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INTRODUCTION

Effective fisheries management requires the abil-
ity to identify and to characterize the adverse im -
pacts of fishing on ecosystems and to mitigate those
impacts. Considerable research exists documenting
the vulnerability of deep-sea coral and sponge com-
munities to fishing gear (van Dolah et al. 1987,
Auster et al. 1996, NRC 2002, Heifetz et al. 2009).
There is also a growing body of evidence that deep-

sea coral and sponge ecosystems provide important
habitat to diverse marine invertebrate and fish spe-
cies (Krieger & Wing 2002, Roberts et al. 2006, Mar-
liave et al. 2009, Baillon et al. 2012, Henry et al.
2013, Beazley et al. 2013). Information that describes
the intersection of fishing activities and benthic
invertebrates is thus a critical component of effec-
tive fisheries management.

Many deep-sea sponge and coral species are long-
lived and slow to recover from disturbance because
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of their characteristic slow growth, limited reproduc-
tive output and limited dispersal (Leys & Lauzon
1998, Stone & Wing 2001, Andrews et al. 2002, Leys
et al. 2007). The structure provided by sponges and
corals also increases habitat complexity in otherwise
uniform substrates (Tissot et al. 2006). The resulting
seafloor complexity is thought to increase survival or
growth for marine fish and invertebrates by pro -
viding refuge for individuals, particularly juveniles,
vulnerable to predation (Ryer et al. 2004), providing
substrate for spawning activities (Busby et al. 2006)
or providing a source of food (van Oevelen et al.
2009). This is especially true for groundfishes such as
rockfishes Sebastes spp. that commonly occur in
coral and sponge habitats in Alaska (Heifetz 2002,
Rooper & Boldt 2005, Stone 2006).

In Alaska, deep-sea coral and sponge ecosystems
are widespread throughout all regions of the conti-
nental shelf and slope (Heifetz et al. 2005) at depths
to >2000 m (Wing & Barnard 2004, Stone et al. 2011),
but the distributions of coral and sponge are known
primarily from bycatch in commercial fishing activi-
ties and research trawls (Malecha et al. 2005). The
Alaska continental shelf and slope is large enough
(~909000 km2) that directed exploration to map the
entire distribution of coral and sponge communities,
such as a visual assessment with a remotely operated
vehicle or submersible, is not feasible; however,
mapping the distribution of sponge and coral eco -
systems is necessary for effective management.
Therefore, analysis of existing data for the construc-
tion of predictive models was undertaken as a practi-
cal alternative. A number of models of coral and
sponge distribution have been attempted throughout
the world’s oceans, including in Alaska. Basin-wide
models have often used presence data from bycatch
collections or museum specimens to describe distri-
butions (Bryan & Metaxas 2007, Tittensor et al. 2010,
Davies & Guinotte 2011, Yesson et al. 2012, Taylor et
al. 2013). These models are generally large-scale,
encompassing entire oceans, and since only pres-
ence data are included, basin-wide models predict
broader species distributions than would be pre-
dicted if absence data were available. Smaller-scale
models typically use data-rich underwater video
observations, but they are difficult to scale up to a
regional level (Woodby et al. 2009, Krigsman et al.
2012), especially without detailed bathymetry, as is
common in Alaska.

Here, we attempt a regional model for the Aleutian
Islands (~74315 km2) on a 100 m × 100 m grid size
that utilizes distribution data to predict where deep-
sea coral and sponge ecosystems may occur. Specifi-

cally, we constructed models of deep-sea coral and
sponge that predicted presence or absence, the
abundance of these taxa, and coral family diversity in
the Aleutian Islands. Models of presence or absence
and abundance (catch per unit of effort [CPUE]) were
parameterized using bottom trawl survey data from
1991 to 2011. The models were then tested with data
collected in the 2012 bottom trawl survey. The mod-
els were used to map predictions to determine where
areas of high abundance or probability of occurrence
can be found. The resulting models demonstrate
promise with respect to spatial management and
 mitigation of effects of fishing on these vulnerable
taxonomic groups.

MATERIALS AND METHODS

Study area

The Aleutian Islands are a series of islands that
stretch westward from the Alaska Peninsula across
the North Pacific Ocean, dividing the western Gulf of
Alaska from the Bering Sea (Fig. 1). The chain con-
sists of a series of geologically active volcanoes with
a relatively deep continental shelf (250 m). The con-
tinental slope is generally steep along both the north-
ern and southern sides of the island chain, and the
area west of 170° W is dominated by oceanic water
temperatures and salinities (Stabeno et al. 1999,
2002, Ladd et al. 2005). The Alaska Coastal Stream
and Alaska Coastal Current flow westward on the
southern side of the Aleutian Islands, while on the
Bering Sea side of the islands, the dominant current
flows eastward. There is extensive northward trans-
port through the many deep passes in the island
chain, and tidal currents can be large (Ladd et al.
2005). A faunal division in fish and invertebrate spe-
cies abundance and diversity has been noted for the
area around Samalga Pass (170°W) (Heifetz et al.
2005, Logerwell et al. 2005). West of Samalga Pass,
deep-sea sponge and coral diversity and abundance
are greater than other areas in Alaska and many
areas of the world, with 6 major taxonomic groups
(Orders) and at least 50 endemic species of corals
represented and 125 confirmed species or subspecies
of sponges (Stone & Shotwell 2007, Stone et al. 2011).

Modeled data

The data used for these modeling analyses were
collected during bottom-trawl surveys of the Aleu-
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tian Islands ecosystem and the westernmost portion
of the Gulf of Alaska ecosystem. The National Mar-
ine Fisheries Service (NMFS), Alaska Fisheries
 Science Center (AFSC), has conducted standard bot-
tom -trawl surveys in these ecosystems since 1980
(von Szalay et al. 2010, 2011). The Aleutian Islands
bottom-trawl survey is conducted from the Islands of
Four Mountains (170°W) to Stalemate Bank (170°E)
(Fig. 1) on both sides of the island chain and from
Unimak Pass (165°W) to the Islands of Four Moun-
tains on the north side of the Aleutian Island chain.
Surveys were conducted triennially between 1991
and 1999 and biennially thereafter (n = 9 surveys). In
this analysis, we also used bottom trawl survey tows
that occurred on the south side of the island chain in
the area west of Unimak Pass to the Islands of Four
Mountains that were part of the area sampled by the
Gulf of Alaska bottom trawl survey (n = 9 surveys).
The Gulf of Alaska bottom trawl survey was con-
ducted on alternate years from the Aleutian Islands
survey. Both surveys are conducted on a 5 km × 5 km
grid superimposed over the survey areas. In the
Aleutian Islands, each year, ~420 grid cells are ran-
domly chosen, and a bottom trawl haul is placed
within the 5 km × 5 km boundaries of the selected
grid cell. In the Aleutian Islands grid cells are chosen
primarily from a pool of previously trawled grid cells
(~1200 total) with a small selection (~4 to 10 per year)
chosen at random throughout the survey area. In the
Gulf of Alaska, grid cells are chosen at random for
sampling each year and include a random mix of
 previously sampled and unsampled grid cells. For the
present analysis, AFSC bottom-trawl data in the
Aleutian Islands region (Unimak Pass to Stalemate
Bank) from 1991 to 2011 were combined across
years. The 1991 bottom-trawl survey was the first for
which accurate temperature at depth data were
available for calculating water-column properties
used in the modeling. The 2012 Aleutian Islands bot-
tom-trawl data was used as a test data set for model
predictions.

The Aleutian Islands and Gulf of Alaska bottom
trawl surveys utilize a poly Nor’Eastern high-open-
ing bottom trawl with 24.2 m roller gear constructed
with 36 cm rubber bobbins separated by 10 cm
 rubber disks (Stauffer 2004). Trawl tows were con-
ducted at a target speed of 5.6 km h−1 (3 knots) for 15
or 30 min. Bottom contact and net dimensions were
recorded throughout each trawl using net mensura-
tion equipment. The net width averaged 15.8 m
across all bottom trawl hauls. For these analyses,
data were only used if trawl performance was satis -
factory and if the distance fished, geographic posi-
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tion, average depth and water temperature profile
were recorded. Tows were deemed satisfactory if the
net opening was within a predetermined normal
range, the roller gear maintained contact with the
seafloor, and the net suffered little or no damage dur-
ing the tow. Data from a total of 3506 bottom-trawl
tows were used. All coral and sponge captured dur-
ing a survey tow were sorted either by species or into
larger taxonomic groups, and the total weight in the
catch was determined. The CPUE (kg ha−1) for each
taxonomic group was calculated using the area
swept, which was computed from the net width for
each tow multiplied by the distance towed recorded
with GPS.

Some sponge and coral species are difficult to iden-
tify as some taxa have cryptic species and there is
confusion with distinguishing features between
closely related species as well as species that are cur-
rently undescribed. Sponges are especially difficult
to identify to species and often require microscopic
examination of spicules (Stone et al. 2011) to be cer-
tain at the species level, which is not possible during
AFSC bottom trawl surveys. In addition, sponge
identifications by scientists aboard the bottom trawl
surveys have been historically inconsistent, leading
to additional uncertainty. Because we were only
interested in sponges that provide structural habitat
for fishes and are most vulnerable to damage, we
divided the identified sponge in the catch records
into upright types (i.e. vases) and non-upright types
(i.e. ball sponges). We assumed upright-type sponges
were more likely to both be vulnerable to damage by
fishing gear (e.g. Freese 2001) and form fish habitat
(Tissot et al. 2006). Since identified sponges are usu-
ally accompanied by an additional amount of uniden-
tified sponge from each tow, we divided the catch
(kg) of upright sponge types by the total identified
sponge catch for each tow and assumed this was the
proportion of upright sponge in the unidentified
catch in that tow. In the 18 individual bottom trawl
surveys of the 2 regions, the average proportion of
sponges (by weight) that could be identified as either
upright or not-upright morphology was 0.46 (SE =
0.05). The other 54% of sponge material caught in
the bottom trawl hauls was unidentifiable, either
being intact sponges where the species or taxonomic
group was unknown or damaged or broken sponges
that were unidentifiable when retrieved from the
trawl. For bottom trawl tows where none of the
sponge catch was identified to species or morpho-
type, an overall survey average percentage of up -
right sponge (56%) was applied to the sponge catch.
This correction was made in 203 of 2730 bottom trawl

hauls where sponges were captured (7.4%) from
1991 to 2012.

Coral taxonomy in Alaska is better known, and the
identification of coral species captured in bottom
trawl surveys has been better than for sponge, espe-
cially with the publication of a coral identification
guide (Wing & Barnard 2004). Even with these
resources, field identification to species is often diffi-
cult, but identification to family has been consistent.
However, some families are rarely caught in the sur-
vey. Therefore, for this analysis, CPUE of coral spe-
cies was combined by family for the 2 most common
Families (Primnoidae and Stylasteridae), and CPUE
for these and the other species of gorgonian and
hydrocorals were also combined into a total coral
grouping. Since coral diversity is also important, we
counted the number of coral families represented in
each bottom trawl haul and used this as a dependent
variable in distribution modeling.

Sponge and coral presence and absence as well
as abundance in bottom trawl survey catches were
modeled. Thus, 4 models were developed with
 presence or absence for upright sponge, total coral,
Primnoidae and Stylasteridae as dependent vari-
ables. There were 4 corresponding models of CPUE
as well, with the CPUE of each of these taxonomic
groupings as dependent variables. Finally, we mod-
eled the coral family diversity (number of coral fami-
lies occurring in the bottom trawl catch) as a depend-
ent variable.

Habitat variables

Independent variables for modeling included the
standard suite of habitat variables typically collected
on the bottom trawl survey as well as a few derived
and modeled variables (Table 1). Haul position and
depth were collected during each bottom trawl haul.
A start and end position for the vessel during the on-
bottom portion of the tow were collected using the
vessel-mounted GPS receiver. Vessel position was
corrected for the position of the bottom trawl itself by
triangulating how far the net was behind the vessel
(based on the seafloor depth and the wire out) and
subtracting this distance from the vessel position in
the direction of the bottom trawl haul. We assumed
that the bottom trawl was directly behind the vessel
during the tow and that all bottom trawl tows were
conducted in a straight line from the beginning point
to the end point. The mid-point of the start and end
positions of the net was used as the location variable
in the modeling. The longitude and latitude data for
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each tow (and all other geographical data including
the raster layers described below) were projected
into Alaska Albers Equal Area Conic projection (cen-
ter latitude: 50°N, center longitude: 154°W), and de -
grees of latitude and longitude were transformed into
100 m × 100 m square grids of eastings and northings
for modeling. In the maps, a center longitude of
175°W was used to show the Aleutian Island arc on a
single long panel (e.g. Fig. 1). The location variable
was used to capture any significant spatial trends
across the Aleutian Islands region in coral and
sponge bottom trawl survey catches.

The depth for each tow was estimated from a Sea-
Bird SBE-39 microbathythermograph attached to the
headrope of the net plus the measured net height.
Mean depth during the tow was calculated for in -
clusion as an explanatory variable in the modeling. A
bathymetry raster for the entire Aleutian Islands re-
gion was also produced for this analysis (Zimmer-
mann et al. 2013; Fig. 2A). This raster was used for
prediction but not for parameterizing the models. Ba-
thymetric point data were derived from soundings (n
> 2.1 million soundings) on NOS smooth sheets that
were digitized and compiled according to the meth-

161

Variable                 Unit             Definition                                                             Interpolation    Source
                                                                                                                                method

Location                 eastings,     Latitude and longitude of bottom trawl            —                       DGPS collected 
                               northings    hauls in Alaska, Albers projection                                              at bottom trawl hauls
                                                   corrected for the position of the trawl net                                  
                                                   relative to the vessel                                                                     

Depth                     m                 Bathymetry of the seafloor based on digi-        Linear               Mean depth of bottom 
                                                   tized and position-corrected NOS charts          interpolation     trawl hauls (modeling), 
                                                                                                                                                          Zimmermann et al. (2013) 
                                                                                                                                                          (prediction)

Slope                      %                Maximum difference between a depth            —                       Zimmermann et al. (2013)
                                                   measurement and its adjoining cells                                           

Rugosity                 —                Ratio of the surface area of each grid cell                                  
                                                   and its nearest neighbors to the planar area 
                                                   of the grid cell and its nearest neighbors

Bottom                   °C                Mean summer bottom temperature for the      Ordinary          Temperature data 
temperature                              region measured during bottom trawl             kriging              collected at bottom trawl 
                                                   surveys from 1991 to 2011                                                            hauls

Ocean color           mg C          Net primary production in surface waters       Inverse             Behrenfeld & Falkowski 
                               m−2 d−1        in May to September averaged by 1080 ×       distance            (1997)
                                                   2160 grid cells then averaged across years     weighting         
                                                   (2003 to 2011)                                                                                

Mean ocean          m s−1           Ocean current speed predicted from the         Inverse              Danielson et al. (2011)
current                                       ROMS model during the years 1970 to 2004   distance            
                                                   and averaged on a 10 km × 10 km grid            weighting         

Maximum tidal     cm s−1          Maximum of the predicted tidal current at      Ordinary          Egbert & Erofeeva (2002)
current                                       each bottom trawl location over a 1 yr cycle    kriging              

Aspect relative     degrees       Absolute difference between the direction     —                       Derived from mean 
to mean current                        of the current and the aspect of the                                            current variable and 
                                                   bathymetry                                                                                    bathymetry variable

Area open             —                Polygon coverage describing whether the       —                       Area closures designated 
or closed                                    bottom trawl haul was open or closed to                                    by the North Pacific 
to fishing                                   mobile bottom-contact gear                                                         Fishery Management Council

Table 1. Variables used in the generalized additive modeling of coral and sponge presence or absence and abundance and
coral family diversity. For each variable, the unit of measure (where applicable) and the definition are given. The method used
to interpolate the variable from points to the 100 m × 100 m raster grid is also provided, as well as the source of the original 

data. NOS: National Ocean Service, ROMS: Regional Ocean Model System
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ods in Zimmermann et al. (2013). These point data
were linearly interpolated from a triangular ir regular
network (TIN) layer to a 100 m × 100 m raster grid.
This interpolation was conducted using the Spatial
Analyst package in ArcGIS software (ESRI 2009).

Slope and rugosity were 2 habitat variables deri -
ved from the 100 m × 100 m bathymetry raster. Slope
for each raster grid cell was computed as the maxi-
mum difference between the depth at a cell and its
surrounding cells. Slope was computed using the
Spatial Analyst package in ArcGIS software (ESRI
2009). Rugosity (or roughness of the seafloor) was
estimated as the ratio of the surface area of each grid
cell and its nearest neighbors to the planar area of
the grid cell and its nearest neighbors. Rugosity was
estimated for the 100 m × 100 m raster using the DEM
Surface Tools add-on to ArcGIS (Jenness 2013), and
rugosity values ranged from 1 to 2.24. The maximum
rugosity and the mean slope underneath each bottom
trawl tow path were used as habitat variables in the
modeling. The 100 m × 100 m raster layers of slope
and rugosity were used for prediction (Fig. 2B,C).

The average summer temperature at each site was
estimated from data collected during Aleutian Is -
lands bottom trawl surveys from 1991 to 2011. Bottom
temperatures are collected during each bottom trawl
tow using the SBE-39 attached to the headrope of the
net (Fig. 2D). Mean bottom temperatures for each
haul were interpolated to the 100 m × 100 m grid for
the entire Aleutian Islands region. These data were
interpolated using ordinary kriging (Venables & Rip-
ley 2002) with a spherical semi-variogram model.
This resulted in a single temperature raster layer that
reflects the average temperature conditions in sur-
veys from 1991 to 2011 (Fig. 2D). When evaluated
using leave-one-out cross-validation, the kriging
model was a statistically significant fit to the observa-
tions (n = 2814, mean squared error = 0.19, R2 = 0.38),
capturing the spatial trend in the temperature data.
Historical mooring data have indicated that summer
temperatures vary by ~2 to 3°C at depths ≤ 100 m,
while at deeper depths, annual temperature varia-
tions are generally < 1°C (Stabeno et al. 2002). The
temperature data used in our models were primarily
designed to reflect long-term averages that could be
compared spatially to the distribution of corals and
sponges. Mean bottom temperature underneath each
bottom trawl tow path was used as a habitat variable
in the modeling. The 100 m × 100 m raster layers of
average temperature were used for prediction.

Three measures of water movement and its potential
interaction with the seafloor were used as habitat
variables in modeling and prediction. The first vari-

able was the maximum tidal current speed at the site
of each bottom trawl haul. Tidal speeds were esti-
mated for 368 consecutive days (1 January 2009 to 3
January 2010) using a tidal inversion program para-
meterized for the Aleutian Islands on a 1 km × 1 km
grid (Egbert & Erofeeva 2002). This tidal prediction
model was used to produce a time series of 1 yr of tidal
currents for spring and neap cycles at each bottom
trawl survey location. The maximum of the time series
of predicted tidal current was then extracted for the
position of each bottom trawl survey haul. This maxi-
mum value was used as a habitat variable in the mod-
eling. Maximum currents at each bottom trawl survey
site were also interpolated to the entire Aleutian Is-
lands using ordinary kriging and a spherical semi-
variogram. When evaluated using leave-one-out
cross-validation, the kriging model fit the observations
very well (n = 3051, mean squared error = 407, R2 =
0.93). The kriging model was then used to interpolate
a raster of maximum current values on a 100 m ×
100 m cell size that was used for prediction (Fig. 2E).

The second water-movement variable was the pre-
dicted bottom water layer current speed from the
Regional Ocean Modeling System (ROMS) model
runs from 1970 to 2004 (Danielson et al. 2011). These
long-term current speed and direction values were
available as points on a 10 km × 10 km grid. The
ROMS model was based on a 3-dimensional grid
with 60 depth tiers for each grid cell. For example, a
point at 60 m water depth would have 60 depth bins
at 1 m intervals, while a point at 120 m depth would
have 60 depth bins at 2 m depth intervals, etc. The
current speed and direction for the deepest depth bin
at each point (closest to the seafloor) was used in this
analysis. These regularly spaced data were inter -
polated to a 100 m × 100 m cell size raster covering
the entire Aleutian Islands using inverse distance
weighting (Fig. 2F). Then, the values from this raster
at each of the bottom trawl survey haul locations
were extracted, and the mean value was computed
for the path of each bottom trawl survey tow. The
raster was also used for prediction.

The final water current variable used in the model-
ing was the aspect of the seafloor relative to the mean
current direction. The aspect of the seafloor (the
angle the seafloor faces) in degrees relative to north
(0°) was computed using the Spatial Analyst package
in ArcGIS (ESRI 2009). This data was produced on a
100 m × 100 m raster grid, the same as the bathy -
metry data (Fig. 2G). The current direction used was
the mean current direction from the long-term model
output from the ROMS model (Danielson et al. 2011).
The absolute value of the difference between the
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current direction and the aspect of the seafloor at the
position of each bottom trawl haul was used as a
habitat variable in the modeling. This value ranged
from 0° (where the currents were flowing in the same
direction the seafloor was facing) to 180° (where the
mean current was flowing directly opposite the
aspect of the seafloor). The raster grid of the aspect
variable (on the 100 m × 100 m grid) was used in the
prediction.

To reflect average ocean productivity (mg C m−2

d−1) at each of the bottom trawl survey sites, we used
MODIS ocean color data for 5 spring-summer months
(May to September) that encompass the spring and
summer phytoplankton blooms over 9 yr (2003 to
2011) for the Aleutian Islands region (Behrenfeld &
Falkowski 1997). These data were downloaded from
the Oregon State University Ocean Productivity
web site and were averaged by cell and by month and
then averaged again by cell and by year (to account
for differences in the number of samples within each
cell). The averages were then inter polated to 100 m ×
100 m raster grids using inverse distance weighting
(Fig. 2H). The mean value in this grid underlying
each bottom trawl survey tow was extracted from this
raster. The raster was used for prediction.

The final independent variable used in the model
was whether the bottom trawl haul fell within the
boundary of an area that was open for bottom trawl
fishing or closed to bottom trawl fishing. In 2006,
much of the Aleutian Islands region was closed to
mobile fishing gear as part of deep-sea coral protec-
tion efforts (Hourigan 2009). Each bottom trawl tow
site was classified as either occurring within a closed
area or in an area open to fishing using the position of
the tow, and this classification was included as an
explanatory variable in the models of presence or
absence and abundance of sponge and coral.

There was some collinearity in the habitat vari-
ables included in the model (Table 2). Eastings (lon-
gitude) and northings (latitude) were very strongly
correlated (R2 = 0.59) because of the geographical
shape of the Aleutian Islands and as such were
included as a bivariate term (location) in the model.
Although many other correlations among variables
were statistically significant, all had R2 < 0.44, and
the vast majority were not very well correlated (R2

< 0.10). Thus, the remaining habitat variables used in
the models were in a univariate form.

Model fitting

Generalized additive models (Hastie & Tibshirani
1990) using the mgcv package in R (Wood 2006) were
used to predict the dependent variables with the
suite of untransformed habitat variables included, so
that the full model was as follows:

y = s(location) + s(depth) + s(temperature) 
+ s(slope) + s(rugosity) + s(maximum tidal current) 

+ s(mean current speed) + s(ocean color) 
+ s(aspect) + open or closed + ε

where y was the dependent variable presence or ab -
sence (for sponge, coral, Primnoidae or Stylaste -
ridae), abundance (for sponge, coral, Primnoidae or
Stylasteridae) or coral family diversity, and s indi-
cates a thin plate regression spline smoothing func-
tion (Wood 2006). In each case, the basis degrees of
freedom used in the smoothing function was limited
to ≤4 for univariate variables and ≤30 for the bi -
variate term (location). For presence or absence mod-
els, a binomial distribution was used for the fitting,
while for diversity data (counts), a Poisson distribu-
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Longitude Latitude Depth Rugosity Slope Maximum Ocean Mean Mean 
tidal color current bottom

current speed temperature

Latitude −0.77 1
Depth −0.12 −0.02 1
Rugosity −0.04 0.03 0.20 1
Slope −0.15 0.07 0.47 0.66 1
Maximum tidal current 0.23 −0.26 0.08 −0.03 −0.02 1
Ocean color 0.60 −0.27 −0.23 0.01 −0.12 −0.35 1
Mean current speed 0.04 −0.28 0.21 −0.01 0.01 0.35 −0.26 1
Mean bottom temperature 0.05 −0.21 −0.44 −0.10 −0.23 −0.09 0.16 −0.02 1
Aspect 0.01 0.06 −0.10 0.03 −0.04 0.01 0.03 −0.02 −0.02

Table 2. Correlations (r) among explanatory habitat variables used in the model of coral and sponge distribution in the 
Aleutian Islands bottom trawl surveys (1991 to 2011)
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tion was used. During initial analyses, a number of
distribution combinations and data transformations
were explored to use with the CPUE data, including
the Gaussian (Wood 2006), gamma (Wood 2006), and
Tweedie distributions (Shono 2008) and both the
square and fourth root transformations. The log
transformation with constants of 1, 10% of the mean
CPUE and half of the smallest positive value were
also evaluated. Residuals from each distribution and
data transformation were visually compared to the
normal distribution using quantile-quantile plots to
determine which combination best approximated
normality for each response variable. The Gaussian
distribution with log-transformed CPUE data and a
constant of half of the smallest positive value proved
to best approximate normality for the analyses of
sponge, coral and Primnoidae abundance. The
Tweedie distribution with the power parameter set to
1.9 and untransformed CPUE data proved to be clos-
est to normality for the Stylasteridae models.

A factorial analysis was used to reduce the number
of variables in each model. Initially, a full model con-
taining the entire variable suite was fit to the data.
Then, the least significant variable was removed from
the model, provided it met 2 of the 3 criteria set out by
Wood (2003): p > 0.05 or 95% confidence intervals
about the predicted curve contain 0, the generalized
cross-validation (GCV) score for CPUE models or the
unbiased risk estimator (UBRE) score for binomial
models was lower with the elimination of the variable,
or the effective degrees of freedom are close to 1.0 for
the univariate smooth of the variable. Then, the re-
duced model was re-fit to the data. Stepwise variable
removal was continued until a final best-fitting model
that included only significant variables was reached.

To test the performance of the best-fitting models,
the predictions were compared to the observations.
For presence and absence models, the area under the
receiver operating characteristic curve (AUC) was
computed to judge model performance. The AUC
calculates the probability that a randomly chosen
presence observation would have a higher probabil-
ity of presence than a randomly chosen absence
observation, using rank data. We used the scale of
Hosmer & Lemeshow (2005), where an AUC value >
0.5 is estimated to be better than chance, a value >
0.7 is estimated to be acceptable, and values > 0.8
and 0.9 are excellent and outstanding, respectively.
Confidence intervals for the AUC (95%) were calcu-
lated according to the methodology of DeLong et al.
(1988). For abundance and diversity models, the per-
formance was directly tested by correlating the pre-
dictions with the observations.

Model validation and predictions

Model validation and testing was performed on
data collected during the 2012 Aleutian Islands bot-
tom trawl survey. In 2012, the bottom trawl survey
was conducted at 408 stations covering the entire
Aleutian Island chain. These data were held back
from model formulation, and the best-fitting models
for each taxonomic grouping of sponge and coral
were used to predict the presence or absence and
abundance from the 2012 survey data. The model
predictions were then compared to the observed data
from the 2012 bottom trawl survey. The AUC was
computed for the presence or absence predictions,
while the correlation between observed and pre-
dicted abundance was used to compare the abun-
dance data.

For each taxonomic grouping of sponge and coral,
predictions of the presence or absence and abun-
dance were also made for the entire Aleutian Islands
region. Predictions of coral family diversity were also
made for the entire Aleutian Islands region. Interpo-
lated raster layers of each of the habitat variables
were constructed on a 100 m × 100 m grid for the
region, as described above. The best-fitting GAM
models for each dependent variable were applied to
the habitat raster layers to make predictions over the
entire Aleutian Islands region on a 100 m × 100 m
grid. Summaries of these prediction layers are pre-
sented graphically. The predicted abundance and
suitable habitat for each of the sponge and coral
taxo nomic groupings was also summed for areas
closed and open to fishing.

RESULTS

Presence and absence models

The best-fitting models of presence or absence all
contained the bivariate location term as the most
significant factor (Table 3). For all presence or
absence models, the next most important variable
was the maximum tidal current. For coral, Prim-
noidae and Stylasteridae presence or absence mod-
els, the probabi lity of presence had a dome-shaped
relationship with maximum tidal currents, with a
peak at ~350 cm s−1 (Fig. 3). For upright sponge
presence or absence models, a dome-shaped rela-
tionship with maximum tidal current was still
apparent, but it peaked at ~300 cm s−1 (Fig. 3). The
prob ability of sponge presence increased with
increasing depth, but depth was not included in the
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best-fitting models for any of the coral groupings.
Temperature was another variable that was only
included in the best-fitting model of sponge pres-
ence or absence, where the relationship was dome
shaped with a peak probability of presence at ~4°C
(Fig. 3). Aspect was the final variable in cluded in
the best-fitting model of sponge presence or
absence. Aspect was also included in the best-
 fitting model for Stylaste ridae, and for both groups,
there were peak prob abilities of presence at 90 and
180°. The coral and Primnoidae best-fitting models
both included a sig nificant effect of ocean color,
where the probability of presence decreased with
increasing ocean color to a minimum around
250 mg C m−2 d−1 and then increased almost lin-
early at higher levels of production (Fig. 3). Sea -
floor slope had a non-linear negative effect on the
probability of presen ce of coral but was insignifi-
cant for all other groups. Mean current speed was
significant in the Stylasteridae best- fitting model,
with a dome-shaped relationship peaking at 0.15 m
s−1 (Fig. 3). Seafloor rugosity and whether the trawl
haul occurred in an open or closed area were not
significant in determining presence or absence in
any of the best-fitting  models.

The location variable was significant in all the best-
fitting models of presence or absence (Table 3). The
predictions mapped throughout the Aleutian Islands
shows that there was a relatively high probability
(>0.50) of sponges being present in most areas of the
Aleutian Islands, reflecting their widespread distribu-
tion in bottom trawl survey catches (Fig. 4). Notable
areas of low predicted presence occurred near Agattu
Island (174°E) and on the western side of Atka Island
(175°W). Coral was predicted to occur over a smaller
area than sponge (Fig. 4). There were predicted
‘hotspots’ of coral in a large area centered around
Tahoma Bank (175 to 177°E), throughout the central
Aleutian Islands (~178°E to 176°W) and in the area
between Amlia Island and Samalga Pass (173 to
170°W). Primno idae exhibited a similar distribution to
the combined coral category (Fig. 4), possibly reflect-
ing the fact that this species is the predominant coral
family in the Aleutian Islands. For Styla steridae, the
least common taxonomic group examined, presence
was predicted for the area around Tahoma Bank (175
to 177° E) and in a narrow band between Seguam Is-
land and Amukta Island (172.5 to 170.5°W; Fig. 4).

The best-fitting models for presence or absence
 explained between 8 and 19% of the deviance in
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Response With/ Model ———–– Modeled data (1991−2011) ––——— Test data (2012)
variable without Deviance edf AUC AUC 
(presence location explained (%) (95% CI) (95% CI)
or absence)

Upright sponge With s(long,lat)+s(max_tide)+s(depth) 8 27.9; 2.6; 1.4; 2.4; 2.7 0.73 0.67 
+s(temp)+s(aspect) (0.71−0.74) (0.61−0.73)

Without s(max_tide)+s(depth)+s(temp) 4 2.2; 2.8; 1.7; 2.8 0.62 
+s(aspect) (0.60−0.64)

Coral With s(long,lat)+s(max_tide)+s(color) 16 27.2; 2.9; 2.3; 1.6 0.75 0.74 
+s(slope) (0.74−0.77) (0.69−0.79)

Without s(max_tide)+s(color)+s(slope) 6 2.8; 3.0; 1.0 0.66 
(0.64−0.68)

Primnoidae With s(long,lat)+s(max_tide)+s(color) 18 27.2; 2.8; 2.6 0.77 0.76 
(0.76−0.79) (0.72−0.81)

Without s(max_tide)+s(color) 6 2.6; 2.9 0.66 
(0.64−0.68)

Stylasteridae With s(long,lat)+s(max_tide) 19 25.1; 2.5; 2.9; 2.6 0.80 0.78 
+s(mean_current)+s(aspect) (0.78−0.82) (0.73−0.83)

Without s(max_tide)+s(mean_current) 8 2.8; 2.9; 2.7 0.68 
+s(aspect) (0.66–0.71)

Table 3. Best-fitting generalized additive model results for each dependent variable modeled for Aleutian Islands bottom trawl
survey data (1991−2011). Significant variables are listed in order of their significance (highest to lowest) in the model. The R2

value is listed for the relationship between the modeled data (1991−2011) and the corresponding model predictions, as well as
for the test data set (2012). AUC: area under the receiver operating characteristic curve, edf: estimated degrees of freedom.
Variables are location (long,lat), the maximum tidal current (max_tide, cm s−1), aspect (degrees), ocean color (color, mg C m−2

d−1), seafloor slope (slope, %), mean current speed (mean_current, m s−1), depth (m) and temperature (temp, °C)
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 observed presence or absence (Table 3). The AUC
values for each of the models ranged from 0.73 for
sponge to 0.80 for Stylasteridae, and all the 95% con-
fidence intervals of the AUC indicated the models
were within the acceptable range (0.70 to 0.79). When
the location variable was removed from the best-fit-
ting models, the deviance explained and the AUC val-
ues dropped precipitously, with AUC values ranging
from 0.62 for sponge to 0.68 for Stylasteridae (Table 3).
Although this result is considerably better than pre-
dicted from chance (0.50), models without the location
variable were not in the acceptable range.

Abundance models

The best-fitting models for invertebrate abundance
were similar to the models of presence or absence.
Location was the most significant variable for all

abundance models (Table 4). Maximum tidal current
was included in best-fitting models of all groups
(Table 4). A familiar dome-shaped relationship be -
tween maximum tidal current and abundance was
found, with peak abundance at ~350 cm s−1 for coral,
Primnoidae and Stylasteridae and a peak at
~300 cm s−1 for sponge (Fig. 5). Mean current speed
was also included in the best-fitting models for each
taxanomic grouping. For this variable, peaks in
abundance were generally found at currents be -
tween 0.1 and 0.2 m s−1 (Fig. 5), although Stylaste -
ridae abundance had a bimodal relationship with
mean current exhibiting peaks near 0.0 m s−1 as well.
Depth and temperature were again included in the
best-fitting models of upright sponge abundance,
with sponge abundance increasing non-linearly with
in creasing depth and peaking at temperatures
around 4°C. The relationship between sponge abun-
dance and aspect was the same as the relationship
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Fig. 3. Partial effects of significant univariate variables in the best-fitting model of upright sponge, coral, Primnoidae and Sty-
lasteridae presence or absence in the Aleutian Islands, shown in rows. In the univariate plots, the line is the smoothed model
fit, and the grey area is the 95% confidence interval. Tick marks on the x-axis indicate where samples occurred, and ‘NS’ indi-
cates the variable was not significant in the model. Variables shown in the columns from left to right are the  maximum tidal
current (Max_tide, cm s−1), aspect (degrees), ocean color (Color, mg C m−2 d−1), seafloor slope (Slope, %), mean current speed 

(Mean_current, m s−1), depth (m) and temperature (Temp, °C)
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between sponge presence and aspect, with peaks at
~90 and 180°. The best-fitting coral, Primnoidae and
Styla steridae abundance models contained the ocean
color variable as well, although the shapes of the
relationships were not entirely consistent (Fig. 5).
The abundance of coral and Primnoidae was low at
low levels of productivity and then increased rapidly
at productivity levels > 700 mg C m−2 d−1. Interest-
ingly, the abundance of Stylasteridae showed the
exact op posite trend. An effect of slope on coral
abundance was also significant, with lower abun-
dance at low slope values and little effect (either pos-
itive or negative) at higher slopes. A single linear
term was significant in the best-fitting model of Prim-

noidae, where there was a linear decrease in abun-
dance with depth. Seafloor rugosity and whether the
trawl haul occurred in an open or closed area were
not significant in any of the best-fitting abundance
models.

The location variable was highly significant in each
of the best-fitting models of abundance (Table 4).
Areas of predicted high upright sponge abundance
occurred on the northern edge of Stalemate Bank
(~170.5°E) and to the east of Attu Island (172°E) and
Kiska Island (177°E) (Fig. 6). The largest area of pre-
dicted high sponge abundance was found in the area
from Samalga Pass (170°W) to the west side of Amlia
Island (173°W). For coral, predicted abundance fol-

168

Fig. 4. Predictions of the best-fitting generalized additive model for upright sponge, coral, Primnoidae and Stylasteridae 
predicting the probability of presence in the Aleutian Islands bottom trawl surveys
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lowed a similar pattern as sponges, with high abun-
dance generally occurring from Attu Island (172°E) to
Kiska Island (177°E) and from Samalga Pass (170°W)
to the west side of Amlia Island (173°W) (Fig. 6).
Primnoidae abundance was predicted to be highest
from Samalga Pass (170°W) to the west side of Amlia
Island (173°W) and on Tahoma Bank (175°E). The
best-fitting abundance model did not predict many
contiguous areas of Stylasteridae abundance (Fig. 6),
but the areas of predicted higher abundance were
the same as for Primnoidae.

The best-fitting models of abundance explained
between 20 and 25% of the deviance in the abun-
dance data (Table 4). The R2 between observed and
predicted values was 0.20 for sponge, 0.21 for coral
and 0.21 for Primnoidae, but this value was much
lower at 0.03 for Stylasteridae (Table 4). When the
location variable was removed from the best-fitting
models of abundance, the amount of deviance ex -
plained and the R2 between observed and predicted
values each dropped by ~50% (Table 4), indicating
the importance of the bivariate location variable in
the models.

Diversity model

Coral family diversity was best explained by loca-
tion, maximum tidal current, temperature, ocean
color, mean current and rugosity at each of the bot-
tom trawl sites (Table 4). The best-fitting model ex -
plained 25% of the deviance in the data set. The rela-
tionships between diversity and the explanatory
variables followed similar patterns as the trends in
coral abundance and coral presence or absence
(Fig. 5). Diversity was predicted to be highest at max-
imum tidal current speeds of ~350 cm s−1. The rela-
tionships of coral family diversity with ocean color
and mean current speed were similar to those found
for the coral and Primnoidae taxonomic groupings,
with increasing coral family diversity at productivity
levels > 700 mg C m−2 d−1 and peak diversity at mean
current speeds of ~0.15 m s−1 (Fig. 5). For coral family
diversity, there was a significant linear decrease in
the number of families present with increasing tem-
perature. The final significant variable in the model-
ing was a decrease in coral family diversity with
increasing rugosity (Fig. 5); however, this relation-
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Response With/ Model —–– Modeled data (1991−2011) ––— Test data
variable without Deviance edf R2 (2012)

location explained (%) R2

Upright With s(long,lat)+s(max_tide)+s(depth)+s(temp) 20 28.5; 2.8; 1.8; 0.198 0.199
sponge +s(aspect)+s(mean_current) 2.4; 2.8; 2.7
abundance Without s(max_tide)+s(depth)+s(temp)+s(aspect) 9 2.5; 2.6; 2.2; 0.086

+s(mean_current) 2.9; 2.0

Coral With s(long,lat)+s(max_tide)+s(slope) 21 28.1; 2.9; 2.7; 0.205 0.196
abundance +s(mean_current)+s(color) 2.8, 2.1

Without s(max_tide)+s(slope)+s(mean_current)+s(color) 11 2.9; 2.5; 2.5; 2.9 0.107

Primnoidae With s(long,lat)+s(max_tide)+depth+s(color) 22 28.3; 2.9; 2.4; 2.8 0.214 0.228
abundance +s(mean_current)

Without s(max_tide)+depth+s(color)+s(mean_current) 11 2.8; 2.6; 2.4 0.106

Stylasteridae With s(long,lat)+s(color)+s(max_tide) 25 29.0; 3.0; 2.4; 2.9 0.047 0.003
abundance +s(mean_current)

Without s(color)+s(max_tide)+s(mean_current) 10 2.9; 3.0; 2.9 0.084

Coral family With s(long,lat)+s(max_tide)+temp+s(color) 25 27.6; 2.6; 2.7; 0.236 0.279
diversity +s(mean_current)+s(rug) 2.8; 2.7

Without s(max_tide)+temp+s(color)+s(mean_current) 13 2.3; 2.9; 2.4; 1.8 0.136
+s(rug)

Table 4. Best-fitting generalized additive model results for each dependent variable modeled for Aleutian Islands bottom trawl
survey data (1991−2011). Significant variables are listed in order of their significance (highest to lowest) in the model, the de-
viance explained and the estimated degrees of freedom (edf) of the best fitting models are also provided. The R2 value is listed
for the correlation between the modeled data (1991−2011) and the corresponding model predictions as well as for the test data
(2012). Variables are location (long,lat), the maximum tidal current (max_tide, cm s−1), aspect (degrees), ocean color (color,
mg C m−2 d−1), seafloor slope (slope, %), mean current speed (mean_current, m s−1), depth (m), rugosity (rug), and temperature 

(temp, °C)
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ship was driven by a single high rugosity value, and
the relationship between rugosity and diversity was
flat through the bulk of the observations (Fig. 5).

Areas of predicted high coral family diversity were
near Buldir Island (176°E) and in the area around
Seguam Pass (173 to 171°W; Fig. 7), a result that is
similar to both the presence and abundance models
for the 3 coral taxonomic groupings. The number of
coral families predicted to occur in the Aleutians out-
side of the 2 hotspots was generally < 1. Location was
again important in the best-fitting models of coral

family diversity (Table 4). When the location variable
was removed from the models, the deviance ex -
plained and the R2 between observed and predicted
values de creased by half.

Model testing

The model predictions for the bottom trawl survey
data collected in 2012 indicated good agreement for
the presence-absence models (Table 3). The AUC for
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Fig. 5. Partial effects of significant univariate variables in the best-fitting model of upright sponge, coral and Primnoidae abun-
dance (log-transformed catch per unit of effort [CPUE]), Stylasteridae abundance (CPUE) and coral family diversity (number of
families) in the Aleutian Islands, shown in rows. In the univariate plots, the line is the smoothed model fit, and the grey area is
the 95% confidence interval. Variables with strictly linear relationships to CPUE are shown as straight lines, with grey dashed
lines indicating standard errors. Tick marks on the x-axis indicate where samples occurred, and ‘NS’ indicates the variable
was not significant in the model. Variables shown in the columns from left to right are the maximum tidal current (Max_tide,
cm s−1), aspect (degrees), ocean color (Color, mg C m−2 d−1), seafloor slope (Slope, %), mean current speed (Mean_current, 

m s−1), depth (m), rugosity (Rug) and temperature (Temp, °C)
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Fig. 6. Predictions of the best-fitting generalized additive model for predicting the abundance of upright sponge, coral, Prim-
noidae (log-transformed catch per unit of effort [CPUE]) and Stylasteridae (CPUE) in the Aleutian Islands bottom trawl surveys

Fig. 7. Predictions of the best-fitting generalized additive model for coral diversity predicting the number of families of coral 
represented in bottom trawl hauls during the Aleutian Islands bottom trawl surveys
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prediction of presence or absence for sponge de -
creased slightly for each of the coral taxonomic
groupings by a minimal amount (0.01 to 0.02) when
the 1991−2011 model was applied to the 2012 data,
but all models were still in the acceptable range. The
AUC for the sponge model decreased from 0.73 to
0.67, slightly below the acceptable range but far
 better than chance.

Results were similar for the abundance models and
the coral diversity models, except for Stylasteridae
(Table 4). The abundance models data explained
about the same amount of variance (measured by the
R2 between observations and predictions) in the
abundance data for the 2012 test data set as the
1991−2011 data on which they were parameterized.
In 3 cases (sponge, Primnoidae and coral family di-
versity), the R2 between observed and predicted in-
creased slightly when applied to the 2012 data set.
The percentages of variance in the 2012 data ex-
plained ranged from 20 to 23% for coral and Primno -
idae respectively (Table 4). For Stylasteridae abun-
dance, the best-fitting model parameterized on the
1991−2011 data did not explain any of the deviance in
the 2012 data, meaning this model was not helpful in
explaining any patterns in the test data set. For diver-
sity, the variance explained increased from 24% for
the 1991−2011 data to 28% for the 2012 test data set.

DISCUSSION

The modeling presented here indicates that coral
and sponge presence, abundance and diversity are
all strongly influenced by location and maximum
tidal currents. The models predicting presence or
absence were accurate (AUC > 0.70) in most in stan -
ces for both the modeled data and the independently
collected test data. The models predicting abun-
dance explained roughly similar proportions (~20 to
25%) of the log-transformed CPUE data in both the
test data set and the modeled data set. Similar results
were found for the prediction of the diversity of coral
families in the bottom trawl survey hauls. The loca-
tion variable was included in the modeling to capture
spatial trends in coral and sponge presence or
absence and abundance throughout the Aleutian
Islands, and this variable was important in all models
and accounted for ~50% of the explanatory power of
most models. Since the distribution of deep-sea coral
and sponge ecosystems reflect the combination of
both geographic and habitat factors, both relevant
geographical and environmental variables were im -
portant to include (Elith & Leathwick 2009). Spatial

modeling exercises such as those  presented here
commonly use a location variable to re present geo-
graphical position and incorporate potential spatial
autocorrelation in the residuals (Swartzman et al.
1992, Denis et al. 2002, Knapp et al. 2003, Ciannelli
et al. 2008, Politou et al. 2008, Boldt et al. 2012). How-
ever, use of the location variable precludes extension
of this modeling outside the area of interest for the
present study (the Aleutian Islands to 500 m depth). It
is important to note that the habitat variables used in
the models of coral and sponge were somewhat lim-
ited; for example, the ocean color variable was based
on productivity at the ocean surface, whereas coral
and sponge are found exclusively attached to the
seafloor. The ocean color variable would best be con-
sidered a proxy variable for production occurring
at the seafloor. The location variable may have ac -
counted for some of the variability due to habitat
variables such as ocean color that may not have been
well represented. The location variable may have
also accounted for other processes that were not rep-
resented in the models, such as spatial patterns in
historical recruitment or spatial patterns in historical
fishing activity. The sampling scheme whereby sta-
tions on the 5 km × 5 km grid could be sampled mul-
tiple times during the course of the 9 yr of bottom
trawl surveys could also have in creased the impor-
tance of the location variable. Since the purpose of
the modeling was to accurately predict the distribu-
tion and abundance of coral and sponge in the Aleu-
tian Islands, we chose to explicitly include location in
the habitat models. There is likely some spatial auto-
correlation in other explanatory variables as well. For
example, individuals that oc curred at closely located
stations would likely experience similar temperature
and current patterns. Thus, some of the variance
accounted for by location may have been due to indi-
vidual stations experiencing similar environmental
conditions, and some of the variance accounted for
by environmental variables may have been due to
spatial processes that were unaccounted for in the
model (such as recruitment processes). It was impos-
sible to completely distinguish the effect of location
from environmental variables using the data we had
available. It is likely in this analysis that the location
variable is acting as a proxy for imperfect variables or
variables that were not included in the model as well
as accounting for some of the spatial autocorrelation
in coral and sponge distributions. However, there
were also important geographic trends that were
obvious in the data, such as the contiguous region of
relatively high probability of coral presence centered
around 176°E in the Aleutian Islands (Fig. 4).
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Two potential mechanisms by which maximum
tidal current may be influencing the distribution of
corals and sponges could be through the delivery of
food to these filter-feeding organisms or through the
reduction of sedimentation in high-current areas that
would be reflected in exposed patches of hard
seafloor. In the deep-sea area of Porcupine Bight,
dense aggregations of sponges have been observed
in areas adjacent to areas of high current speeds (Rice
et al. 1990, White 2003). This distribution has been
hypothesized to reflect patterns of the re- suspension
of detrital material in the high-current areas and then
delivery to adjacent low-current areas where sponges
can maintain their attachment to the substrate while
benefitting from delivery of food items. In theory, this
explanation would be consistent with our finding of
increased sponge and coral presence and abundance
at intermediate levels of maximum tidal current (~300
to 350 cm s−1). There have also been studies that show
sponges can adapt their morphology to local current
conditions and mitigate some of the potential disad-
vantages of differential current regimes where the
volume of water moving past the organism may not
provide adequate food resources (Bell et al. 2002).
Flow-mediated competition for food resources has
been observed to occur in these epibenthic taxa (Kim
& Lasker 1997), so it is likely that current speed is im-
portant in determining where corals and sponges can
obtain enough food to survive.

There is a strong relationship between the amount
of exposed bedrock and the current regime near the
seafloor, as currents can scour and re-suspend sedi-
ments, moving them away from the seafloor and
exposing bedrock and other hard substrates. Upright
sponges have been shown to inhabit a variety of sub-
strates, especially exposed rock with little sedimen-
tation but also flat silty seafloors possibly with hard
substrate beneath (Freese 2001). Corals in Alaska ap -
pear to be more directly tied to hard substrates, such
as boulders and exposed bedrock (Cimberg et al.
1981, Krieger 2001), and are not often found on sandy
or silty seafloors. In addition to studies in Alaska,
researchers in other areas have found relationships
between exposed hard substrate and recruitment
and abundance of corals and sponges (Gotelli 1988,
Leys & Lauzon 1998). One of the interesting results of
our modeling was the importance of the aspect vari-
able in 3 of the models (sponge and Stylasteridae
presence or absence and sponge abundance). The
shape of the relationship was the same for all 3 mod-
els, with peaks at 90° and 180° and the minimum at
0°. This was generally what would be expected if
delivery of food items were an important factor in the

model. At 0° aspects, the predominant currents flow
with the slope of the seafloor, which might tend to
reduce the amount of food delivered to a stationary
benthic invertebrate, while at 180°, the flow into a
stationary benthic invertebrate would be maximized.
Some combination of a diet-based and substrate-
based mechanism likely causes the strong relation-
ship between maximum tidal current and coral and
sponge presence or abundance.

Comparisons with other methods

Other models have found a variety of important
variables determining the distribution of sponges
and corals. Depth is the most commonly occurring
variable in most models predicting habitat suitability
for corals (Davies & Guinotte 2011), in part because
of its availability but also because of the relationship
of depth to other habitat factors. Other variables,
such as temperature, aragonite saturation (Tittensor
et al. 2010), water column productivity (Bryan &
Metaxas 2007, Tittensor et al. 2010), slope and cur-
rent (Bryan & Metaxas 2007) have also been found to
be important in determining coral presence. These
modeling efforts did not have the luxury of the wide
variety of location-specific habitat variables, as most
were informed through remotely sensed data rather
than field observations. We used a combination of
remotely sensed data, predictions from oceano-
graphic models and data collected over many years
during the trawl survey to inform our models of distri-
bution and abundance of corals and sponges. Be -
cause of their slow growth, limited reproductive out-
put and dispersal (Leys & Lauzon 1998, Stone & Wing
2001, Andrews et al. 2002, Leys et al. 2007), we felt
that longer term average values for temperature, cur-
rents and ocean color were probably more appropri-
ate for modeling coral and sponge distributions, as
opposed to short term fluctuations that might be
present only ephemerally at each site.

Our model is also different from previous regional-
scale modeling efforts in that we predicted presence
or absence and abundance as opposed to presence-
only models. For deep-water corals, it has been more
common to estimate habitat suitability for entire
ocean basins (Bryan & Metaxas 2007, Davies et al.
2008, Tittensor et al. 2010, Davies & Guinotte 2011),
based on presence data only. Where both presence
and absence data are available, as was the case for
the present study and other studies using underwater
video methodology, standard statistical models pre-
dicting the binomial response of presence or absence

173



Mar Ecol Prog Ser 503: 157–176, 2014

may be preferable in predicting the distribution of
deep-water invertebrates (Woodby et al. 2009, Krigs-
man et al. 2012). The studies by Woodby et al. (2009)
and Krigsman et al. (2012) were comparable in objec-
tives and statistical methods to our study, although
the independent variables were different. Woodby et
al. (2009) used backscatter data collected from multi-
beam surveys to predict where coral were present or
absent. They found that corals and sponges were pre-
dictable based on depth, rugosity and slope. Krigs -
man et al. (2012) used a geological interpretation of
substrate type based on multibeam surveys to make
predictions about the distribution of corals, hydroids,
sea pens and brittlestars. Both these approa ches used
generalized linear models to characterize the rela-
tionships between the binomial presence or absence
of coral and substrate characteristics. Our approach
was similar, but we used a generalized additive mo -
del approach rather than the linear model approach.

Unexplained variability

There was a substantial portion of variance in
abundance, presence or absence and diversity of
corals unexplained by the best-fitting models. Two
contributing factors to the reduced explanatory
power of the models could be the necessary lumping
of species into taxonomic groups and important but
unrepresented variables in the analysis. Because of
the previously mentioned difficulties with sponge
and coral taxonomy, only major groupings (sponges,
corals, Primnoidae and Stylasteridae) were used in
the modeling. The use of higher-order taxonomic
groupings as dependent variables in spatial models
of coral and sponges is not uncommon (Bryan &
Metaxas 2007, Woodby et al. 2009, Yesson et al. 2012,
Taylor et al. 2013). However, this practice has impli-
cations for the resulting models in that species within
these groupings undoubtedly vary in terms of their
specific life history and habitat requirements. A large
portion of the unexplained variability in the best-fit-
ting models may be due to the lumping of species
with different habitat requirements into larger taxo-
nomic groups. In this case, better methods for identi-
fying cryptic species and a more fully resolved taxo -
nomy of especially sponges would no doubt result in
better model power.

A second source of unexplained variability in the
modeling may be due to missing, yet important, vari-
ables necessary for predicting coral and sponge spa-
tial distributions. The most important of these missing
variables is probably seafloor substrate types. Al-

though the bottom trawl survey data is the most com-
prehensive data set available for examining the dis-
tribution of corals and sponges, it is likely that not all
areas within the Aleutians had an equal probability of
being sampled in the survey. The bottom trawl used
in the Aleutian Islands survey is fairly lightly con-
structed and as such does not have large tire gear that
would enable the gear to be deployed in rough
terrain (Stauffer 2004). This limits the data collection
to relatively flat smooth seafloor areas. The rocky ar-
eas unexamined by the bottom trawl survey are likely
to be excellent coral and sponge habitat given the
predilection of these groups for hard-bottom seafloor.
Maps of substrate types do not currently exist for the
Aleutian Islands, but these would certainly improve
our ability to predict where corals and sponges occur.

Management implications

Our results clearly demonstrate that current man-
agement protects a large fraction of deep-sea coral
and sponge in the Aleutian Islands west of Samalga
Pass (170°W). For example, in a recent petition to list
44 species of deep-sea coral in Alaska, petitioners
indicated that although >950000 km2 had been pro-
tected from mobile fishing gear in 2006 (Hourigan
2009), much of this area was ‘mudflats’ and did not
constitute coral habitat. Overall, 46.5% of the Aleu-
tian Islands region of <500 m depth is protected in
the 2006 closure. Using the coral presence or absence
model developed from trawl survey data, the total
area where coral was predicted to be present (in
<500 m water depth) is 26158 km2. Of this total,
50.7% is protected by the 2006 bottom trawl closures.
Using the upper quantile of coral abundance pre-
dicted by the model as an indicator of prime coral
habitat, 51.0% of prime coral habitat was closed to
bottom trawling in 2006. The amount of habitat
where sponge is predicted to be present in the Aleu-
tian Islands is 53527 km2. Of this total, 45.2% falls
within areas closed to bottom trawling. Using the
upper quantile of sponge abundance predicted by
the model as an indicator of prime sponge habitat,
51.9% of prime sponge habitat was closed to bottom
trawling in 2006. In areas where coral diversity is
predicted to be > 1 family, 46.9% of the area is pro-
tected by the 2006 bottom trawl closure. Thus, the
area closures protected ~50% of the total area where
coral and sponge were predicted to be present, the
prime coral and sponge habitat where abundances
are predicted to be high, and the area where diver-
sity of coral families was > 1. Since ~50% of the total
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area was protected (46.5%), the closures may have
been distributed randomly relative to the distribution
coral and sponge. Conversely, ~50% of the area that
is currently protected is probably not important coral
and sponge habitat, according to the model results.
Further evaluation of these models would allow man-
agers to consider trade-offs between protecting coral
and sponge and allowing commercial fishing by
examining the effect of spatial closures on the
amount of coral and sponge habitat that is protected.
The model results could potentially be used to create
new closures or modify existing closures to maximize
the area available to fishing activities while minimiz-
ing the potential interactions with deep-sea coral and
sponge ecosystems.
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