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The  sampling  efficiency  of  survey  bottom  trawls  can  vary  in response  to  a variety  of  biotic  and  abiotic
factors.  In  a previously  published  model  of  the sampling  efficiency  of snow  crab  (Chionoecetes  opilo),
based  on  a trawl  comparison  experiment,  the  efficiency  of  the  bottom  trawl  used  in  the  eastern  Bering
Sea  varied  with  water  depth  and  sediment  size.  The  sediment  size  used  in  the  model,  however,  was not
directly  sampled  at the trawl  locations  but instead  was  interpolated  from  an  existing  sediment  data  base.
eywords:
coustic bottom typing
rawl selectivity
now crabs

We  examine  whether  bottom  type  attributes  estimated  with  commercially  available  software  applied  to
acoustic  data  collected  by the  vessels  during  the  experiment  was  more  informative  to  the  model  than
the  interpolated  estimates  of  sediment  size.  Based  on increases  in explained  deviance,  the  model  fits for
males  (6%  higher)  and  females  (35%  higher)  were  both  improved  using  the  acoustically  derived  estimates
of bottom  type.

© 2016  Published  by  Elsevier  B.V.
. Introduction

Bottom trawl surveys often encompass large geographic areas
ith spatially variable biotic and abiotic conditions. The sampling

fficiency of a survey trawl (i.e. proportion of individuals within
he trawl swept-area that is captured for a given species) can be
ffected by this variability because sampling efficiency is a func-
ion of body size (Wileman et al., 1996), and potentially influenced
y bottom type (Dawe et al., 2010), current speed (Weinberg et al.,
002), water depth (Weinberg and Kotwicki, 2008), wave height
Stewart et al., 2010) and perhaps other factors that vary over the
urvey area. In a study of the sampling efficiency of the bottom
rawl used in the eastern Bering Sea (EBS) survey (EBS survey and
rawl described in Lauth and Conner, 2014) for snow crab (Chionoe-
etes opilio), Somerton et al. (2013) conducted a side-by-side fishing
xperiment in which a vessel equipped with an experimental trawl
esigned to capture nearly all crabs was paired with the survey ves-
el equipped with the standard trawl during normal operations. The

esulting data were used to build a model of sampling efficiency as

 function of the sex and carapace widths of the crabs, as well as
he water depth and mean sediment diameter at the trawling loca-

∗ Corresponding author.
E-mail addresses: David.Somerton@noaa.gov (D.A. Somerton),

ob.McConnaughey@noaa.gov (R.A. McConnaughey), Steve.Intelmann@noaa.gov
S.S. Intelmann).

ttp://dx.doi.org/10.1016/j.fishres.2016.09.029
165-7836/© 2016 Published by Elsevier B.V.
tions (Somerton et al., 2013). However, the sediment size data used
in the model were not directly measured at each trawling site, but
instead were estimated using geospatial interpolation (kriging) of
data from historical collections of EBS sediment samples (Smith and
McConnaughey, 1999). Although the number of sediment samples
was quite large, the sampling locations were spatially clumped and
more concentrated near land, with the consequence that some of
the estimated values of sediment size at trawling locations were
the result of interpolations far from the nearest sediment sampling
location, which potentially introduced bias to the estimates.

Instead of initiating a program to collect sediment samples at
EBS trawling locations to better inform the model, we  investigated
the approach taken by Dawe et al. (2010), in a similar study of snow
crab trawl sampling efficiency in Canadian waters, and measured
sediment properties using commercially available acoustic bottom
typing software applied to acoustic data collected by the EBS survey
vessel while conducting the experiment. In this study, we  examine
the predictive power of these acoustic estimates of bottom type
compared to that of the kriged estimates of mean sediment size
originally used in the model. If the acoustically derived estimates
of bottom type are as informative to the model of snow crab sam-
pling efficiency as the kriged estimates, it would indicate that the
continued collection of acoustic data by trawl survey vessels, and its

use in the estimation site-specific trawl sampling efficiency, would
be a promising way of reducing among-station variation in trawl

dx.doi.org/10.1016/j.fishres.2016.09.029
http://www.sciencedirect.com/science/journal/01657836
http://www.elsevier.com/locate/fishres
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Table 1
Four models are shown for each sex of snow crab: 1) a model without bottom type
information, 2) a model with bottom sediment size expressed as mean �,  3) a model
with bottom type expressed as independent smooth functions of the three Q-values
and 4) a model with bivariate smooth functions of the Q-values and depth. For each
model, the values of AIC and the percent of the deviance explained by the model
are  shown. The sample size (N) is the sum of the number of 5 mm carapace width
categories over all sampling stations where each sex was encountered. The notation
“S” indicates a smooth function of arguments.

Sex Model AIC % Dev. exp. N

female S(W)+S(D) 5032 41 699
female S(W)+S(D,�)  4312 54
female S(W)+S(D)+S(Q1)+S(Q2)+S(Q3) 3873 61
female S(W)+S(Q3,D)+S(Q1,Q2) 3173 73

male S(W)+S(D) 6134 40 1407
D.A. Somerton et al. / Fishe

ampling efficiency and, thereby, reducing the variance of trawl
urvey estimates of abundance.

. Methods

.1. Collection and processing of acoustic data

Acoustic backscatter data were collected continuously by the
BS bottom trawl survey vessels used in the original experi-
ent (Somerton et al., 2013) with Simrad ES-60 echosounders

38 kHz) that had been calibrated with tungsten-carbide spheres
t the beginning of the survey. The acoustic data for each trawl
aul were extracted from the Simrad output (RAW files; Simrad,
000) from the time of the first contact of the trawl footrope
ith the bottom to the time of last contact, offset by the time

equired to traverse the trawl lay-back distance to ensure that the
coustic backscatter from the seafloor were representative of the
ctual tow path. These data have a systematic error (i.e., “trian-
le wave”) embedded in the transmit pulse, which was  removed
sing the ES60 adjust utility detailed in Ryan and Kloser (2004).
he corrected acoustic data were then analyzed using a new ver-
ion of QTC Impact1 (renamed IMPULSE 15.0 by Maritime Way
cientific Ltd; http://www.maritimeway.ca/seabed-classification/
mpulse15/) bottom typing software that measures a variety of
haracteristics of the returning bottom echo (Biffard et al., 2007)
nd computes three principal components (Q1, Q2, Q3) of these
easures for each acoustic ping. The Q values were subsequently

veraged over the ∼2.7 km length of each haul.

.2. Modeling sampling efficiency

The original sampling efficiency model (Eq. (5)) in Somerton
t al., 2013) is

ogit
(

Ca
Ca + Cb

)
= S (W) +  S (D, �) ,

here Ca and Cb are the number of snow crab, by sex and 5 mm
idth interval, caught by the EBS trawl survey vessel (subscript

) and by the vessel with the experimental trawl (b), S(W) is a
mooth function of carapace width and S(D,�)  is a bivariate smooth
unction of water depth at a trawl station and the sediment size
xpressed in units of � (-log2(diameter in mm)). The equation was
t to the data using Generalized Additive Modeling (function gam

n the R package mgcv; R Development Core Team, 2008), then
ack-transformed to a linear scale to produce estimates of capture
robability. To examine the information content of the Q1, Q2, and
3 values, they were substituted for � in the above equation but
ere entered into the model both as single smooth functions and

s bivariate smooth functions with each other and with depth. The
est-fitting model was chosen as the one that minimized the value
f AIC (Akaike, 1974). To show the impact of including the Q-values

nto the model, relative to the inclusion of no bottom substrate
nformation and relative to the inclusion of kriged values of �,  we
lso fit models that included: 1) S(W) and S(D) alone (i.e., no bot-
om type data), and 2) S(W) and S(D,�)  (i.e., the original model in

omerton et al., 2013). The model results, expressed as AIC and the
ercent of the total deviance explained by the model, is presented

n Table 1 for each sex and model formulation.

1 Reference to trade names does not imply endorsement by the National Marine
isheries Service, NOAA.
male S(W)+S(D,�) 5837 49
male S(W)+S(D)+S(Q1)+S(Q2)+S(Q3) 5545 49
male S(W)+S(Q3,D)+S(Q1,Q2) 5415 52

3. Results

The best-fitting model utilizing Q-values to represent bottom
characteristics, for both male and female snow crab, included a
bivariate smooth of Q3 and depth and a bivariate smooth of Q1 and
Q2 (Table 1). In all models tested, those that included all three Q
variables had a lower value of AIC than those with less, but models
with bivariate terms had still lower values. Relative to the model
reported in Somerton et al. (2013), the best model using Q-values
increased the percent deviance explained by 6% for males and by
35% for females (Table 1). Relative to the model including no bot-
tom type information, the percent deviance explained increased
by 29% for males and by 75.5% for females. This indicates that the
bottom type information was  an important explanatory variable in
the models and that the Q-values derived from acoustic analysis of
data collected for each haul in the original experiment were more
informative to the model than the kriged estimates of sediment
size.

4. Discussion

In the original study (Somerton et al., 2013), inclusion of the
kriged values of sediment size in the model of trawl sampling effi-
ciency clearly resulted in a better fit (i.e., smaller value of AIC)
than models without this variable, indicating that the sediment
size significantly influenced the sampling efficiency of snow crab
by the EBS survey trawl. Previous research on the sampling effi-
ciency of the EBS survey trawl for snow crab, using an auxiliary
trawl attached underneath the survey trawl (Somerton and Otto,
1999), indicated that the primary cause of reduced snow crab sam-
pling efficiency is escapement under the footrope. Thus our model
predictions on the influence on bottom type on sampling effi-
ciency is consistent with the study on the same trawl by Weinberg
and Kotwicki (2008) which demonstrated that the distance of the
footrope from the bottom also varied with water depth and sedi-
ment size. It follows that sampling efficiency should be lower when
the footrope was  farther from the bottom.

The inclusion of the Q-values, instead of sediment size, produced
still better fits to the efficiency data, implying that the Q-values
provided more information to the model. This may be the result
of either of two  possibilities. First, in the original study the sed-
iment size values were interpolated (kriged) to the locations of
the trawl stations, which may  have introduced error and possi-
bly bias, but the Q-values were estimated as an average over each

trawl path from data collected during the trawl efficiency exper-
iment. Second, the sediment size values are based on the mean
particle diameter of the sediment, which ignores sediment char-
acteristics such as sorting and compaction which also may  affect

http://www.maritimeway.ca/seabed-classification/impulse15/
http://www.maritimeway.ca/seabed-classification/impulse15/
http://www.maritimeway.ca/seabed-classification/impulse15/
http://www.maritimeway.ca/seabed-classification/impulse15/
http://www.maritimeway.ca/seabed-classification/impulse15/
http://www.maritimeway.ca/seabed-classification/impulse15/
http://www.maritimeway.ca/seabed-classification/impulse15/
http://www.maritimeway.ca/seabed-classification/impulse15/
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Fig. 1. Plots of each of the three Q variables and the sediment size expressed in units of � (-log (sediment diameter in mm)). Q is strongly correlated with �,  but Q and
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Weinberg, K.L., Somerton, D.A., Munro, P.T., 2002. The effect of trawl speed on the
footrope capture efficiency of a survey trawl. Fish. Res. 58, 303–313.

Wileman, D., Ferro, R., Fonteyne, R., Millar, R., 1996. Manual of Methods of
Measuring the Selectivity of Towed Fishing Gears. ICES Coop. Res, Rep. No. 215,
126 p.
3 are either not correlated or only weakly correlated with � but likely represent o

rawl performance. However, because the Q values are principal
omponents derived from many measured attributes of the acous-
ic data, their exact physical interpretation is vague. Q1 is strongly
orrelated to � (Pearson correlation, r = 0.76, p < 2.2e-16) indicat-
ng that it is related to sediment grain size; but Q2 is uncorrelated
r = 0.02, p = 0.56) and Q3 is weakly correlated (r = 0.10, p = 0.01) to

 (Fig. 1) and perhaps reflect some of these other sediment prop-
rties (Holliday, 2007). Regardless of their physical interpretation,
he Q values are three independent, continuous-valued descriptors
f the bottom that are informative for trawl efficiency modeling.

As seen in Somerton et al. (2013), the improvement in model fit
esulting from the inclusion of bottom type data was much greater
or females than males (Table 1). One possible reason for this is
hat adult female snow crabs are considerably smaller than males
Daly et al., 2015) and have noticeably shorter legs. Consequently,
he bodies of females tend to be closer to the seabed than those of

ales and, therefore, their probability of capture may  be less than
ales and more influenced by variation in the footrope clearance

istance and, consequently, by the properties of bottom sediments.
The use of acoustically derived bottom type information in

pecies habitat modeling is well established (McConnaughey and
yrjala, 2009). However, this study and that of Dawe et al. (2010)
ay  be unique in their linkage of acoustically derived bottom type

nformation to trawl performance and sampling efficiency. The
mportance of this linkage is especially important when conduct-
ng bottom trawl surveys. The variance of abundance indices from
urveys depends not only on among-station variation in species
ensity but also on among-station variation in trawl sampling effi-
iency. In cases where the benthic properties of a survey area are
ot well mapped, such information could be obtained relatively
heaply by collecting acoustic data while collecting the trawl sam-
les. Once a trawl experiment has been conducted to provide data
o model sampling efficiency, the model could be used to correct
ubsequent trawl samples for spatial variation in efficiency, thereby
educing one component contributing to the variance of trawl sur-
ey estimates of abundance.
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