likely
the result of a high recruitment and survivorship of sand dollars prior
to 2008. High survivorship may be partly related to low fishing dis-
turbance in this area, while retention of larvae in this area is primarily
determined by current and wind patterns (Tian et al., 2009). Higher
density of sand dollars observed in the non-fishing portion of NLSA
compared to the partial access area, also suggests a positive effect of
the closure itself. Higher densities inside closed areas, in combination
with preferred habitat conditions, may indicate a positive effect of the
closure via enhanced reproduction (improving the external fertilization
rate in undisturbed beds) and higher recruitment (Highsmith, 1982;
Merrill & Hobson, 1970).

A caveat of the sand dollar population estimates in open areas is
that the center of the bank was not sampled. Based on their distribu-
tion, it is likely that densities in this area are high and therefore sand
dollar abundance is underestimated in open areas. Nevertheless,
the SMAST video survey covers an important part of the distribu-
tion range of these individuals because sea scallops (the target spe-
cies of study in this survey) and sand dollars share similar habitats
(Stokesbury & Harris, 2006).

Highest densities of sea stars were found inside NLSA. The en-
vironmental conditions (e.g., temperature and sediment stability)
found inside this closed area are similar to those observed in the
adjacent southern open areas, suggesting a direct positive impact
of this MPA on these populations. Reducing the impacts of fish-
ing disturbance may enhance recruitment of sea stars in this area.
This hypothesis is supported by the presence of smaller individu-
als inside closed areas compared to open areas (Marino et al., 2007;
Rosellon-Druker, 2017). As with sand dollars, sea stars were also
persistent and abundant in open areas, indicating natural resilience.
Furthermore, fishing activities in open areas may provide food for
scavenging sea stars in the form of other damaged animals that are
left in the track of a trawl or dredge (Ramsay et al., 1998).

The similarity in density of sea urchins among management areas
was expected, since these organisms were strongly associated with
hard bottoms (Meidel & Scheibling, 1998), which are found both in
closed and open areas (Harris & Stokesbury, 2010) and are generally
avoided by fishing gears (Collie et al., 1997). Sea urchin population
estimations in this study are uncertain because of the small sample
size. Sea urchins were the most difficult echinoderm to identify in
the video survey, since they can be confounded with the substrate
(e.g., pebbles and small rocks).

In conclusion, we provided the first estimates of density and ab-
solute abundance of the main echinoderm taxa of Georges Bank at a

spatial resolution of kilometers, allowing the examination of these pop-
ulations in relation with different management regimes. This spatial and
temporal characterization of echinoderm populations on Georges Bank
has important ecological applications. Echinoderm beds, with hundreds
of individuals per square meter, may directly and indirectly affect other
species (Fujita & Ohta, 1989; Highsmith, 1982; Howell et al., 2002;
Merrill & Hobson, 1970). Indirect impacts of these echinoderm aggrega-
tions include physical alterations to the habitats where they are present,
such as the mechanical disruption of sediments by burrowing (Smith,
1981). Direct impacts of echinoderm aggregations include the inten-
sification of biological interactions with other species that might be of
economic importance. For example, the average annual density of sand
dollars at Georges Bank (35 individuals per m?) was 30-fold greater than
the density of scallops (0.14 individuals per m?) in the same time period
(2005-2012), while the average annual density of sea stars (six individ-
uals per m?) was sixfold greater than scallops. Sand dollars and scallops
share essential habitats (Stokesbury, 2002; Stokesbury et al., 2004), and
thus competitive exclusion for space may be occurring. Sea stars are
main predators of scallops (Marino et al., 2009), and therefore location
of hotspots of sea star density may help to delineate areas where con-
sumption is enhanced.

Finally, an important management application of this work is
the incorporation of these echinoderm population estimates into
stock assessment models. Echinoderms are not commonly included
in available models because of limited information about the distri-
bution and abundance of these organisms at appropriate temporal
and spatial scales (Schiickel, Ehrich, Kroncke, & Reiss, 2010). The im-
proved spatial resolution of echinoderm density provided here can
remove some of these constraints, and has important implications
for implementation of multispecies models and, as a result, ecosys-

tem-based fisheries management.
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