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INTRODUCTION

Habitat loss is likely the greatest threat to global
biodiversity (Valiela et al. 2001, Brooks et al. 2002,
Lotze et al. 2006, Sala & Knowlton 2006); therefore,
habitat protection is a key tool in conservation biology
(Rosenberg et al. 2000, Groom et al. 2006), because it
provides an umbrella approach to managing ecologi-

cal communities. Researchers have increasingly em-
phasized habitat protection in marine conservation
and fisheries as part of a movement towards  ecosystem-
based management (Rosenberg et al. 2000, Garcia et
al. 2003, Babcock et al. 2005). Nearshore habitats face
direct threats from land use and eutrophication (Hunte
& Wittenberg 1992), along with fisheries and aquacul-
ture (Claudet & Fraschetti 2010), whereas the greatest
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direct threat to offshore habitat is likely physical dam-
age from mobile bottom-contact fishing gear, particu-
larly dredges and trawls (Watling & Norse 1998,
Kaiser et al. 2002, Clark et al. 2016). The causes and
consequences of nearshore habitat degradation are
well documented (Pandolfi et al. 2003, Lotze et al.
2006), whereas quantitative documentation of offshore
habitat damage and how this is affected by fishery
management policies is limited (but see for example
Collie et al. 2000, Kaiser et al. 2006, Pitcher et al. 2016,
2017). This inequality of information is concerning be-
cause offshore waters are fished with larger trawl
gear and contain deep-water organisms that have
slower life histories than those in the nearshore, indi-
cating more severe and long-lasting consequences
(Clark et al. 2016).

Biogenic habitats, i.e. those created by structure-
forming living organisms, provide important nursery,
refuge, and foraging zones for marine fauna (Ewel et
al. 1998, Steneck et al. 2002, Graham 2004, Mumby
et al. 2004, Aburto-Oropeza et al. 2008), and protect
coastlines from storms and sea-level rise (Arkema et
al. 2013). Offshore biogenic habitats are also impor-
tant for many demersal fishes (e.g. Brodeur 2001,
Hei fetz 2002, Auster 2005, Stone 2006, Du Preez &
Tunni cliffe 2011). Although it is difficult to directly
demonstrate the value of these deep-water biogenic
habitats for fishes (Tissot et al. 2006, Thorson & Bar-
nett 2017), research suggests that they increase food
abundance and provide shelter and nursery func-
tions (Heifetz 2002, Freese & Wing 2003, Auster
2005, 2007, Stone 2006, Baillon et al. 2012). The eco-
logical services that biogenic habitat provides are
threatened by anthropogenic pressures, including
ocean acidification, eutrophication, sedimentation,
pollution, and physical disturbance (Valiela et al.
2001, Kleypas et al. 2006, Duke et al. 2007, Mangia -
lajo et al. 2008, Foster & Schiel 2010).

Biogenic habitats, particularly those created by
erect structure-forming invertebrates such as corals
and sponges, are susceptible to direct physical dam-
age by bottom-contact fishing gear (e.g. bottom
trawls) (Clark et al. 2016). In addition to direct dam-
age causing death and reduced cover and biomass of
such organisms, trawling can reduce species richness
of corals, sponges, and associated invertebrates (Kos -
low et al. 2001, Kaiser et al. 2002, Hermsen et al.
2003, Hiddink et al. 2006a, Althaus et al. 2009).
Given the fragility of these communities, even lim-
ited fishing effort can significantly diminish cover of
large structure-forming invertebrates. For example,
each haul causes reductions (usually measured as
changes in density of undamaged units or areal cov-

erage) of epibenthic invertebrates averaging 16%,
but ranging from 4−90% (Pham et al. 2014), with typ-
ical reductions of 10−20% for biogenic habitats on
tropical coral reefs that are trawled with light gear
(e.g. Pitcher et al. 2000, Burridge et al. 2003) and an
average of 45% for sponges and sea whips in some
deeper, temperate rocky reefs that are trawled with
large gear (Freese et al. 1999). The influence of
trawling on biogenic habitat over soft substrates (pri-
marily sea pens and sea whips, Order Pennatulacea)
may be lower than that on hard substrates. For exam-
ple, Lindholm et al. (2015) found no difference in
overall density of such taxa between trawled treat-
ments and untrawled control areas; however, hetero-
geneity of trawl effort has been suggested as a cause
of observed patterns of erect (undisturbed) sea whip
density (Brodeur 2001, Lindholm et al. 2008), and
these organisms have limited capacity to recover
from physical damage (Malecha & Stone 2009).

Fragile, erect, sessile organisms like many corals
and sponges are moderately to highly sensitive to
perturbation, suggesting that within a disturbed area
either all or many colonies may die (Hewitt et al.
2011, Clark et al. 2016). Once damaged, recovery
takes up to 10s to 100s of years, based on the slow life
history of many deep-water taxa (Rooper et al. 2011,
Clark et al. 2016). These species may grow radially as
slowly as 0.005 mm yr−1 (Carreiro-Silva et al. 2013)
and can live for more than 4000 yr (Roark et al. 2009),
but species residing nearer to coastal margins are
estimated to live closer to 100−300 yr and grow at
rates of 0.009−0.580 mm yr−1 (Andrews et al. 2002,
Andrews et al. 2005, Hill et al. 2011, Aranha et al.
2014). For example, deep seamount habitats off Aus-
tralia and New Zealand have shown a lack of recov-
ery on ecological timescales (10 yr; Williams et al.
2010), whereas 20−75% of species analyzed in the
Great Barrier Reef fully recovered after only 5 yr
(Pitcher et al. 2016). In addition, lack of larval supply
and realized connectivity may reduce the likelihood
of recolonization and metapopulation persistence in
the deep sea (Lacharité & Metaxas 2013). Given the
potential for these severe and long-lasting impacts,
understanding the magnitude and extent of interac-
tions between fishing gear and biogenic habitats is
important for informing policy.

Mapping structure-forming invertebrates to deter-
mine their exposure to fishing or other potentially
damaging human activities is an essential element of
risk analysis, and researchers have identified this
task as the top priority for determining the effect of
trawling on seafloor habitat (Kaiser et al. 2016). To
assess the realized influence of fishing on biogenic
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habitat and help make marine spatial planning deci-
sions, one needs to know the distribution of the
organisms that create habitat and the extent and
intensity of the trawl effort (Johnson 2002, Bellman et
al. 2005, Kaiser et al. 2016). Finally, one needs knowl-
edge of how the overlap of these 2 variables has
changed in space and time to assess how manage-
ment policies have influenced the scale of interaction
between trawling and biogenic habitat. Although
many studies have predicted the distribution of bio-
genic habitat (e.g. Tittensor et al. 2009) or trawling
effort (e.g. Bellman et al. 2005) separately, and some
have summarized the degree of overlap between
them for a given period of time (e.g. National Re -
search Council 2002, Penney & Guinotte 2013, Gra -
 bow ski et al. 2014), few have quantified concurrent
spatial and temporal changes in the interaction
between trawling and biogenic habitat. Here, we
estimated the interaction (magnitude and extent) be -
tween bottom-trawl activity and areas where corals
and sponges (hereafter biogenic habitat) are exposed
to trawling along the US west coast during a 13 yr
period. We then used this information to assess how
management efforts and fisher behavior may have
changed this interaction in time and space.

MATERIALS AND METHODS

System

The US west coast groundfish fishery may be the
dominant driver of direct anthropogenic change af -
fecting structure-forming invertebrates along the US
Pacific coast (Bellman et al. 2005). This
fishery’s catch includes 2 of the top 3 deep-
sea species groups in terms of landings
worldwide: Pacific rockfishes and thorny-
heads (Sebastes and Sebastolobus spp.),
and sablefish (Anoplopoma fimbria) (Clark
et al. 2016). Most bottom trawling off the
US west coast is attributable to the bottom
trawl sector of the groundfish fishery, and
other fisheries using bottom-contact gear
on the US west coast (fixed-gear fisheries
such as pot and longline) are assumed to
have lower impacts on benthic habitats
(Bellman et al. 2013, Pham et al. 2014).

Management changes in the US west
coast groundfish bottom-trawl fishery
over the last 20 yr provide an opportunity
to understand the effect of fisheries poli-
cies on biogenic habitats. In the 1990s,

many species became overfished and catch limits
were greatly reduced (Hilborn et al. 2012). In 2000,
regulations limited the maximum size of trawl
footropes for fishing on the continental shelf,
banning the large ‘rockhopper’ gear, which likely led
to a vast reduction in trawling over rocky seafloor
(Bellman et al. 2005). A system of closed areas (Rock-
fish Conservation Areas) was implemented begin-
ning in 2002, which prohibited trawling at temporally
varying depths (generally between 175 and 450 m)
along the continental shelf, where most fishing had
previously occurred. A vessel buyback program be-
gan in late 2003 to reduce fleet capacity. To protect
Essential Fish Habitat, roughly 25% (34 million acres
[~13.8 million ha]) of the area historically fished was
closed to trawling in 2006 (PFMC 2008). Finally, poli-
cymakers implemented catch shares in 2011. The an-
nual quota of allowable catch was divided among in-
dividuals, based on historical catches, and could be
traded or leased. Given these policy changes, we
split the 13 yr time period into 3 ‘management
regimes:’ 2002− 2005, 2006− 2010, and 2011− 2014
(hereafter ‘early,’ ‘middle’, and ‘late’). In the early pe-
riod, fishery effort followed a continued decline from
a high level in response to stricter catch limits imple-
mented just prior (Hilborn et al. 2012); in the middle
period, effort rose again before a sudden drop in the
final year; and in the late period, fishing effort contin-
ued to decline to its current long-term low (Fig. 1).

We addressed whether the substantial changes
in policies affecting the US west coast groundfish
bottom-trawl fishery during our study period altered
interaction frequencies between gear and biogenic
habitat. A priori, we expected interactions with bio-
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Fig. 1. US west coast bottom-trawl fishery effort during the period of inter-
est, as defined from a combination of at-sea observer data and fishery log-
book data. The vertical dotted lines indicate the timing of major policy
changes: implementation of large spatial closures in 2006 and catch shares

in 2011
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genic habitat to covary positively with changes in
fishing effort. We expected spatial closures, and per-
haps catch shares, would contribute to reducing ef -
fects of fishing on habitat based on first principles;
however, it is unclear whether catch shares have
empirically altered the effect of fishing on habitat in
other systems (Branch 2009).

Approach

We created a habitat exposure map by predicting
the probability of trawl gear encountering and re -
taining corals and sponges (hereafter all references
to interactions between gear and biogenic habitat
will imply retention). Note that our usage of ‘expo-
sure’ differs from other definitions that invoke the
potential effect of stressors on an element of interest.
We predicted the intensity and spatial distribution of
interactions between biogenic habitat and trawl gear
by intersecting this habitat exposure map with trawl
towlines. To verify these predictions, we compared
the predicted interactions to those ob served directly
with at-sea observer data. We de scribe these pro-
cesses in turn below.

Habitat exposure model data preparation

We analyzed the occurrence of biogenic habitat in
fishery-independent trawl samples (thus ‘occur-
rence’ implies that the habitat was present and de -
tected) to identify where bottom trawlers are likely
to encounter structure-forming invertebrates in a
given haul. Note that this is potentially different
from a map of organismal distribution based on
direct observation or habitat suitability, but, for con-
sistency with the species distribution modeling liter-
ature, we refer to the chance of observing biogenic
habitat in a single trawl sample as the probability of
occurrence. Thus, instead of using submersible
observations to produce a habitat distribution map,
we produce a habitat exposure map using fishery-
independent trawl surveys, which provide large-
scale systematic sampling that is unavailable with
other methods. Although trawl gear does not retain
all biogenic habitat species, the same gear and
methods are used throughout the study region.
Thus, recoveries of biogenic habitat in trawl surveys
can be used to document biogenic habitat occur-
rence on a relative scale; the detailed information
about the probability of detecting biogenic habitat
in trawl nets needed to scale observations to true

probabilities of occurrence are unavailable. Fur-
thermore, these relative probabilities of occurrence
are apt for predicting where commercial trawlers
are likely to come into contact with biogenic habitat
given the physical limitations of trawl gear (i.e.
within trawlable grounds), particularly if survey and
commercial gear are similar. Specifically, we ana-
lyzed data from the NOAA US West Coast Ground-
fish Bottom Trawl Survey (Bradburn et al. 2011)
which uses trawl gear that is similar to that used in
the commercial fishery since 2002. This annual sur-
vey occurs from May to October at depths from 55
to 1280 m, spanning from Cape Flattery, Washing-
ton (US−Canada border), south to the US− Mexico
border. We analyzed the 2003−2012 surveys, which
consisted of 7232 hauls, where locations were
selected randomly on trawlable seafloor habitat (i.e.
areas without extensive rocks or boulders; Fig. 2b,c)
stratified by depth and latitude. Each haul included
data on taxon detection, haul midpoint coordinates,
and depth.

To create a predictive map of biogenic habitat
probability of occurrence throughout the study area,
we compiled depth and substrate data layers to use as
candidate environmental predictor variables. We
used an existing gridded bathymetry data layer (3-
arcsecond resolution, ~90 m) for depth (NOAA 2003;
Fig. 2a). We obtained substrate type polygons from
the Pacific Coast Ocean Observing System (PaCOOS)
West Coast Habitat Server data layers (http: // pacoos.
coas.oregonstate.edu/datasets.html; Surficial Geo-
logic Habitat Version 3 [WA, OR, CA]), which were
summarized by category (rock, boulder, sand, and
soft sediment; Fig. 2b). We extracted depth and sub-
strate values on a regular grid (at 2 × 2 km cell cen-
troids) using the Point Sampling Tool plugin (Jurgiel
2013) in QGIS (version 2.8.1-1; QGIS Development
Team 2015) to construct a spatial dataset for extend-
ing our predictions across the entire study area.

We aggregated invertebrate taxa to higher taxo-
nomic levels because of varying taxonomic resolu-
tion in the records. This also ensured there were suf-
ficient presence data for each taxonomic group, as
finer-scale groupings provided sparse data and poor
model fits. We present results for 3 major groups:
subclass Hexacorallia, excluding anemones and do -
minated by black corals (hereafter hexacorals); sub-
class Octocorallia, primarily sea pens (hereafter octo-
corals); and phylum Porifera (sponges) (see Table S1
in the Supplement at www. int-res. com/ articles/ suppl/
m574 p029 _ supp. pdf for number of occurrences by
taxon). Approximately 40% of hauls recorded at least
1 of these invertebrate groups.

http://www.int-res.com/articles/suppl/m574p029_supp.pdf
http://www.int-res.com/articles/suppl/m574p029_supp.pdf
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Fig. 2. Spatial distribu-
tion of (a) depth, (b) sub-
strate categories, and (c)
actual biogenic habitat
occurrence across the
model prediction area.
Lower panels show the
best-supported model
pre dictions of the prob-
ability of occurrence for
(d) hexacorals, (e) octo-
corals, and (f) sponges
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Habitat exposure model construction

We estimated the probability of occurrence of
structure-forming invertebrates by spatial location,
to identify areas where trawls are more likely to dis-
turb these biogenic habitats. To evaluate the proba-
bility of biogenic habitat occurrence in trawl samples
at a given location i, θi, we constructed binomial (logit
link) general additive models (GAMs) using the
mgcv package (Wood 2007) in R (version 3.2.3; R
Development Core Team 2015). We used GAMs
because they allow us to model space explicitly as a
bivariate smoother of depth and location, allowing
for non-linear relationships between predictor and
re sponse variables. Data were first randomly as -
signed into model training (2/3 of data) and testing
(1/3 of data) datasets. We used the training dataset to
construct GAMs for hexacorals, octocorals, and
sponges, using the covariates of northings and east-
ings, depth, and substrate category. Location and
depth were smoothed using a tensor-product
smoothing spline s. Smooth knots were constrained
for the depth term to prevent overfitting (knots = 4, 4,
and 7 for hexacorals, octocorals, and sponges,
respectively). Thus, we aimed to model the presence
or absence of biogenic habitat at each location yi

based on an estimated probability of occurrence θi,
where Y ~ Bernoulli (θ) such that yi = 1 with probabil-
ity θi and yi = 0 with probability 1 – θi, where 0 ≤ θi ≤
1. The full model for estimating the probability of
occurrence is then:

(1)

Habitat exposure model validation and prediction

To select a best-supported model for each biogenic
habitat taxon, we made predictions with environ-
mental data from the training dataset for each of 7 fit-
ted models: taxon presence predicted by (1) inter-
cept, (2) smoothed northing and easting (location), (3)
smoothed depth, (4) substrate, (5) smoothed depth
and substrate, (6) smoothed location and smoothed
depth, and (7) smoothed location, smoothed depth,
and substrate (see Table 1). We compared these pre-
dictions to observations in the testing dataset and
cross-validated. The models best supported by the
data were taken as those that have the highest out-
of-bag predictive ability (i.e. those that best predict
values from the testing dataset, using the training
dataset), given consideration of model complexity to

avoid overfitting (i.e. a balance between fit and par-
simony). Thus for out-of-bag observation xi with i =
1,2,…,I (where xi = 1 if present and xi = 0 if absent), a
measure of the predictive accuracy of model m is

(2)

where p̂ (xi) is the predicted value of that observation
from the GAM. Thus, Lm represents the logarithmic
score (Gneiting & Raftery 2007) for predictive accu-
racy across all out-of-bag observations. The model
with maximum log-score Lm provides the best predic-
tive performance; however, to avoid overfitting, we
defined the best-supported model as the most parsi-
monious model with the highest or nearly highest log
score. We compared models based on their exponen-
tiated log-score per observation exp(Lm/I), which
indicates how well on average the model predictions
match the observations. Once the preferred model
was selected, we made a complete map of predicted
probability of occurrence across the entire region for
each biogenic habitat taxon, providing predictions
for each 2 × 2 km grid using the extracted location,
depth, and substrate layers (where applicable) as
model covariates.

Gear−habitat interaction prediction

To estimate spatiotemporal trends in the overlap
between the bottom-trawl activity and biogenic habi-
tat, we calculated an index of the expected number
of contacts between commercial groundfish bottom-
trawl gear and biogenic habitat. We derived the
 contact index by intersecting the habitat exposure
prediction maps with the locations of the hauls con-
ducted by the fishery, implicitly conditioned on an
unknown retention probability that is assumed to be
constant. We assumed that hauls were linear tran-
sects between the start and end points recorded in
logbook data provided by the Pacific Fisheries Infor-
mation Network (representing self-reported data for
each haul from all groundfish bottom-trawl vessels
operating off the US west coast between 2002 and
2014: 180 984 total hauls, comprising the majority of
all hauls notwithstanding some incomplete report-
ing). To filter out hauls with erroneous locations, we
only included hauls where the distance and duration
towed implied a speed of less than 11 km h−1. We also
ran the analyses excluding hauls that were inferred
to be too slow (<1.5 km h−1), indicating that they may
have followed a circuitous path, but excluding these
tows did not change the conclusions of our research

L x p x x p xm
i

I

i i i i= + − −
=
∑

1

1 1{ log[ ˆ ( )] ( )log[ ˆ ( )]}

Logit (θ ) = s(Northing,Easting) + s(Depth) + Substrate
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so they were retained. Assuming that each intersec-
tion of a haul transect and a spatial cell of the habitat
exposure map represents an independent Bernoulli
trial with a probability of occurrence in a given cell,
the number of contacts between trawl gear and bio-
genic habitat during a haul follows a Poisson-bino-
mial distribution (an extension of the binomial distri-
bution allowing for variation in probability of success
among trials; Wang 1993) where the expected num-
ber of contacts is the sum of the occurrence probabil-
ities over all j spatial cells and all k hauls Σp̂j,k, with
variance Σ[p̂j,k (1 – p̂j,k)]. To assure the robustness of
this approach, we compared these results with those
acquired when the occurrence probabilities were
weighted by the distance towed through each cell. In
this weighted probability approach, we redefined the
number of trials as the result of dividing the com-
puted distance each haul traveled through each cell
dj,k by the average distance of a haul in the fishery-
independent survey d

–
 (~1 km) used to predict occur-

rence probabilities. Thus, the expected number of
contacts in the weighted case was Σ( p̂j,k dj,k d

––1). To
visualize the predicted temporal and spatial trends in
the interactions between biogenic habitat and fishing
gear, we summarized the predicted number of con-
tacts by year and by spatial cell.

Observed gear−habitat interactions

We compared the temporal trends in predicted
contacts between biogenic habitat and fishing gear
to relative encounter frequencies (encounters per
haul) reported by at-sea observations of discarded
catch provided by the West Coast Groundfish Ob -
server Program at the Northwest Fisheries Science
Center (hereafter these measures will be termed
‘observed’ interactions). Note that an en counter is a
different measure than a contact, where we define
the latter to indicate an instance of contact during a
haul (of which there may be >1), and the former indi-
cates the presence of biogenic habitat in a trawl sam-
ple (which does not exceed 1, regardless of whether
there was >1 contact). Thus, we distinguish these
terms when necessary, but also use ‘interaction’ as a
broad term that refers more generally to either con-
tacts or encounters.

Observers were present on approximately 20% of
trips between 2002 and 2010 and 100% of trips since
2011. We scaled up the encounters with biogenic
habitat in the early period (to account for lower ob -
server coverage) by multiplying the number of total
hours of trawl effort in the fishery by the number of

encounters per hour of trawl effort on observed
hauls. Although this scaling does not account for the
spatial extent of observer coverage, qualitative com-
parisons between locations of observed and unob-
served hauls indicate that observed hauls adequately
approximate the spatial distribution of trawling dur-
ing this period (see Fig. 1 in the annual reports of the
NWFSC Observer Program Data Products Limited
Entry Bottom Trawl: www.nwfsc.noaa.gov/research/
divisions/ fram/observation/data_products/ bottom_
trawl. cfm).

RESULTS

Spatial patterns of habitat exposure

We evaluated model performance by comparing
the observed and predicted occurrences of biogenic
habitat from the fishery-independent survey. Per-
formance was similar across models of intermediate
to full complexity, and there was no strong evidence
to make inferences about particular predictor vari-
ables. However, this does not significantly affect our
analysis, which was focused on the quality of the pre-
dictions themselves. In general, the best-supported
models included location and often depth (Table 1),
which explained a reasonable amount of deviance in
occupancy of hexacorals and sponges, but were less
predictive of octocoral distribution.

Hexacorals had the fewest observations, 280 in
total, and were predicted to have low probability
of occurrence throughout the region (Fig. 2d). The
best-supported model for hexacorals included the
smoothed location (northing, easting) and had a
much higher log-score than the other models evalu-
ated (Table 1; deviance explained = 12.8%). The dif-
ference in predictive accuracy between the best-
 supported model and other candidate models ranged
from 0.004 to 0.019 (or 0.04 to 1.9%; Table 1; also see
comparison in Fig. S1 in the Supplement). Predicted
probability of hexacoral occurrence was highest
along the westernmost edges of the prediction area
off Washington and Oregon (Fig. 2d). This model
performed well compared to the test data ob -
servations, especially at low predicted values
(Fig. S2a). There was a slight tendency to overesti-
mate at high probability of occurrence, likely due to
the paucity of observations in this range.

Octocorals occurred more commonly than hexa -
corals throughout the prediction area. Areas with
particularly high probability of occurrence (above the
75th percentile; termed ‘hotspots’) generally occur -
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red in deeper waters (Fig. 2e). The best-supported
model for octocorals included smoothed location and
smoothed depth (Table 1; deviance explained =
4.9%). This model had the highest log-score of the
candidate models, and was therefore selected as the
best-supported model despite the better visual fit of
the model with smoothed location as the only covari-
ate (Fig. S3). Predictive accuracies of the candidate
models were all within 0.007 of the best-supported
model, indicating relatively comparable performance.
The best-supported model had more variable per-
formance over the range of occurrence probability
than that for hexacorals, but still remained within a
reasonable range of performance (Fig. S2b). Like the
hexacoral models, the best-supported model for octo-
corals tended to over-predict occurrence, especially
at higher probabilities of occurrence (>0.4). The
model predicted increased probability of catch with
depth, indicating a (local) minimum probability of oc-
currence at 400 m, and a (global) maximum probabil-
ity of occurrence around 1000 m (Fig. S4a). Two
major hotspots were near the 1280 m isobath — off

the coast of Washington, and from Point Sur to Point
Conception off central California.

Sponges were frequently observed in the survey
hauls (Fig. 2f), and their occurrence showed strong
relationships with depth and location, although with
different patterns than the octocorals. The best-sup-
ported model for sponges also included smoothed
location and depth covariates (Table 1; deviance ex -
plained = 17.6%). While the full model had a slightly
higher log-score, the visual fit of the selected best-
supported model appeared to be more consistent in
not under- or over-predicting the probability of
occurrence and was therefore selected over the full
model (Fig. S5).

Predictive accuracy ranged widely for candidate
models predicting sponge occurrence, with differ-
ences up to 0.058 relative to the best-supported
model. This model had a consistently strong relation-
ship between the probabilities of sponge occurrence
and test training data (Fig. S5e). Probability of
sponge occurrence had an intermediate optimum
with re spect to depth, occurring most commonly near

36

Models                                                                                         exp(Lm/I)               Δ exp(Lm/I)             Deviance explained (%)

Hexacorallia (hexacorals)
Intercept + s(Northing,Easting) + s(Depth) + Substrate             0.866                      −0.005                                 15.2
Intercept + s(Northing,Easting) + s(Depth)                                  0.867                      −0.004                                 15.0
Intercept + s(Northing,Easting)                                                    0.871                      0.000                                 12.8
Intercept + s(Depth) + Substrate                                                   0.861                      −0.010                                 11.4
Intercept + s(Depth)                                                                       0.861                      −0.010                                 10.0
Intercept + Substrate                                                                      0.856                      −0.015                                 1.6
Intercept                                                                                          0.853                      −0.019                                 0.0

Octocorallia (octocorals)
Intercept + s(Northing,Easting) + s(Depth) + Substrate             0.627                      −0.001                                 5.4
Intercept + s(Northing,Easting) + s(Depth)                                 0.628                      0.000                                 4.9
Intercept + s(Northing,Easting)                                                     0.626                      −0.002                                 3.5
Intercept + s(Depth) + Substrate                                                   0.623                      −0.004                                 1.7
Intercept + s(Depth)                                                                       0.623                      −0.004                                 1.4
Intercept + Substrate                                                                      0.620                      −0.007                                 0.4
Intercept                                                                                          0.621                      −0.007                                 0.0

Porifera (sponges)
Intercept + s(Northing,Easting) + s(Depth) + Substrate             0.643                      0.002                                 18.8
Intercept + s(Northing,Easting) + s(Depth)                                 0.641                      0.000                                 17.6
Intercept + s(Northing,Easting)                                                     0.638                      −0.003                                 16.8
Intercept + s(Depth) + Substrate                                                   0.602                      −0.039                                 7.5
Intercept + s(Depth)                                                                       0.602                      −0.039                                 5.6
Intercept + Substrate                                                                      0.587                      −0.054                                 2.3
Intercept                                                                                          0.583                      −0.058                                 0.0

Table 1. Comparison of constructed models predicting the probability of biogenic habitat taxa presence over the US west coast
prediction area. The exponentiated log-score per observation exp(Lm/I) provides an indication of how well on average (per
observation) the model predictions match the observations (model fit: the higher the number, the better the fit). The difference
in this metric between the candidate models Δ exp(Lm/I) indicates the percentage difference in predictive probability per ob-
servation. The deviance explained gives a measure of how much of the variability in the data the model explains. The selected
models are shown in bold, and were chosen to balance fit and parsimony (i.e. the simplest model with the highest log-

score, or with a log-score that is only marginally lower than the highest log-score)



Barnett et al.: Fishery interactions with living habitats

the 500 m isobath (Fig. S4b). Hotspots occurred at
intermediate depths off Washington, Oregon, and
southern California (Fig. 2f).

Summarized over the entire region, the predicted
distribution of biogenic habitat occurrence probabili-
ties was fairly constrained for hexacorals and octo -
corals, yet quite broad for sponges (Fig. 3a−c). We
predicted that most locations have low to no proba-
bility of hexacoral occurrence, but all areas have a
non-zero probability of octocoral occurrence. The
spatial distribution of sponge exposure was broader
than that of corals, such that trawl locations spanned
a wide range of occurrence probabilities.

Predicted spatial distribution of gear−habitat
interactions

The distribution of trawling effort in the fishery,
with respect to biogenic habitat, was quite similar to
the complete distribution of biogenic habitat occur-
rence probabilities available over the entire region
(Fig. 3; compare rows). However, the distribution of
occurrence probabilities within fished areas was

slightly skewed toward lower occurrence probabili-
ties and did not contain the highest values observed
over the entire region. Thus, we expect that there
were fewer contacts between gear and biogenic
habitat in the fishery than if fishers were choosing
haul locations at random.

We predicted that most of the interactions between
trawls and biogenic habitat occurred north of Cape
Mendocino, primarily off Oregon and Washington
near spatial closures designed to protect habitat
(Fig. 4, compare a−c with location of closures in d).
Areas of highest interaction frequency for all species
included the deep seafloor off the northern Washing-
ton coast near the ‘Biogenic 1’ bottom-trawl closure
and off northern Oregon, just inshore of the Astoria
Canyon closure. For octocorals (and for sponges to a
limited extent), there was an area of high interaction
frequency just north of Cape Mendocino and near
the ‘Grays Canyon’ bottom-trawl closure north of
Astoria Canyon, near the continental shelf break off
southern Washington (Fig. 4b−d). We predicted that
all taxa have incurred moderate trawl disturbance off
northern Oregon between the inshore side of the
Astoria Canyon closure and the Heceta Bank closure,
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with hexacorals being particularly affected just south
of Heceta Bank. We predicted moderate-to-low trawl
influences on the mid-shelf off northern Washington
near the edge of the ‘Olympic 2’ bottom-trawl clo-
sure, particularly for octocorals.

Predicted change in spatial distribution of
gear−habitat interactions with time

By mapping the intersection between haul loca-
tions in the fishery during each of the 3 time periods
and the distribution of biogenic habitat exposure
(which is assumed to be constant), we revealed sub-
stantive changes in the pattern of interaction be -
tween biogenic habitat and trawl gear. In general,
trawl interactions with biogenic habitat were distrib-
uted somewhat diffusely along the US west coast
early (2002−2005; Figs. 5a, S6a, S7a), became con-

centrated within a narrower band of coastal waters
during the middle years (2006−2010; Figs. 5b, S6b,
S7b), and moved deeper and more northerly in later
years (2011−2014; Figs. 5c, S6c, S7c). For sponges, for
example, early interactions on the continental shelf
in far northern Washington were not realized in sub-
sequent periods, as trawling was banned around
much of the area near the Biogenic 1 and Olympic 2
closures (Fig. 5). Conversely, interactions in deeper
waters off northern Washington and central and
northern Oregon peaked in the middle period before
moderating because of reduced fishing effort in very
deep and very shallow waters (Somers et al. 2015).

Over time, per unit of effort, the groundfish
 bottom-trawl fishery changed in terms of where
hauls have occurred relative to biogenic habitat
occurrence probabilities (Fig. 6, compare modes
among years; Kruskal-Wallis p << 0.001, df = 2 for all
taxa; hexacoral χ2 = 16 374, octocoral χ2 = 4720,
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Fig. 4. Predicted groundfish bottom-trawl interactions with US west coast biogenic habitat summarized across all years (2002−
2014) for (a) hexacorals, (b) octocorals, and (c) sponges, with (d) a map of landmarks and areas closed to bottom-trawling high-
lighted in red (note that this does not show the boundaries of the coast-wide trawl Rockfish Conservation Area, which are 

dynamic). The predicted contacts index is plotted on a log + 1 scale to ease visualization of large-scale patterns
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sponge χ2 = 20 557). There was a spatial shift of effort
towards areas containing higher occurrence proba-
bilities of biogenic habitat over time (see Figs. S5− S7
for maps of predicted encounters by year). This rela-
tive increase in overlap between trawl distribution
and areas of high probability of occurrence with bio-
genic habitat peaked in the middle to late periods,
particularly for hexacorals and sponges (Fig. 6a,c).

Although the typical location of a haul in the fish-
ery shifted to areas with greater probability of bio-
genic habitat occurrence, the overall spatial extent of
fishery overlap with exposed biogenic habitat (par-
ticularly octocorals and sponges) largely declined
(Fig. 7, solid lines; declines between start and end
year ranged from 52−53% across taxa), following
trends in total fishing effort. When broken down
specifically by time period, the extent of overlap de -
creased in the early period (by 29−48% across taxa),
increased during the middle period (by 2− 170%),
and decreased during the later period (by 13− 15%).
This pattern remains largely the same when analyz-

ing the extent of area with moderate to high fre-
quency of interactions between gear and habitat
(Fig. 7, broken lines), yet the overall declining trend
is no longer evident.

Predicted and observed change in frequency of
gear−habitat interactions with time

Although fishing effort shifted toward more ex -
posed areas, the predicted index of total contacts
between trawl gear and biogenic habitat generally
followed the trend of total fishing effort (Fig. 1),
mostly declining over the study period with the par-
ticular exception of 2008−2010 (Fig. 8a−c; declines
be tween start and end year ranged from 51−55%
across taxa). Observed encounters (those from the
fishery-dependent at-sea observer program) fol-
lowed a similar trend but were lower at the begin-
ning of the time period (Fig. 8e,f). Across all years,
octocorals and sponges were the taxa with the most
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Fig. 5. Predicted groundfish bottom-trawl interactions with US west coast sponges summarized by management period. The pre -
dicted contacts index is plotted on a log + 1 scale. Similar patterns were found for hexacorals and octocorals (see Figs. S6 & S7 in 

the Supplement)
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frequent gear interactions (Fig. 8; compare line
heights among columns). Qualitative trends in the
predicted number of contacts index were largely un -
changed by weighting the occurrence probabilities
by the distance towed through each cell (Fig. S8), so
we used the unweighted approach throughout.

In contrast to trends in total gear−habitat interac-
tions, the overall trend in the relative frequency of
predicted contacts (contacts per haul) was an in -
crease with time until 2009 (ranging from 17−56%
across taxa), after which there was a moderate

decline (10−34%; Fig. 9a−c). Observed relative fre-
quencies of encounter also increased over time for
octocorals (132%), but the response was parabolic for
sponges (743% increase between 2002 and 2008;
87% decrease between 2008 and 2014) and no trend
was evident for hexacorals (Fig. 9d−f). Notably, the
observed relative frequencies of encounter were
lower than predicted relative frequencies of en -
counter by up to an order of magnitude (compare
modes in Fig. 3d−f to values in Fig. 9d−f). This dis-
crepancy is even more dramatic considering that
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haul durations in the fishery are far longer (inter -
quartile range: 2.2−5.8 h) than those in the survey
(interquartile range: 0.27−0.32 h). We emphasize that
our prediction method provides an index of the num-
ber of contacts, not an absolute estimate, where the
latter would be of greater magnitude given that we
only detected contacts if the gear retained the bio-
genic habitat.

DISCUSSION

Here, we analyzed spatiotemporal patterns of
anthro pogenic disturbance of biogenic habitat at a
regional scale, providing insight into how policies
may have influenced such patterns. We quantified
the intensity and extent of interactions between
mobile commercial fishing gear and deep-water
structure-forming invertebrates, which may con-
tribute to fish productivity (e.g. Freese & Wing 2003,
Auster 2005, 2007, Baillon et al. 2012). We found sub-
stantial spatial differences in exposure among taxa
that led to contrasts in the spatial distribution of pre-
dicted interactions between trawl gear and biogenic
habitat. While the overall spatial extent of gear−habi-
tat interactions contracted over time, there was sig-
nificant variation in the distribution of fishing effort
that caused an increase in frequency of interactions
per unit effort, which coincided with implementation
of spatial closures. Subsequent implementation of
catch shares did not significantly affect the distribu-
tion of fishing effort relative to the distribution of bio-
genic habitat exposure, yet there was a coincident
decline in our index of the number of gear−habitat
interactions, consistent with a large decrease in total
fleetwide trawling effort. Throughout the study
period, changes in total fleetwide effort had a greater
effect on the gear−habitat interaction index than did
changes in the distribution of fleetwide effort.

The interaction between bottom trawling and US
west coast biogenic habitat varied among taxa. In
general, biogenic habitat was most affected by bot-
tom trawling in deep waters off Oregon and Wash-
ington, where much of the region’s fishing effort
occurs (Somers et al. 2015), and we predict that octo-
corals and sponges are quite abundant in these off-
shore waters. Octocorals and sponges had the high-
est frequency of interaction with trawl gear, yet both
groups were also found in regions of southern Cali-
fornia where little or no trawling occurs. Hexacorals
were rarely recorded in either the survey or the fish-
ery, and consequently their distribution was not well
predicted. However, the relative intensity and extent

of gear interactions is expected to be low for hexa -
corals, particularly in the context of the presumed
overall distribution of black corals (the taxon with the
greatest representation within our hexacoral group)
across the broader region (Guinotte & Davies 2014).
For example, our predicted spatial distribution of
hexacoral exposure and trawl interactions was some-
what consistent with predictions from Guinotte &
Davies (2014) based on a habitat suitability model, in
particular, indicating that most black corals are lo -
cated deeper than bottom trawling.

The overall effect of bottom trawling on US west
coast biogenic habitat remains highly uncertain, in
part because of the discrepancy between observed
and predicted relative interaction frequencies. This
discrepancy has at least 4 plausible explanations: (1)
the predicted contact index is biased because the
survey gear used to predict habitat exposure is too
different from that used in the fishery; (2) fishers are
actively and successfully avoiding areas with high
habitat exposure, given knowledge of the small-scale
variation in the distribution of biogenic habitat; (3)
fishers tend to trawl along known tracks (Branch et
al. 2005), leading to low encounter rates due to local
depletion or flattening of biogenic habitat caused by
repeated trawling of the same areas; (4) observed
encounter rates are biased low because of detection
and reporting issues. Explanation 1 is unlikely, given
that the index is accurately capturing most of the
broader temporal trends and the fact that the trawl
gear used in the survey and fishery are very similar
with the exception of a slightly larger midsection of
footrope and smaller mesh size in the codend liner of
the survey gear (Bradburn et al. 2011). Explanation 2
is the most convincing, given that the low amount of
deviance explained by our habitat exposure models
indicates there is much fine-scale variation in the dis-
tribution of biogenic habitat. It is also possible that
the survey is accessing small, isolated (i.e. sur-
rounded by rough substrate) patches of soft-bottom
habitat that fishers typically avoid given their prefer-
ence for longer hauls over continuous soft-bottom
habitat (Bellman et al. 2005), providing limited indi-
rect support for explanation 3, which is plausible yet
lacks any direct evidence. Finally, explanation 4 is
highly unlikely given the extensive training of at-sea
observers and the fact that the magnitude of differ-
ence between observed and predicted interactions is
too large to be accounted for by an occasional lack of
detection or identification of small quantities of bio-
genic habitat in the catch. In summary, the available
evidence indicates that perhaps the most likely cause
of the discrepancy in magnitude of the frequency of
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interactions between trawl gear and biogenic habitat
is the tendency for fishers to avoid known patches of
rough seafloor (where rocks or biogenic habitat may
interfere with fishing activities).

Spatiotemporal trends in overall frequency of inter-
actions with biogenic habitat were largely — but not
exclusively — explained by fleetwide fishing effort,
which is consistent with predictions and observed
correlation of responses to effort changes in other
systems (Hiddink et al. 2006b, Pears et al. 2012,
Pitcher 2013, Pitcher et al. 2016). Although fishing ef -
fort has typically decreased since 2008, the fishery
has been more concentrated on areas with high prob-
ability of biogenic habitat occurrence, and the rela-
tive biogenic habitat interaction frequencies (inter -
actions per haul) have remained high. This spatial
shift is likely due to fishing becoming more concen-
trated in the north and focusing on a narrower range
of depths over the years (Somers et a l. 2015), which
may have been driven by spatial fishery closures im -
plemented in 2006. One might expect that such clo-
sures of rocky areas would lead to a decrease in the
number of hauls through locations with exposed bio-
genic habitat, but many of these areas may have
been already inaccessible given the restrictions on
footrope size implemented in 2002 (Bellman et al.
2005).

The implementation of the catch-share program
does not appear to have reduced disturbance of bio-
genic habitat beyond its role in effort reduction.
Catch shares reduced trawl effort through restricted
allocation (Kuriyama et al. 2016), and potentially by
fishers responding to changing incentives and
switching to fixed gear (Kroetz & Sanchirico 2010, E.
Steiner & D. Holland unpubl.). The one possible ex -
ception is sponges, for which the decrease in ob -
served relative frequency of interaction since 2010
has been much more dramatic than that of the pre-
dicted relative interaction frequency. Perhaps fishers
attempt to avoid sponges because of potential dam-
age to gear or nuisance of removing them from the
net, and therefore catch shares — by negating a race
to fish — have made fishers more precautionary in
how or where they fish. Other evidence supports the
presence of such precautions, as fishers are not utiliz-
ing their entire quota for many species (Kuriyama et
al. 2016). However, the potential for damaging or los-
ing gear on high-relief rocky habitat, or the risk of
incidentally catching species for which the quota is
low and thus costly to obtain (e.g. yelloweye rockfish
Sebastes ruberrimus) are the most likely drivers of
decreased interactions with sponges. Across systems,
there are limited data to assess how catch shares for

targeted finfishes affect habitat disturbance (Branch
2009), but our results indicate that such policies can
facilitate reductions in seafloor disturbance, albeit in -
directly by modifying effort. Generally, catch shares
are only likely to have a substantial direct ef fect on
habitat disturbance if there are individual bycatch
quotas for structure-forming invertebrates, as imple-
mented for corals and sponges in British Columbia,
Canada (Wallace et al. 2015). Theory also supports
the potential effectiveness of individual habitat quo-
tas for conservation of biogenic habitat, with indica-
tions that this approach is more likely to be effective
and efficient than implementation of no-take areas
(Holland & Schnier 2006).

The efficacy of spatial closures for habitat protec-
tion is not as clear as that of effort reduction (Dupli -
sea et al. 2002, Dinmore et al. 2003, Hiddink et al.
2006b). While spatial closures may be the best tool
for habitat protection in regions where sensitive
habitats are highly concentrated, such as seamounts
in the deep ocean (Clark & Dunn 2012), without com-
plementary policies to reduce effort, the effect on
biogenic habitat may intensify in unprotected areas.
Although our results indicate that this form of effort
displacement may have led to increasing disturbance
frequency for some forms of US west coast biogenic
habitat following spatial closures designed to protect
fish habitat, we caution that this interpretation is
clouded by the fact that high-relief rocky habitats
(which often contain large populations of biogenic
habitat) are not included in our analysis. In addition,
given that cumulative habitat damage is often an
asymptotic function of the number of hauls con-
ducted in the same area (e.g. Poiner et al. 1998), it is
plausible that spatial closures may have increased
the overall population viability of biogenic habitat by
constraining the spatial extent of fishing effects on
biogenic habitat while preserving source populations
for resettlement. Indeed, spatial heterogeneity in
trawling is predicted to facilitate population persist-
ence and increase recovery time, but this may have
negligible or negative consequences unless the spa-
tial distribution of trawling is relatively constant
(Duplisea et al. 2002, Dinmore et al. 2003) and con-
centrated on areas with the fastest recovery rates
(Lambert et al. 2014), i.e. permanent, stationary no-
trawl or no-take zones placed on slow-recovering
biogenic habitats (Hiddink et al. 2006b). Thus, long-
term benefits to US west coast biogenic habitat may
be more likely to arise from the stationary closures
rather than the dynamic, coast-wide Rockfish Con-
servation Area. However, the results of this study and
several others indicate that reducing the risk of
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gear−habitat interactions is better accomplished with
uniform effort reduction than with additional spatial
closures (Ellis & Pantus 2001, Pitcher et al. 2007,
2016, Ellis et al. 2008). Given the complex socio-eco-
nomic dynamics of fisheries, if policymakers decide
to increase protections for biogenic habitat they
should consider a combination of effort reduction
along with other policies such as spatial closures,
move-on rules, gear modifications, and individual
bycatch quotas for structure-forming invertebrates.

There are several major sources of uncertainty in
our analysis. The primary source of uncertainty arises
from the use of trawl sampling, which is a coarse —
but the only available — method for directly estimat-
ing the exposure of biogenic habitat at large spatial
scales and fine resolution. Given the low magnitude
of deviance explained by our models of spatial bio-
genic habitat exposure to trawls, it is clear that our
ability to map exposed biogenic habitat is somewhat
limited by, for example, the presence of much fine-
scale variation in the distribution of structure-form-
ing taxa. The deviance explained by our best-sup-
ported models (5−18%) is similar to that of another
study from the northeast Pacific that also used a
GAM fit to trawl survey data, but with more environ-
mental predictor variables (8−19%; Rooper et al.
2014). Thus, it is more likely that the low explanatory
power of our models is due to the mismatch between
scales of trawl sampling and habitat heterogeneity in
this region than the lack of additional environmental
predictors. Another source of uncertainty arises be -
cause we are not accounting for biogenic habitat that
is present in untrawlable habitat, and the fact that
structure-forming invertebrates can be damaged and
pass through the net, and therefore go undetected.
The variation in retention by taxon observed in some
regions (Auster et al. 2011 and references therein)
could introduce additional uncertainty in the magni-
tude of gear−habitat interactions overall and bias our
comparison across taxa, but this would not affect the
results on relative spatiotemporal trends in interac-
tions. Furthermore, bottom-trawl samples are good
predictors of biogenic habitat distribution in other
areas of the northeast Pacific, such as the eastern
Bering Sea, based on validation using camera sur-
veys (Rooper et al. 2016). In an effort to mitigate some
of the uncertainty associated with our sampling
methods, we focused on occurrence rather than the
biomass of biogenic habitat retained in the gear, so
each observation could indicate the presence of a
dense aggregation of invertebrates that is creating
substantial habitat or a few sparse organisms provid-
ing little structure. There are likely factors not in -

cluded in our analysis that are changing through
time and could theoretically confound our interpreta-
tion of the influence of management policies on habi-
tat. However, it is unlikely that the changes in the
spatial distribution of fishing effort were driven by
shifts in the distribution of fishes targeted by bottom
trawling in this region (Thorson et al. 2016).

We demonstrate that the magnitude of gear− habitat
interactions is largely driven by fleetwide trawl effort,
based on an evaluation of spatiotemporal patterns at a
coast-wide scale that would be unobtainable with ex-
isting alternative methods. Future re search on this
topic would benefit from incorporating fine-scale ves-
sel tracking information to increase precision of trawl
path estimates. In situ observations would also be par-
ticularly useful to determine the relationship between
the magnitude of damage done by trawl gear and the
quantity of biogenic habitat retained in the net.
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