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Foreword
The Scientific Council of NAFO publishes the Journal of the Northwest Atlantic Fishery Science, containing peer 
reviewed primary literature detailing original research of relevance to fisheries science and management in the Northwest 
Atlantic. Articles are published electronically under a Creative Commons 2.5 license and are freely available at http://
journal.nafo.int. The Scientific Council has resolved to publish annual bound print volumes, and these represent a 
compilation of the web based articles published throughout the year. Additionally, the journal supports the use of 
digital object identifiers (doi) for electronic media and encourages others to support this initiative. 

This issue contains a range of papers covering the broad spectrum of science being carried out in the Northwest 
Atlantic, and again, the effects of a warming planet upon marine resources are at the core of much of the research 
presented here. Some familiar issues are revisited, and we are pleased to publish works on the reproductive biology of 
Greenland halibut, selectivity in Redfish fisheries and structuring of deep-water fish communities.

I would like to take this opportunity to extend my thanks to all of the authors who submitted works during 2012, to  
the Associate Editors who make the administration of the Journal such a pleasure, and to Alexis Pacey, Publications 
Manager at the NAFO Secretariat, for her extensive support.

I hope you find this volume of JNAFS enjoyable and informative.

December 2012	 Neil Campbell
General Editor,

Journal of Northwest Atlantic Fishery Science
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Abstract

The majority of trawl selectivity studies for the three redfish species of particular commercial importance 
in North Atlantic fisheries: Sebastes marinus, Sebastes mentella and Sebastes fasciatus, are based on 
data collected from diamond mesh codends with mesh sizes ranging from 88 mm to 147 mm. We 
demonstrate how results from these studies can be understood by morphological characteristics of 
the species. We predict codend size selection based on morphological data collected from golden 
redfish (S. marinus) individuals. Further, consistent with previously reported morphological similarities 
between the three redfish species, we show the predictions for S. marinus may successfully be 
extrapolated to understand experimental codend size selectivity results reported for S. mentella and 
S. fasciatus. In addition to the comparison with previously reported data, we present new experimental 
results for a codend applied in Northeast Atlantic redfish trawl fishery. 

Keywords: redfish, Sebastes, FISHSELECT, codend selectivity, mesh size

Introduction

Three of the many redfish species present in the North 
Atlantic are of major commercial significance: Sebastes 
marinus, Sebastes mentella and Sebastes fasciatus. These 
three species of the Sebastes genus are similar in shape 
and appearance especially at small sizes (Power and Ni, 
1985; Pampoulie and Danielsdottir, 2008). In particular, 
S. mentella and S. fasciatus were grouped together as 
“beaked redfish” until only a few decades ago (Barsukov, 
1968; Ni, 1981).

In the International Council for the Exploration of the Sea 
(ICES) subareas I and II (Norwegian Sea and Barents Sea), 
S. marinus and S. mentella are the two most commercially 
important redfish species. The two species have been 
continually exploited in these areas in the last decades but 
the ICES advice for 2012 for both of them recommends 
closing the directed fishery and limiting bycatch until “a 
significant increase in the spawning-stock biomass (and 
a subsequent increase in the number of juveniles) has 
been verified ” (ICES, 2011a). Around Iceland and East 
Greenland (ICES Subareas V, VI, XII, and XIV), the 
situation is a bit better as ICES recommends that total 

allowable catches (TACs) for 2012 should not exceed 
40 000 tons for S. marinus and 10 000 tons for S. mentella 
(ICES, 2011b). In the Northwest Atlantic (NAFO 
Subarea 3), the TAC for redfish (mainly S. mentella and 
S. fasciatus) in 2011 is set at 36 100 tons (NAFO, 2010).

The incomplete stock differentiation and interspecific 
hybridization observed within the Sebastes spp. stocks 
in the North Atlantic evidences close connection between 
these stocks (Cadrin et al., 2010). Thus, because of the 
delicate situation of some of these stocks (especially 
in the Northeast Atlantic) the responsible management 
authorities are obliged to implement effective measures to 
maintain or restore stocks to MSY levels (i.e. the objective 
that UNCLOS (The United Nations Convention on the 
Law of the Sea) signatories in the 2002 Johannesburg Plan 
committed themselves to achieve by 2015 (Froese and 
Proelß, 2010)). Area closures and direct fishery bans can 
be applied in such situations but size selectivity focused 
on juvenile preservation is normally the least dramatic 
alternative for the fishing community. Constructing a 
size selective trawl requires a proper understanding of 
the behaviour and/or size selectivity of the fish that need 
to be selected and rejected.
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Today, redfish is mainly harvested with diamond mesh 
codends or combined systems using sorting grids together 
with diamond mesh codends (NAFO, 2011; Gunnarsson 
et al., 1998; Jørgensen et al., 2006). The few available 
published redfish size selectivity studies mainly involve 
diamond mesh codends; the results from such studies 
indicate that mesh size can affect size selectivity of this 
species (Lisovsky, 2001; Lisovsky et al., 2006). Most of 
the available Sebastes selectivity data have been collected 
by Russian research institutes and are summarized 
by Lisovsky (2001), Lisovsky et al. (1995; 2006) and 
Pavlenko (2009). German and Icelandic data, presented by 
Bohl (1961) and Thorsteinsson et al., (1979) respectively, 
are also available in the literature. A study carried out by 
Hickey et al. (1995) in Canada that examined the effect 
of lastridge ropes on the selectivity properties on redfish 
for three different mesh size codends completes the list 
of studies that to our knowledge are available on redfish 
diamond mesh codend selectivity (Table 1). 

FISHSELECT is a fish morphology data- and simulation-
based methodology that can be applied to investigate 
the basic size selective properties of meshes of different 
shape and size for individual fish species (Herrmann et al., 
2009). The methodology has been successfully applied 
for cod (Gadus morhua) and haddock (Melanogrammus 
aeglefinus) in the North Atlantic (Herrmann et al., 
2009; Krag et al., 2011; Sistiaga et al., 2011). However, 
cod and haddock belong to a different fish family 
(Gadidae) than the redfish (Sebastidae). This difference 
has potential implications for selectivity studies as the 
general body shape of the Sebastidae species in question 
differs substantially from that of the Gadidae species 
mentioned. 

In the present study we applied the FISHSELECT 
methodology to investigate the size selective properties of 
diamond mesh codends on redfish. The main objective of 
the investigation was to improve understanding of redfish 
diamond mesh codend size selectivity by integrating 
the available published data for redfish with new sea 
trial data and FISHSELECT predictions into a single 
comprehensive quantitative framework. Because of the 
morphometric differences between redfish and the other 
species previously investigated using FISHSELECT, the 
methodology was further developed during this study.

Material and Methods

Existing data for codend size selection of redfish in 
diamond mesh codends

Most of the size selectivity data available for Sebastes 
spp. in the North Atlantic have been collected using 

diamond mesh codends (e.g. Bohl, 1961; Thorsteinsson 
et al., 1979; Konstantinov et al., 1982; Gorchinsky et al., 
1993; Hickey et al., 1995; Lisovsky et al., 1995; Lisovsky 
et al., 2006) and have recently been reviewed by an ICES 
Topic Group (ICES, 2011c). Data are available from the 
early 1960s and onwards for S. marinus, S. mentella and 
S. fasciatus (Table 1). The types of trawls and the codend 
constructions used for data collection differed among 
these studies. Besides mesh size, other design factors 
such as twine thickness and the number of meshes in the 
codend circumference are known to also potentially affect 
size selection in diamond mesh codends (Herrmann and 
O’Neill, 2006; O’Neill and Herrmann, 2007; Sala et al., 
2007; O’Neill et al., 2008) and these factors likely differed 
as well between the reported redfish size selectivity 
studies. Nevertheless, the common focus on mesh size 
in these studies allows for compilation and integrated 
analysis of their data in order to determine possible trends 
in the effect of mesh size on the selection properties of 
Sebastes species in codends commonly used in trawl 
fisheries throughout the North Atlantic. 

New size selection data from sea trials

Collection of new codend size selectivity data

Codend selectivity data collection took place aboard 
the RV Jan Mayen (63.8 m LOA and 4080 HP) off the 
Norwegian coast between the 10th and the 19th of March 
2009 using the covered codend method. The trawl used 
was an Alfredo No. 5 trawl constructed from 155 mm 
mesh (the top front panel and the wings were built from 
200 mm mesh). The selection system installed in the trawl 
was a Sort-V sorting grid (see Jørgensen et al., 2006) 
combined with a 135 mm codend. The codend was built 
with 8 mm braided polyethylene twine (called “Euroline 
premium”), was 70 meshes long and 70 meshes around. 
The codend cover was 13 m long and was constructed 
entirely of 60 mm square meshes (2.2 mm PE twine) 
based on the design in Grimaldo et al. (2008). Thus, the 
fish necessary to evaluate the selective properties of the 
codend used were collected from the fish retained by the 
codend and the fish retained by the codend cover. Redfish 
of the species S. marinus were captured during 11 hauls 
and the individuals collected respectively in the codend 
and in the cover were for each haul sorted into 1 cm wide 
length classes for the subsequently data analysis.

Data analysis

To model the size selectivity of S. marinus in the 
135 mm codend we used a logistic curve described by the 
parameters L50(the length of fish having 50% likelihood 
of being retained by codend given it enters it) and SR 
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Species Research area Codend mesh 
size (mm) L50 (cm) SR (cm) Source

Sebastes marinus Greenland 122 35.3 10 Bohl, 1961
Sebastes marinus Greenland 131 33.5 14.5 Bohl, 1961
Sebastes marinus Iceland 132 29.9 2.3 Thorsteinsson et al., 1979
Sebastes marinus Greenland 139 37.2 13 Bohl, 1961
Sebastes marinus Greenland 146 41.2 14.5 Bohl, 1961
Sebastes marinus Greenland 147 38.4 15 Bohl, 1961
Sebastes mentella NAFO 3N 88 24.6 4.4 Lisovsky et al., 1995
Sebastes mentella NAFO 3Ps 90 27.2 5.9 Hickey et al., 1995
Sebastes mentella NAFO 3Ps 90* 26.9 3.3 Hickey et al., 1995
Sebastes mentella NAFO 3Ps 110 26.8 6.5 Hickey et al., 1995
Sebastes mentella NAFO 3Ps 110* 32.1 3.3 Hickey et al., 1995
Sebastes mentella NAFO 3Ps 115 31.5 5 Hickey et al., 1995
Sebastes mentella NAFO 3Ps 115* 33.2 3 Hickey et al., 1995
Sebastes mentella NAFO 3N 118 29.5 6.6 Lisovsky et al., 1995
Sebastes mentella NAFO 3M/3N 124 29.8 8.4 Konstantinov et al., 1982
Sebastes mentella NAFO 3M 126 36.5 5.6 Gorchinsky et al., 1993
Sebastes mentella NAFO 3N 132 34.3 6.6 Lisovsky et al., 1995
Sebastes mentella NAFO 3M 137 39.7 4.3 Gorchinsky et al., 1993
Sebastes mentellal/fasciatus NAFO 30 96 25.0 5.4 Lisovsky et al., 2006
Sebastes mentellal/fasciatus NAFO 30 100 26.0 4.1 Lisovsky et al., 2006
Sebastes mentellal/fasciatus NAFO 30 106 27.6 5.5 Lisovsky et al., 2006

Table 1: Redfish (Sebastes spp.) codend selectivity data for the north Atlantic region for the past 50 years.

*Lastridge ropes were used in the codend.

– the selection range (= L75–L25). This type of curve 
has often proved to be appropriate for modelling the 
length-dependent retention likelihood in diamond mesh 
codends for many fish species (Wileman et al., 1996). 
Traditionally, the parameter estimation would follow 
a two-step procedure. The first step would involve the 
estimation of L50 and SR and their covariance matrix for 
individual hauls using the maximum likelihood estimation 
procedure. The second step would follow an approach 
described by Fryer (1991) to estimate the mean selection 
parameters, where both the estimated parameter values 
and their covariance matrix for the single hauls are 
used, assuming that the estimated parameter values are 
observations from a bivariate normal distribution. This 
method considers both the within- and between-haul 
variation in the parameter values. However, an initial 
inspection of the collected haul data revealed that the 
abundance of S. marinus was very low in at least one of 
the two compartments (codend or codend cover) in many 
of the individual hauls. For the majority of hauls it would 
therefore not be possible to estimate the size selection 

of the redfish on a single haul basis. Thus, we had to 
employ another approach to estimate the size selection 
of S. marinus in the codend. Our approach involves 
pooling the data for all hauls  to estimate the average L50 
and SR for the codend based on fitting a single logistic 
curve to the average data collected over the hauls, while 
using bootstrapping to estimate the confidence limits 
for the average parameter values. This approach avoids 
underestimation of the confidence limits of the average 
selection parameters L50 and SR, which according to Fryer 
(1991) would otherwise occur from simply estimating 
the average L50 and SR values from pooled data without 
using bootstrapping to account simultaneously for both 
within- and between-haul variation in the selection 
process. The bootstrapping method used is similar to 
the method described in Sistiaga et al. (2010) except 
that the model fitted to our data is much simpler. As in 
Sistiaga et al. (2010), the data analysis was carried out 
with the software tool SELNET (developed by the first 
author of this study). Further information on SELNET 
can be found in Frandsen et al. (2011), Wienbeck et al. 
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(2011) and Sistiaga et al. (2010) or can be obtained by 
contacting the corresponding author. To be able to estimate 
the 95% confidence bands for the retention likelihood 
along the entire selection curve, SELNET was further 
developed as part of this study. The estimated L50 and 
SR values in each of the 10 000 bootstrap repetitions 
were used to estimate the predicted retention likelihood 
for each length class by inserting the parameter values 
in the formulas for the logistic curve. This innovation 
enabled the estimation of the “Efron percentile” 95% 
confidence limits (Efron, 1982; Chernick, 2007) for the 
entire average selection curve over hauls. One advantage 
of this approach is the possibility to estimate confidence 
bands for the curve without having to rely on the “delta 
theorem” approximation described by Lehmann (1983). 

Selectivity estimation by means of FISHSELECT

The FISHSELECT methodology (Herrmann et al., 2009), 
which includes procedures, tools and software, determines 
whether a fish is capable of passing through a certain mesh 
based on the morphology and compressibility of the fish, 
and shape and size of the mesh. By means of computer 
simulation, the method is ultimately used to predict the 
selective properties of diverse fishing gears. The method 
has already been applied in a number of studies to estimate 
the selective properties of towed fishing gears for both 
round-fish (Herrmann et al., 2009; Krag et al., 2011; 
Sistiaga et al., 2011) and crayfish (Frandsen et al., 2010). 
This section describes the different steps needed to apply 
the methodology to study the selectivity of S. marinus (see 
Herrmann et al. (2009) for more detailed information)).

Data collection

The FISHSELECT methodology was applied to S. marinus 
collected on a cruise carried out in the Barents Sea. The 
data collection took place once again on board R/V Jan 
Mayen from the 1st to the 10th of December 2008. The 
application of FISHSELECT requires: measuring the 
total length for each fish included; determining whether or 
not each fish can pass through a certain number of mesh 
templates (fall-through experiments); measuring the shape 
of the fish at a number of perpendicular cross-sections (CS) 
using a mechanical sensing tool (Morphometer). During 
the cruise the methodology was applied to 100 S. marinus 
individuals. The individuals were selected and handpicked 
from a continuous trawl fishing operation in order to cover 
the widest possible size range. 

Measurement of fish shape and application of the fall-
through procedure

For S. marinus, three cross-sections were carefully 
identified and chosen by inspection of the shape of the fish 

as well as by previous experience with the method. The 
cross-sections were chosen by their potential to determine 
fish passage through a mesh (Fig. 1): CS1, located at the 
end of the head and a spiny structure located in the middle 
of the opercula; CS2, located at the end of the opercula and 
the foremost point of the spiny dorsal fin; CS3, located at 
the point of the maximum transverse perimeter. 

The three cross-sections were measured for each fish 
using a Morphometer (Fig. 2a–c) and the shapes formed 
in the Morphometer were scanned and converted into 
digital images using a flatbed scanner (Fig. 2d–f). The 
outlines of each digital image were modelled with different 
defined geometrical shapes that were chosen to describe 
the contours registered for each of the cross-sections as 
well as possible. 

The three cross-sections of the 100 fish individuals 
included in the study were compared to six different shapes 
(Fig. 3). The differences between the individual shapes, all 
belonging to the drop-shape family, are quantified by the 
value of a fixed factor d in the mathematical description 
of the shape. If the factor d is exactly 0.0, then the shape 
will simplify to a perfect ellipse. An ellipse can therefore 
be interpreted as a borderline case belonging to the drop-
shape family. The more d differs from 0.0, the more the 
shape deviates from an ellipse towards a rain-drop shape 
(Fig. 3). In the same manner as for the description of an 
ellipse, only two free parameters (c1 and c2) are required 

Fig. 1.	 Three cross-sections (CS1, CS2 and CS3) measured 
on S. marinus.
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to describe the individual members of drop-shape family 
(the Appendix outlines the mathematical description of the 
shapes belonging to the drop-shape family).

Using the measurements from the 100 fish, the average 
r2-value was calculated for each of the six models for CS1, 
CS2 and CS3 (see appendix for details on the calculation 
method). The shape model with the highest average 
r2-value was chosen to represent each cross-section further 
in the methodology. 

d = 0 d = 0.05 d = 0.1 d = 0.15 d = 0.25 d = 0.375

Fig. 2.	 Cross-section estimation process for a randomly selected fish and cross-section. The measurement of the cross-section 
shape of a S. marinus using a Morphometer (A–C) and the digitalization of the contour using a flatbed scanner (D–F) are 
shown.

Fig. 3.	 Shapes belonging to the drop-shape family tested on the CS1, CS2 and CS3 contours of all S. marinus individuals included 
in the study. The value of the fixed factor d defines the exact shape.

The relationship between total length and cross-section 
shape parameters (c1 and c2) was assessed for the most 
suitable shapes found for CS1, CS2 and CS3. Using the 
morphometric data obtained from the 100 individuals 
included in the study, we modelled total length vs. c1 and 
total length vs. c2 considering the between-individual 
variability by the method described in Herrmann et al. 
(2009). The relationships total length vs. c1 and total length 
vs. c2 allowed us to simulate populations of fish with defined 
CS1, CS2 and CS3 shapes. For the selectivity prediction 
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analyses carried out at later stages of the methodology, 
a virtual population of 5 000 individuals uniformly 
distributed between 1 cm and 70 cm was generated based 
on the results from the regression analysis.

The fall-through experimental procedure examines 
whether or not a fish is able to physically pass through a 
rigid mesh template (Fig. 4). After being morphologically 
analysed, and using only the force of gravity, all 100 fish 
included in the study were tested on 191 different shapes 
(perforated in 5 mm thick solid nylon plates), including 
diamonds, hexagons and rectangles. The outcome for each 
of the 19 100 trials carried out (100 fish x 191 shapes) 
was registered as either “yes” (the fish was able to pass 
through the mesh template) or “no” (the fish was not able 
to pass through the mesh template). In the dubious cases 
we waited up to approximately one minute to see whether 
or not the fish slipped through the template. The perimeter 
of the shapes tested during the experiments varied from 
140 to 420 mm for the diamonds, from 120 to 400 mm for 
the hexagons, and from 120 to 1000 mm for the rectangles 
(including some being square). For the diamond meshes 
the opening angle varied between 15° and 90° while it for 
the hexagons varied between 60° and 145°. The results 
from the fall-through experiments together with the 
modelled shapes CS1, CS2 and CS3 were used later in the 
FISHSELECT methodology to study the compressibility 
of the species and to predict the ability of individuals to 
pass through meshes of different size and shape. 

Simulation of mesh penetration and selection of a 
penetration model

The shape and compressibility of a fish determines 
whether or not a fish will ultimately be able to pass 
through a mesh. The penetration models implemented 

Fig. 4.	 Equipment (A) and procedure (B) used in the fall-
through experiments.

in FISHSELECT simulate the lateral and vertical 
compressibility of the fish at each cross section. An initial 
investigation of the deformability of redfish carried out by 
simply squeezing the tissue by hand on a few individuals 
revealed that the dorsal and the ventral compressibility 
of the species are not symmetric. As previous penetration 
models implemented in FISHSELECT only considered 
symmetric vertical (dorsal-ventral) compression, a 
new model which takes the asymmetry observed for 
redfish into account had to be developed. This model 
included the estimation of three parameters, respectively 
representing the dorsal, lateral and ventral compressibility 
of the fish. The potential compressibility of the fish at an 
arbitrary angle around the fish cross-section was then 
modelled by linear interpolation between the potential 
compressibility (dorsally, laterally and ventrally) of the 
fish at each cross-section. We simulated the penetration 
of the modelled CS1, CS2 and CS3 shapes of each of the 
100 fish through the 191 different shapes included in the 
fall-through trials using the FISHSELECT software. The 
purpose of these simulations was to estimate the exact 
compression potential of the cross-sections and to assess 
which cross-section combinations needed to be considered 
for estimation of the ability of redfish to pass through 
meshes of different size and shape. Models considering 
one cross-section at a time were created, where the dorsal, 
lateral and ventral compression independently were varied 
from 0 to 30% in 1% increment. This procedure resulted 
in 3 x 27 000 different penetration models. Using the 
FISHSELECT software we compared the results obtained 
from all of the different penetration models tested with the 
experimental fall-through results obtained in the lab. The 
penetration model which was best able to simulate the fall-
through results was selected and used for further analysis 
in the FISHSELECT methodology. This evaluation was 
based on the DA-value (degree of agreement) for the 
different models. The DA-value expresses the percentage 
fraction of the fall-through results where the simulated 
results came up with the same result (“yes” or “no”) as 
was obtained experimentally. A DA-value of for example 
97.0% for a specific penetration model would mean that 
for 0.97 x 19 100 = 18 527 out of the 19 100 fall-through 
results was the model predicting the same result (“yes” or 
“no”) as obtained during the experiment (see Herrmann 
et al. (2009) for further information on the DA-value). 
For completeness, penetration models considering 
combinations of the single cross-section models (that 
is, multiple cross-section models) were also tested in 
accordance with the FISHSELECT methodology. 

Modelling of mesh shapes for diamond mesh codends 
used in the North Atlantic region

To predict size selection of Sebastes species in diamond 
mesh codends relevant to the North Atlantic region 
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trawl fishery using the FISHSELECT methodology, 
we developed an appropriate description of the shapes 
of the codend meshes during the trawling operation. 
This description is also necessary in order to enable 
comparisons of our predictions with previously published 
data from experimental fishing. In the Northeast Atlantic 
bottom trawl fishery, where the new experimental size 
selectivity data for S. marinus reported in this study were 
collected, it is common practice to use diamond mesh 
netting made of thick single twine netting. The codend 
used in the present experiment was built using the same 
material (8 mm PE twine) and design as the codends used 
for the experiments presented by Sistiaga et al. (2011). 
Sistiaga et al. (2011) demonstrated that the actual mesh 
shape in these types of codends, because of the presence 
of the knot, is better described by hexagons (Fig. 5) 
rather than by perfect diamonds. Hexagonal meshes are 
described by the length of the bars in the meshes (B), the 
size of the knot (K) and the opening angle (OA) of the 
mesh. K for the meshes built with this material and twine 
thickness was estimated to be constant at 27.2 mm by 
Sistiaga et al. (2011), meaning that B and OA are variables 
when modelling codend meshes with different size and 
shape. From underwater recordings performed for the 
same study, the meshes in these codends were estimated 
to have an OA of ~ 50°–90° while fishing. Nettings based 
on a thinner double twine (up to 6 mm) are also often used 
for diamond mesh codends in the North Atlantic region 
trawl fisheries harvesting Sebastes species (ICES, 2011c). 
However, since the meshes in these codends will also have 
knots of considerable size leading to a hexagonal model 
description too, we assume that the characteristics of the 
codends described by Sistiaga et al. (2011) are relevant 
as a model when investigating the selective properties of 
codends harvesting Sebastes species in most of the North 
Atlantic trawl fisheries. We therefore used this description 
and the mesh opening range 50°–90° to simulate the size 
selection of Sebastes species for a large range of different 
diamond mesh codends with mesh sizes from 50 mm 
to 200 mm. We predicted L50s using the FISHSELECT 
methodology for meshes with OAs from 50° to 90° in 5° 
steps for each mesh size between 50 mm and 200 mm 
in steps by 10 mm. For each mesh size we selected the 
minimum and maximum predicted L50 value obtained with 
OAs between 50° to 90° and assumed that this interval 
represented the expected range of values that would occur 
during fishing. 

To fully explore the selective properties for the diamond 
netting investigated we further extrapolated the use of 
the above described hexagonal model of the diamond 
mesh netting by investigating its expected size selective 
properties over a much broader range of OAs. This was 
done by simulating the expected L50 values for each 
mesh OA between 15° and 180° in steps by 5° for all the 
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Fig. 5.	 A hexagon fitted to a random diamond mesh from the 
codends used in the experiment. The parameters “B”, 
“K” and “OA”, necessary to determine the shape of a 
hexagon, are also shown.

mesh sizes between 50 and 200 mm in steps by 10 mm. 
This modelling leads to a so called design guide (DG) 
consisting of L50 isoline curves showing the dependency 
of L50 on mesh size and OA. DGs are well suited to give 
a quick overview of how the size selective properties 
depend on the interaction between two parameters like 
mesh size and OA for a particular type of mesh and for a 
particular species (see Herrmann et al., 2009 for further 
description of DGs).

Results

Analysis of new selectivity data collected for codend 
applied in Northeast Atlantic 

The data for the hauls belonging to the 135 mm diamond 
mesh codend were analysed to estimate the average size 
selectivity (Table 2). The estimated mean L50 value is 
39.5 cm. Fit statistics revealed (p-value and DOF vs. 
deviance) no indications that compromised the use of the 
logistic curve to describe the size selection processes of 
S. marinus in the codend (see Wileman et al., 1996 for 
further information on how to interpret the values for the 
fit statistics). 

The selection curve for the codend including its 95% 
confidence bands and the average experimental retention 
rate are plotted together (Fig. 6). 

FISHSELECT results

Fish shape and cross-section analysis 

The individual lengths of the 100 S. marinus included in 
the study for the FISHSELECT data collection ranged 
between 10 and 65 cm. The analysis of cross-section 
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scans in the FISHSELECT software-tool showed that 
the shape for all three cross-sections could be best 
modeled by employing parametric descriptions other 
than a standard elliptical shape. Based on the r2-values 
obtained, the models belonging to the drop-shape family 
with d > 0.0 showed better performance than the perfect 
ellipse (d = 0.0) in describing the cross-sections of 
S. marinus (Table 3). 

For CS1 a drop-shape with d = 0.05 yielded a mean 
r2-value of 0.8941. For CS2 the best description was 
obtained with a shape having d = 0.1, resulting in a mean 
r2-value of 0.9535. Finally, for CS3 a shape with d = 0.15 
gave the best description with a mean r2-value at 0.9479. 
These relatively high mean r2-values demonstrate the 
ability of models belonging to the drop-shape family to 
reproduce the characteristics of the cross-section shapes 
critical for the escapement of this species through trawl 
meshes. For some of the tested models the difference in 
mean r2-value based on the 100 measured redfish was so 
small that the specific model choice would in practice have 
little influence on the redfish cross-section description 
(Table 3). However, as these models all are equally 
complex, for consistency we for each CS chose to use the 
model having the highest mean r2-value (Fig. 7). 

Following the FISHSELECT methodology, the parameters 
describing how the different cross-sections (CS1 to CS3) 
depend on the length of the individual fish was modeled 
with regression models of the power type (see Herrmann 
et al. (2009) for description of this type of regression 
models). In the drop-shape family models, the dependency 
of the two free parameters c1 and c2 on length is estimated 
by a regression analysis for each cross-section (Table 4). 
The high r2-values for the results for all the regressions 
(Table 4) demonstrate that power type models of the length 
dependencies are able to account for most of the variation 
in the collected data.

Table 2: Selectivity results from the 135 mm diamond mesh 
codend tested during the sea trials on board RV Jan 
Mayen. 95% confidence limits are shown in brackets.

Number of hauls 11

Number in codend 158

Number in codend cover 24

L50 (cm) 39.5 (34.5–42.3)

SR (cm) 6.7 (4.0–11.1)

p-value 0.56

DOF 20

Deviance 18.5

Fig. 6.	 Retention likelihood of S. marinus based on the 
population entering the 135 mm codend tested during 
the sea trials carried out on board RV Jan Mayen.

d 0.0 0.05 0.1 0.15 0.25 0.375

CS1 0.8900 0.8941 0.8781 0.8429 0.7275 0.5153

CS2 0.9373 0.9531 0.9535 0.9397 0.8762 0.7542

CS3 0.8878 0.9224 0.9423 0.9479 0.9220 0.8437

Table 3: Mean r2-values for different shape descriptions. The highest r2-value for each cross section 
is in bold. 

Degree of agreement (DA) and penetration model 

For the penetration models based on only one cross-
section (CS1, CS2 or CS3) the highest DA (97.9%) was 
found for a model based on CS2. This model had zero 
dorsal compression, 25% lateral compression and 6% 
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Fig. 7.	 Illustration of the fits of the models selected for 
CS1 (d = 0.05), CS2 (d = 0.1) and CS3 (d = 0.15) 
to the digitized cross-sections for a randomly selected 
S. marinus individual.

Table 4: Values for regression coefficients and fit statistics for CS1, CS2, and CS3. All models are power 
models, as for example c1 = a x (Length)b (See Herrmann et al. (2009) for details). Input for 
Length is in mm. Output for c1 and c2 are in mm. The value of fixed factor d defines which shape 
model was applied to describe the cross section (see appendix).

d Parameter a b sd(a) r2

CS1 0.05 c1 7.0749x10-2 1.02 7.2800x10-3 0.9140
c2 1.5903x10-1 0.95 8.3335x10-3 0.9779

CS2 0.1 c1 5.5901x10-2 1.06 6.1859x10-3 0.9158
c2 1.8879x10-1 0.94 1.0967x10-2 0.9802

CS3 0.15 c1 5.5324x10-2 1.06 6.7863x10-3 0.8995
c2 2.0181x10-1 0.93 1.2580x10-2 0.9764

Fig. 8.	 Predicted (stippled curves – based on values for mesh 
size between 50 mm and 200 mm in steps by 10 mm) 
and observed (points) L50 vs. mesh size relationships 
for Sebastes spp. Predicted values are based on the 
FISHSELECT analysis of the data collected for 
S. marinus; diamond with error bars represents the new 
result from sea trials; previous results for S. marinus 
presented in Table 1 are squares; previous results for 
S. mentella are triangles and S. mentella/fasciatus 
circles.

ventral compression. Thus, this model predicted more 
lateral compression potential for S. marinus at CS2 
(as the tissue at the side of the fish is soft) than ventral 
compression and no dorsal compression (where the tissue 
is hardest). These results support observations made on a 
few individual S. marinus that were manually compressed 
at different locations around the cross-sections. The 
models combining two cross-sections improved the DA 
very little (< 0.02%). Considering the gain in simplicity 
by using a single cross-section model and the high DA 
value obtained (97.9%), the model with the highest DA 
based on only CS2 was chosen for subsequent analysis. 

Comparing FISHSELECT predictions with sea trial 
results for North Atlantic codends

The CS2 penetration model was applied to simulate the 
size selection of the virtual population of 5 000 S. marinus 
individuals through diamond mesh codends of different 
mesh sizes. The range of the predicted L50 results for the 
different codend mesh sizes was compared to the new result 
from sea trials with the 135 mm codend (including the 
confidence limits for the mean L50 value) and the previously 
published results for S. marinus (Table 1, Fig. 8).

The prediction of codend L50 based on the FISHSELECT 
analysis of data for S. marinus agreed well with previous 
results from similar sea trials (Fig. 8). Further, we compare 
the FISHSELECT predictions based on S. marinus with 
previous results collected from sea trials for S. mentella 
and S. fasciatus (Table 1; Fig. 8). 

The L50 predictions for mesh sizes between 50–200 mm 
and OAs between 15°–180° obtained from FISHSELECT 
were combined in a DG. This DG provides predicted L50 
values for fixed combinations of mesh size (x-axis) and 
OA (y-axis). For example, for mesh sizes of 100 mm 
and L50 mm for an OA fixed at 50° L50s are predicted to 
be 24 and 36 cm respectively. The results indicate that 
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L50 (cm) versus mesh size and mesh opening angle
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Fig. 9.	 Design guide showing L50 isolines for S. marinus 
with diamond codend mesh sizes between 50 mm and 
200 mm and OAs between 15° and 180°. The stippled 
horizontal lines mark the range of OAs observed by 
Sistiaga et al. (2011) during underwater recordings 
carried out to observe the codends used in the 
Northeast Atlantic while fishing.

for the diamond mesh types used in the North Atlantic, 
L50 increases with increasing mesh size for a given OA. 
For mesh size fixed at 150 mm for OA at respectively 
50° and 90° the predicted L50-values are 36 and 40 cm. 
The L50 result range for OAs between 50°–90° varied 
from ~10 cm for 50 mm meshes to ~53 cm for 200 mm 
meshes. The separation between the L50 isolines at the 
OAs observed while fishing (delimited by the stippled 
lines in Fig. 9) approaches the maximum separation 
between the lines, implying that large differences in L50 
are achievable through changing mesh sizes. For diamond 
mesh codends the OA-value is not completely fixed as it 
can vary with location in the codend (Herrmann et al., 
2007) and can potentially also be affected by the amount of 
catch (Herrmann (2005a; 2005b); Herrmann and O’Neill 
(2005)). The DG (Fig. 9) gives (through the dependency 
of L50 on OA) an impression of how this mechanism can 
lead to lack in determinism in the size selection process in 
the codend for individual fish. For the population of fish 
entering the codend during a trawl haul this OA-variation 
contributes to a bigger SR for the size selection process 
(Herrmann et al., 2009).

Discussion

Fish morphology affects the size selectivity of towed 
fishing gears. In the present study we further developed 
and applied the FISHSELECT methodology and tools 
(Herrmann et al., 2009) to assess the morphological 
component of the size selection process of S. marinus in 
diamond mesh codends. Our results indicate that using 
FISHSELECT we are able to understand and explain the 
results obtained from sea trials for S. marinus (Fig. 8). The 
previously published data for size selection of S. mentella 
and S. fasciatus also fall within the confidence band for 
L50 obtained from FISHSELECT for the S. marinus data 
(Fig. 8). This agreement is found for a very broad band 
of codend meshes sizes, which could indicate the validity 
of the extrapolation of our results to make predictions 
also for these two Sebastes species. The success in our 
attempt to extrapolate the FISHSELECT predictions for 
S. marinus to also explain and understand codend size 
selection of S. mentella and S. fasciatus indicates that 
the morphometric characteristics with respect to size 
selection in codends are similar for these species. This 
finding seems to be in good agreement with previously 
reported similarities between these species (Power and 
Ni, 1985; Pampoulie and Danielsdottir, 2008). But for 
future comparisons between the redfish species, it would 
be beneficial if comparable morphology data relevant 
for size selection are available for the different redfish 
species. Such morphometric data can be collected using 
the FISHSELECT tools. 

Fish behaviour can be important in the capture process 
of some fish, especially in the trawl mouth (Engås 
et al., 1998), but our method does not explicitly account 
for behavioral aspects of redfish. However the strong 
similarity found regarding the effect of codend mesh size 
between the FISHSELECT predictions and the different 
sea trial results (Fig. 8) indicates that the size selection 
of S. marinus in diamond mesh codends to a large extent 
can be explained by morphological characteristics of the 
species. Thus our results imply that the size selectivity of 
redfish in diamond mesh codend can be regarded as mostly 
a mechanical process without the need for considering 
behavioral aspects. In particular, selectivity appears 
dependent upon the girth and compressibility of a redfish 
at the cross section located at the end of the opercula and 
the foremost point of the dorsal fin. 

The design guide as seen in Fig. 9, which predicts how 
L50 for S. marinus depends on mesh size and mesh 
opening angle (OA), demonstrates the importance of 
open codend meshes while fishing. This dependency on 
OA demonstrates that technical measures such as codend 
lastridge ropes can affect L50 due to a stable OA during 
the fishing process (Hickey et al., 1995). Diamond mesh 
codends with less number of open meshes on the around 
have also been reported to increase L50 for other fish 
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species (Sala et al., 2007; O’Neill et al., 2008) as reduced 
number of meshes implies increased OAs given a certain 
circumference. The method and data presented in this 
study could also form the base for investigating the size 
selection of redfish species in other fishing gear devices 
than diamond mesh codends. For example a design guide 
describing size selection of S. marinus in square mesh 
codends could be constructed based on the data described 
in this paper by using the method described in a case study 
for haddock in Krag et al. (2011).

The ability to reproduce the complex characteristics of the 
cross-section shapes of S. marinus using the mathematical 
description for the drop-shape family of models, which 
requires only two independent parameters to be estimated 
as function of fish length, highlights the power of this 
type of parametric description to model the cross-section 
shapes of fish. This type of mathematical description 
could in the future be applied to other fish species. 
Further, it could also be applied as a tool to categorize fish 
species morphologically according to their mathematical 
description. The selection of different models to describe 
the transversal contour of S. marinus at different positions 
along its length also represents a new way of quantifying 
how its shape changes along its length.
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Appendix

Describing the cross-section shapes of S. marinus 
in FISHSELECT requires a representation in polar 
coordinates (θ, r), where θ is the angle (0°–360°) and r is 
the corresponding radius (see appendix in Herrmann et al., 
2009). A description that involves only a few parameters 
is preferred. One flexible method, which enables the 
modelling of a large family of different shapes by few 
parameters, is to use a parametric description in Cartesian 
coordinates of the following form (Bers and Karal, 1976):
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The actual shape is then defined by the selected formulas 
for the two functions f(t) and g(t). 

The polar representation of the points on the cross-section 
surface is then calculated by:

2 2

1tan ( , )

r x y

y xθ −

= +

=

where our representation returns the angle in the correct 
quadrant.

To represent the cross-sections of S. marinus, we needed 
to find mathematical descriptions for the two functions 
(f(t) and g(t)) with as few free parameters as possible but 
which are still able to describe the main characteristics 
of the cross-section shapes of the species. During initial 
experimentations with implementations and test of 
different new formulas based on trigonometric functions 
in the FISHSELECT software tool, we discovered that a 
certain type of description with only two free parameters 
would potentially be able to produce points which 
together generated shapes that looked like the shape of 
the different cross-sections of S. marinus. Besides the 
two free parameters c1 and c2, which roughly define the 
main dimensions of the shape (height and width) and 
should therefore be linked to the length of the individual 
fish, this description also contains an additional fixed 

factor d. The value of this fixed factor is able to give 
the shape quite different characteristics spanning from 
an ellipse towards a shape looking like a rain drop. 
Therefore we named the descriptions resulting from these 
models as the drop-shape family. Due to this versatility 
we decided to base the modelling of the cross-sections 
of S. marinus on this mathematical description. For the 
drop-shape family of contours the functions f(t) and g(t) 
are given by: 

1 1
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tg t  c π

ππ= × + × ×
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Quantification of the ability of a particular shape to 
describe the experimental collected data for a cross section 
on a fish can be based on calculation of the r2-value for 
the fit of the model to the data. The r2-value expresses the 
fraction of the variation in the in the data accounted for by 
the model to the total variation in the data. By using the 
polar expression (ϴ,r) for the points along the cross section 
shape the r2-value for the shape fit can be calculated by 
for each angle ϴ to compare the radius values r based on 
the model against r based on the experimental data. The 
total variation in the data is calculated as the variance in 
the r-values from the experimental data.
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Abstract

Histological data presented here supports the notion of an uncommon oocyte development pattern 
for Greenland halibut, with two simultaneous groups of developing oocytes in the ovary, the larger 
group developing for the upcoming spawning season and the smaller group developing for next year 
(i.e. the duration of vitellogenesis is > 1 yr.). We analyzed blood samples collected from wild fish as 
well as fish that were part of the first documented study of Greenland halibut reproductive development 
in captivity in order to explore the annual cycle of vitellogenin production for this species. Despite 
the unusual oocyte development strategy there were no obvious differences in seasonal vitellogenin 
profiles versus fish with more traditional oocyte development strategies. Blood plasma vitellogenin 
levels generally peaked prior to or during spawning for those fish that successfully spawned, while 
patterns were highly variable for fish that did not spawn. Maximum plasma vitellogenin levels observed 
were 25 mg/ml and within the range of values observed for other fish species. Continued refinements 
in husbandry and experimental protocols for the study of Greenland halibut in captivity will provide 
a valuable tool for examining aspects of the species’ biology that are difficult to ascertain based on 
sampling of only wild fish.
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Introduction

Greenland halibut Reinhardtius hippoglossoides is a 
deepwater flatfish with a circumpolar distribution. It is an 
important commercial species in the Newfoundland and 
Labrador region with a fishery that is executed primarily 
on immature fish (NAFO, 2011). This species has many 
intriguing features that are atypical of flatfish, including 
a highly active and migratory lifestyle and reduced 
association with the substrate (de Groot, 1970; Bowering, 
1984; Bowering and Lilly, 1992; Boje, 2002; Vollen and 
Albert, 2008; Dennard et al., 2009). 

Aspects of Greenland halibut reproductive biology are 
equally intriguing. For example, early tagging data 
suggested that Greenland halibut around Newfoundland 
and Labrador migrated northward to the Davis Strait to 
spawn (Templeman, 1973) but as surveys and fisheries 

extended effort to depths exceeding 1000 m, it became 
apparent that some degree of spawning also occurs 
in areas along the Newfoundland and Labrador Shelf 
(Junquera and Zamarro, MS 1992). There have also been 
longstanding questions regarding the pattern of oocyte 
development in this species. Fish species examined to 
date have been categorized within one of three well-
described patterns of oocyte development: synchronous, 
group synchronous, and asynchronous (Wallace and 
Selman, 1981; Tyler and Sumpter, 1996; Murua and 
Saborido-Rey, 2003). Synchronous species (e.g. Pacific 
salmons) exhibit the synchronous development of all 
oocytes within the ovary, leaving no ‘reserve’ oocytes 
for spawning in subsequent years. Group synchronous 
species (e.g. Atlantic cod Gadus morhua) contain a distinct 
mode of developing oocytes that will be spawned in the 
current year as well as a reserve of immature oocytes that 
will form the basis for spawning in subsequent years. 
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Asynchronous species contain all potential oocyte stages 
and sizes at the same time with no obvious modes. They 
are characterized by continuous recruitment of oocytes 
into vitellogenesis. Greenland halibut ovaries are typical 
of a group synchronous species in that they contain both 
a mode of developing (i.e. vitellogenic) oocytes as well 
as immature oocytes. Unlike a typical group synchronous 
species, a second mode of oocytes begins to develop as 
development of the first mode proceeds, such that the 
ovaries contain two distinct modes of vitellogenic oocytes. 
The difficulty in categorizing the oocyte development 
pattern of Greenland halibut has come as a result of trying 
to fit this species into one of the current categories by 
speculating as to the fate of the second group of developing 
oocytes. Among the suggestions for this second group 
of developing oocytes were the idea that they were (1) 
residual (Junquera and Saborido-Rey, MS 1995) and 
eventually resorbed (Fedorov, 1968) or, (2) the basis for 
a second spawning episode later in the summer (Fedorov, 
1968), or (3) quickly promoted through vitellogenesis in 
order to increase the current year’s reproductive output 
(Rideout et al., 1999). These suggestions were highly 
driven by the assumption that vitellogenesis in Greenland 
halibut was an annual phenomenon as seen in other 
well studied fish, like Atlantic cod. More recently it was 
suggested that Greenland halibut of the Northeast Arctic 
stock are characterized by the simultaneous development 
of oocytes for this year and next year (Kennedy et al., 
2011). This strategy enables annual spawning despite the 
fact that vitellogenesis requires greater than one year to 
complete (Junquera et al., 2003) and was suggested to be 
a unique strategy among fishes described to date (Kennedy 
et al., 2011). 

The physiological processes involved in controlling 
vitellogenesis in fishes with traditional oocyte development 
patterns (e.g. group synchronous) have been studied in 
detail (Wallace, 1985; Specker and Sullivan, 1994; Tyler 
et al., 2000). Basically, surges in pituitary and gonadal 
hormones stimulate the production of vitellogenin by 
hepatocytes. The vitellogenin enters the bloodstream, 
is actively sequestered by developing oocytes, and is 
cleaved to form yolk proteins. The accumulation of 
these yolk proteins results in a major period of oocyte 
growth, and upon fertilization provides the primary 
nutritional source for developing embryos and yolk-sac 
larvae. Most fishes have seasonal reproductive patterns 
and hence the production of vitellogenin occurs on 
a seasonal basis (e.g. Methven et al., 1992; Mosconi 
et al., 1998; Sun and Pankhurst, 2003; Mandich et al., 
2004; Guzmán et al., 2008). The proposed pattern of 
reproductive development for Greenland halibut (i.e. the 
simultaneous development of vitellogenic oocytes for two 

consecutive years), however, suggests that mature fish 
will always possess vitellogenic oocytes. The pattern of 
vitellogenin production for such a strategy has never been 
demonstrated but could potentially be quite different than 
the previously demonstrated cycles for fish with only a 
seasonal occurrence of vitellogenic oocytes.

The objectives of the current study were to evaluate 
the unusual oocyte development strategy proposed for 
Greenland halibut based on fish from the Northwest 
Atlantic stock and to examine the annual vitellogenin 
production cycle in relation to fish with more typical 
oocyte development patterns. Analyses are based on 
samples collected from wild fish as well as the first 
reported reproductive work on Greenland halibut in 
captivity.

Materials and Methods

Wild Fish: Sample collection and histology

A sample of ovarian tissue was taken from Greenland 
halibut (n = 301) collected during Canadian multi-species 
groundfish surveys and from commercial gillnets in 
2006 and 2007 (Fig. 1, Table 1) and fixed in 10% neutral 
buffered formalin. Blood was collected from the caudal 
peduncle using a heparinized syringe and centrifuged at 
1 200 x g for one min. The supernatant was removed and 
frozen (-20°C at sea for up to two weeks, followed by 
-80°C in the lab) until analyzed for vitellogenin.

Thin (~5 mm) cross-sections were removed from each 
of the formalin-fixed ovary samples, run through a 
dehydration series (Leica TP1020) and embedded in 
Paraffin (Leica EG1160). Sections were cut at 5–7 µm 
using an automated rotary microtome (Leica RM2265) 
and stained with Haematoxylin and Eosin (Leica Auto 
Stainer XL).

Histological maturity status was assigned based on the 
criteria of Federov (1968). This scale is based on the 
cytoplasmic characteristics of the oocytes present in the 
ovary (Table 2). Digital images of each ovary section 
were captured using a compound microscope (Leica DM 
1000) equipped with a digital camera (Leica DFC490). 
Using the freeware ImageJ (http://rsb.info.nih.gov/ij/) 
and a drawing tablet (Wacom Cintiq® 21UX), the outline 
of individual oocytes was traced and the cross-sectional 
area calculated. Only those oocytes that were sectioned 
through the nucleus were included.

Oocyte diameter was calculated based on the formula 
for the area of a circle and the mean vitellogenic oocyte 
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Fig. 1.	 Map of northwest Atlantic demonstrating areas where Greenland halibut were 
sampled by bottom trawl (solid circles) and deepwater gillnets (open circles) 
as well as the collection site for fish that were transferred to the laboratory 
for captive studies (solid square). Northwest Atlantic Fisheries Organization 
(NAFO) management Divisions are demonstrated along with the Canadian 200 
mile limit (dashed grey line) and the 1 000 m depth contour (solid grey line).



J. Northw. Atl. Fish. Sci., Vol. 44, 201218

diameter (minimum of n = 15 oocytes) was calculated. 
In more advanced fish, a hiatus in oocyte size frequency 
distribution appeared at approximately 750–900 µm, 
which agrees with previous reports (e.g. Kennedy et al., 
2011). In such cases the vitellogenic oocytes on each 
side of the hiatus were considered as distinct modes 
and we calculated the average diameter for each group. 
Vitellogenic modes to the right of the hiatus were referred 
to as the leading cohort (LC; equivalent to the G1 of 
Gundersen et al., 2010) and always had a mean diameter 
> 1000 µm. The mode of vitellogenic oocytes to the left 
of the hiatus (or when only a single mode was present, 
i.e. no hiatus) was referred to as the developing cohort 

Date NAFO area Gear type n
Fish size (cm)
mean (range)

Jul 2006 3K GN 76 69.2 (46–93)
Oct 2006 0A OT 58 55.7 (41–73)
Oct–Nov 2006 2HJ3KLM OT 99 58.7 (46–85)
Sep 2007 3K GN 49 63.4 (42–91)
Oct–Dec 2007 2J3KL OT 19 70.5 (50–85)

Total 301 62.3 (41–93)

GN: commercial deepwater gillnet
OT: research vessel otter trawl

Table 1. Collection details for female Northwest Atlantic Greenland halibut.

Stage Characteristics

H1 Immature Only previtellogenic (PV) oocytes present.

H2 Corticol alveoli Oocytes have started developing. A band of cortical alveoli can be seen in the peripheral part of the 
oocyte. There is only 1 group of developing oocytes.

H3 Vitellogenesis 1 Two groups of oocytes present in addition to PV oocytes. In the oocytes of the most developed 
group, yolk granules have developed and start to fill the cytoplasm between the nucleus and zona 
radiata. In these oocytes, corticol alveoli appear as an external ring or even mixed with the yolk 
granules. The less developed oocyte group is characterised by a band of corticol alveoli in the 
periphery of the oocyte.

H4 Vitellogenesis 2 In the most developed group, yolk globules fill the cytoplasm between the nucleus and zona 
radiata. Yolk globules closer to the nucleus are larger than those farther away, forming a gradient of 
decreasing size outwards from the nucleus.

H5 Vitellogenesis 3 In the most developed oocytes the largest yolk globules are now seen in the peripheral part of the 
oocyte, reversing the gradient.

H6 Vitellogenesis 4 Fusion between yolk globules may be seen. The nucleus starts moving towards the pole of the 
oocyte.

H7 Spawning Oocytes are characterised by large fused yolk globules and hydration.

H8 Spent The ovaries are dominated by postovulatory follicles

Table 2. Histological maturity stages for Greenland halibut based upon the stages from Federov (1968).

(DC; equivalent to the G2 of Gundersen et al., 2010) and 
always had a mean diameter of < 950 µm. No distinction 
was made here between early vitellogenic and cortical 
alveoli stage oocytes (i.e. both were considered part of the 
DC). This approach is supported by the fact that there is 
no hiatus in size distribution between cortical alveoli and 
early stage vitellogenic oocytes (Kennedy et al., 2011). 

Captive Fish: Husbandry, experimental design and 
sample collection 

The work done here to monitor the growth and reproductive 
development of Greenland halibut in captivity would 
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appear to be the first published report of its kind so some 
text dedicated to describing the methods used to collect 
and maintain Greenland halibut in captivity is provided 
prior to the details of the experimental design.

Greenland halibut used for the experiment were 
caught with longlines in the St. Lawrence Estuary in 
October 2005. Fishing activities were conducted at 
depths between 200 and 350 m in areas around Matane 
(48° 59' N, 67° 25' W) and Mont-Louis, Québec (49° 14' 
N, 65° 44' W). Soaking time was normally between 12 and 
24 h. Live specimens lifted aboard were placed in 1 m³ 
tanks with aerated seawater at ~ 5°C. Individuals with 
wounds, broken jaws or that appeared thin and moribund 
were not kept. Live fish were brought ashore every day 
and placed in land based 1 m³ tanks with aerated seawater 
at densities not exceeding ~ 30–40 fish per m³. Within 12 
to 48 h following capture, fish were transported via truck 
in tanks with aerated seawater to the Maurice Lamontagne 
Institute (Fisheries and Oceans Canada, Mont-Joli, QC) 
located at a distance of 100–350 km. Mortality during 
transport was very low (~1%). In the lab, fish were kept in 
two 24 m³ tanks (4 m x 4 m x 1.5 m depth) at temperatures 
between 3 and 5°C and salinities between 28 and 32 ppm 
under natural photoperiod. Fish resumed feeding after an 
acclimation period of 2 to 4 weeks. They were then fed 
to satiation with capelin Mallotus villosus, three times a 
week until the beginning of the experiment in June 2006. 

The maturation experiment was conducted in 2 semi-
squared (2m x 2m) tanks. Seawater flow to each tank 
was ~ 10–15 L.min–1 through a semi-recirculated system 
equipped with a head tank, a sand filter and a thermo 
pump to regulate water temperature. Seawater temperature 
was kept constant at 5°C under conditions of natural 
photoperiod (latitude 49°45’ N) and salinity (28–32 ppm) 
for the duration of the experiment. 

At the beginning of the experiment, 30 fish were 
randomly distributed in the two experimental tanks. Fish 
were anaesthetized in a 5mg . L-1 metomidate solution 
(Mattson and Riple, 1989), measured (fork length ± 
1mm), weighed (± 0.1g), and individually identified with 
a passive integrated transponder (PIT) tag injected in the 
muscle below the dorsal fin. Fish were fed to satiation 
three times weekly with capelin for the duration of the 
experiment. Feeding was stopped three days before each 
sampling period to ensure that fish had empty stomachs 
when manipulated. 

The two groups of 15 fish were monitored on a two month 
interval in order to examine reproductive development in 
captivity. The first group of fish was examined in months 
7, 9, 11, 1, 3, 5, 7 (where 1 is January), while the second 
group was examined in months 8, 10, 12, 2, 4, 6, 8. At each 
examination period, fish were anaesthetized, measured, 
weighed, and observations on maturity status were 
recorded. Maturity was estimated based on a combination 
of the fish’s external features and observations on gonad 
size and the presence/absence of hydrated oocytes using 
ultrasound (Table 3). During each examination period a 
blood sample was collected from the caudal peduncle 
and frozen for the determination of plasma vitellogenin 
concentration as described previously for samples from 
the wild fish. All fish were euthanized at the end of the 
study. Once killed, information was collected as per 
previous sampling dates along with ovary and liver weight. 
Reproductive status was determined by macroscopic 
examination of the gonads.

Identification and quantification of vitellogenin 

Greenland halibut blood samples were analyzed by 
high performance liquid chromatography coupled to 
electrospray ionization tandem mass spectrometry 

Maturity stage
Distinguishing characteristics

External Ultrasound

Immature flat abdomen no clear definition of gonad

Developing swollen abdomen clear identification of gonad due to higher 
density of developing oocytes vs. other tissue

Spawning swollen abdomen and extrusion of 
hydrated oocytes

large gonad size with clearly visible hydrated 
eggs

Spent flat abdomen smaller gonad size and some residual hydrated 
oocytes

Table 3. Characteristics used to monitor reproductive development in experimental Greenland halibut.
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(HPLC-ESI-MS/MS), according to Cohen et al. (2009). 
This technique for protein quantification was adopted 
due to the absence of commercial antibodies targeting 
vitellogenin for this particular species. Briefly, plasma 
samples were subjected to an overnight trypsin digestion 
and later analyzed by HPLC-ESI-MS/MS operated 
in Selective Reaction Monitoring (SRM) mode. The 
SRM method monitored two diagnostic MS/MS 
transitions (m/z 750.0→1020.4 and 750.0→1205.4) of a 
characteristic vitellogenin ‘signature’ peptide (sequence: 
FFGQEIAFANIDK). The concentrations of vitellogenin 
were calculated from calibration curves of this peptide 
obtained by chemical synthesis according to the following 
equation:

1000
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where

AP = integrated area of peptide

AS = average integrated area of peptide standard

VR = final reaction volume in µl

VPl = plasma volume in µl

MWVt = molecular weight of Greenland halibut vitellogenin 
in g/mol or Da

MWS = molecular weight of the peptide standard in g/mol 
or Da

The concentration of peptide standard used here was 
CS = 1 µg/ml. The average integrated area of the 1 µg/ml 
peptide standard was AS = 14 427. The final reaction 
volume was VR = 110 µl. The volume of plasma used was 
VPl = 1 µl. The sequence of Greenland halibut vitellogenin 
is not known but the molecular weight has been estimated 
at 185 000 Da according to SDS-PAGE analysis (Cohen 
et al., 2009). The molecular weight of the peptide standard 
was 1499 Da.

Seasonal vitellogenin profiles were examined for 
individual fish in captivity and compared to vitellogenin 
data obtained from wild fish. For wild fish, data points 
that were one or more standard errors from the mean were 
considered outliers and were removed.

Results

Oocyte development strategy

Histological analyses (Fig. 2) confirmed that Greenland 

halibut ovaries in the early stages of development 
contained small vitellogenic and cortical alveoli stage 
oocytes. Later in development a hiatus in oocyte size 
frequency distribution appears, resulting in a mode of 
large (LC) and smaller (DC) vitellogenic oocytes (Fig. 2). 
Comparison of mean oocyte diameter between LC and DC 
oocytes within the same fish showed that DC oocytes are 
growing simultaneously with LC oocytes but at a much 
slower rate of development (Fig. 3).

Growth and reproductive development in captivity

Four fish died during the study. Another eight fish 
demonstrated fin erosion and/or substantial negative 
growth in weight and were excluded from the analyses. 
Therefore data on growth and reproductive development 
were collected from a total of 18 females.

Growth in length ranged from 0.2 to 6.0 cm per year 
(Table 4). Growth was significantly reduced in fish that 
spawned in comparison to fish that did not spawn (t-test, 
p = 0.01).

Eight fish spawned successfully in captivity (Table 4, Fig. 4). 
Five of these were actually observed to have clear, running 
eggs during regular sampling or on the final sampling day 
when fish were killed. The other three were never observed 
in spawning condition but upon the final (lethal) sampling 
were observed to have spent ovaries containing residual 
hydrated oocytes. This was taken as evidence that the 
fish had recently spawned. Five of the fish that spawned 
also demonstrated a sharp decline in weight (Fig. 4), 
representing the weight loss from the release of oocytes 
during spawning.

An additional 10 fish that were transferred to the 
laboratory did not spawn and showed no evidence of 
residual hydrated oocytes when killed at the end of the 
experiment. Despite their failure to spawn, these fish 
appeared otherwise healthy (no significant lesions or fin 
rot and no period of dramatic negative growth). These fish 
did have a tendency for an initial increase in body weight 
followed by a period of reduced weight gain or even slight 
weight loss (Fig. 5) but not to the extent experienced by 
spawners. 

Vitellogenin production

Wild fish

Plasma vitellogenin levels in wild Greenland halibut at 
the time of capture were strongly related to the fish’s 
stage of reproductive development (Fig. 6). When the 
most advanced oocyte size in the ovary was less than ~ 
500 µm in diameter blood plasma vitellogenin levels were 
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Fig. 2.	 Histological sections of Greenland halibut ovaries. (A) Immature ovaries contain primary stage oocytes. (B) Development 
begins with the formation of early cortical alveoli stage oocytes (ECA) followed by (C) the appearance of late stage cortical 
alveoli oocytes (LCA) and early vitellogenic oocytes (EV). (D) later in development two cohorts of vitellogenic oocytes 
are present, the leading cohort (LC) and the developing cohort (DC). Standard HandE stain. Scale bar = 500 µm.

extremely low and showed no trend with oocyte size. As 
oocyte size increased there was an associated increase in 
plasma vitellogenin concentration, with a maximum value 
of ~25 mg/ml for one individual. Despite the increasing 
trend there was a high degree of variability and there was 
no clear distinction in plasma vitellogenin level between 
fish with and without LC oocytes. In terms of histological 
maturity stage, plasma vitellogenin production peaked 
at maturity stage 6 (i.e. late vitellogenesis) with a mean 
value of 13.3 mg/ml. However, no spawning (stage 7) fish 
were collected in the current study so it was not possible 
to determine if vitellogenin concentration truly peaked 
prior to or during spawning.

Experimental fish

There was no consistent seasonal pattern with respect 
to vitellogenin production in Greenland halibut 
(Fig. 4 and 5). However, all of the fish that spawned did 

demonstrate a peak in plasma vitellogenin concentration 
during or just prior to spawning (Fig. 4). The maximum 
peak value observed for any individual fish was 
~35 mg/ml. Patterns were less clear among fish that did 
not spawn. In a couple of fish vitellogenin peaked in a 
similar fashion to those fish that successfully spawned. 
In other cases vitellogenin demonstrated no real peak or 
peaked early in development and then declined gradually 
throughout the remainder of the study (Fig. 5).

Discussion

Histological data presented here support Kennedy et al.’s 
(2011) notion of an unusual reproductive strategy for 
Greenland halibut, wherein oocytes for two spawning 
seasons develop simultaneously. This conclusion is 
supported by the fact that there was no indication that the 
second group of oocytes remained dormant, were resorbed, 
or developed quicker than the leading group in order to be 
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Fig. 3.	 Size of the most advanced group of developing 
Greenland halibut oocytes (i.e. leading cohort) in 
relation to the less advanced group of developing 
oocytes (i.e. developing cohort).

spawned at the same time, refuting previous suggestions 
(Fedorov, 1968; Junquera and Saborido-Rey, MS 1995; 
Rideout et al., 1999). A comparison of mean oocyte size 
in the LC versus the DC within the same fish (Fig. 3) 
suggests that oocytes in the DC are increasing in diameter 

4–6 times slower than those in the LC. Hence the more 
rapid period of oocyte growth does not begin until after 
the LC separates from the DC (i.e. after a hiatus forms). 
Based on the time interval between the first appearance of 
LC oocytes and the time when maximum oocyte size was 
observed, Kennedy et al. (2011) estimated that this stage 
alone (i.e. the period of more rapid growth) requires close 
to a year to complete. Females with only small vitellogenic 
oocytes (i.e. DC), therefore, could not possibly spawn 
within the next 12 months but rather must be developing 
for the subsequent year. The simultaneous development 
of two cohorts of oocytes enables Greenland halibut to 
spawn annually despite each cohort requiring greater than 
one year to complete vitellogenesis. While such a strategy 
appears to be highly unusual among North Atlantic fishes, 
it would not appear to be unique. Numerous species of 
Antarctic fishes appear to utilize this strategy in order 
to spawn annually despite a greater than annual period 
required to complete vitellogenesis (e.g. Sil’yanova, 1981; 
Butskaya and Faleeva, 1987; Shandikov and Faleeva, 
1992 and numerous Russian references cited therein; 
Everson, 1994). Comparing these fishes to Greenland 
halibut would appear to support the notion that this oocyte 
development pattern evolved in response to conditions that 
made completing vitellogenesis in a single year impossible 
(i.e. uncommonly large oocytes and/or low environmental 

Tag No. days 
monitored Spawn Initial length Δ Length (cm) Growth rate  

(cm per d)
Growth  

per 365 d

116946447A 362 Y 53.3 1.7 0.0047 1.7
132148217A 307 Y 54.0 1.4 0.0046 1.7
132279295A 365 Y 56.9 3.1 0.0085 3.1
132319564A 362 Y 52.0 2.0 0.0055 2.0
132165753A 365 Y 48.8 1.2 0.0033 1.2
132267380A 365 Y 57.0 0.2 0.0005 0.2
135814744A 362 Y 66.3 1.5 0.0041 1.5
132321517A 362 Y 48.5 4.0 0.0110 4.0
132326647A 300 N 52.2 4.7 0.0157 5.7
132356531A 362 N 51.9 3.4 0.0094 3.4
132221662A 362 N 43.5 6.0 0.0166 6.0
135533647A 362 N 51.3 5.3 0.0146 5.3
135609667A 365 N 63.0 2.8 0.0077 2.8
135639650A 365 N 52.5 5.8 0.0159 5.8
132936125A 365 N 55.6 2.1 0.0058 2.1
133962316A 365 N 54.5 3.0 0.0082 3.0
132213470A 365 N 56.3 2.7 0.0074 2.7
132162092A 362 N 57.5 1.9 0.0052 1.9

Table 4. Growth and reproductive data for female Greenland halibut studied in captivity.
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Fig. 4.	 Changes in whole body weight (solid line) and blood plasma vitellogenin concentration (circles) 
for individual experimental Greenland halibut that spawned successfully in captivity. Circle 
color indicates estimated maturity status based on external observations and ultrasound: solid 
symbol represents ‘developing’, white symbol represents ‘spawning’, and grey symbol represents 
‘spent’. Tag numbers are presented in the top left corner of each panel and correspond to those 
in Table 4. Note that the scale for weight is not uniform across panels.



J. Northw. Atl. Fish. Sci., Vol. 44, 201224

temperatures; Kennedy et al. (2011)). The oocytes of 
these Antarctic fishes are as large as those produced by 
Greenland halibut and the environmental conditions are 
perhaps more extreme. Common wolfish Anarhichas 
lupus are also faced with the challenges associated with 
producing very large oocytes. They cope in a similar 
manner by always maintaining a reserve of oocytes at 
the cortical alveoli stage of development (Gunnarsson 
et al., 2006). This provides a head start to each year’s egg 
development but unlike Greenland halibut and Antarctic 
fishes, there does not appear to be any evidence that these 
reserve oocytes in wolfish start vitellogenesis prior to the 
spawning of the advanced mode of oocytes.

The unusual nature of reproductive development in 
Greenland halibut is an important consideration when it 
comes to assessing maturities in this species. Maturity 
scales that assume all fish with vitellogenic oocytes 
will spawn within the current year (e.g. the Templeman 
et al. (1978) scale initially developed for haddock and 
subsequently applied to other demersal fishes including 
Greenland halibut (e.g. Walsh and Bowering, 1981)) will 
categorize fish with only DC oocytes (i.e. without LC 
oocytes) as mature. Considering the reproductive strategy 
of this species (i.e. the continuous presence of vitellogenic 
oocytes once sexually mature), such fish would likely be 
developing oocytes for the first time (i.e. primiparous) 
and would be small in size relative to previously mature 
individuals. Such a maturity scale would therefore result 
in both an underestimation of the length at 50% maturity 
(L50) and an overestimation of spawning stock biomass 
(SSB) and should be rejected in favour of those that 
distinguish between fish with and without LC oocytes 
(Riget and Boje, 1989; Gundersen, 2003). Fish containing 
only DC oocytes might be considered biologically mature 
(i.e. reproductive hormones, plasma vitellogenin, etc.) 
but are ‘functionally immature’ from a management 
perspective since they would not have contributed to the 
current SSB.

It is important to point out that Greenland halibut 
populations are often not characterized by a well 
defined spawning period but rather can have multiple 
peaks in spawning activity or even some degree of 
spawning activity throughout the entire year (Fedorov, 
1968; Junquera et al., 2003). Given the asynchrony in 
reproductive timing it is clear that an individual with LC 
oocytes and one with only DC oocytes need not spawn a 
full year apart (especially if oocyte sizes are not largely 
different, e.g. 200 µm). It would be more accurate to 
say that females with LC oocytes will spawn within the 
next twelve months whereas those with only DC oocytes 
would not be capable of spawning until sometime in the 
subsequent 12 months. This does not appear to be the case 

for species of Antarctic fishes, where conditions suitable 
for spawning likely occur over a restricted time period 
and result in a large degree of synchrony with respect 
to spawning time. For example, Notothenia coriiceps at 
Signy Island spawn in May each year (Everson, 1994). In 
such instances there is a greater degree of certainty that 
the two groups of vitellogenic oocytes within the ovary 
will be spawned a year apart.

The unusual pattern of oocyte development in Greenland 
halibut raises questions regarding the control mechanisms 
of vitellogenin production in this species. In more 
traditional scenarios (i.e. fish that produce only one mode 
of developing oocytes), a seasonal surge in reproductive 
hormones causes the liver to produce vitellogenin which 
reaches maximum levels in the blood plasma at or near 
spawning. After spawning, plasma vitellogenin levels fall 
again to almost negligible levels (e.g. Methven et al., 1992; 
Mosconi et al., 1998; Mandich et al., 2004). Unlike these 
more typical species, however, Greenland halibut contain 
a mode of vitellogenic oocytes even after the completion 
of spawning, suggesting the potential for differences in 
the annual vitellogenin production cycle. Interestingly, the 
production of vitellogenin in Greenland halibut appears 
to follow a very similar cycle to that described for other 
species. The data for wild fish showed a slightly increasing 
trend throughout early development (histological stages 
1–3), followed by a more rapid increase in vitellogenin 
in prespawning fish. A general lack of spent fish in the 
wild samples, however, combined with a high degree of 
variability in plasma vitellogenin levels for captive spent 
fish made it difficult to resolve the overall pattern in the 
vitellogenin cycle following spawning.

There was also no evidence that the two coexisting cohorts 
of vitellogenic oocytes in Greenland halibut ovaries were 
dependent on unusually high levels of plasma vitellogenin. 
The mean plasma vitellogenin concentration at the most 
advanced observed stage of maturity for wild fish was 
less than 15 mg/ml, with individuals having values as 
high as 25 mg/ml. These values are very comparable 
with those obtained from the captive fish, although a few 
of the captive fish reached values as high as 35 mg/ml. It 
should be pointed out that no wild spawning individuals 
were collected during the present study so it is possible 
that vitellogenin levels may get higher then the maximum 
observed value of 25 mg/ml in wild fish as well. The 
maximum levels of plasma vitellogenin recorded here for 
Greenland halibut are much higher than levels reported in 
several other species (reported mean peak values: gilthead 
seabream Sparus aurata 1.5 mg/ml Mosconi et al., 1998; 
amberjack Seriola dumerilii 5 mg/ml Mandich et al., 2004; 
Senegalese sole Solea senegalensis 4 mg/ml Guzmán 
et al., 2008) but less than the maximum reported value for 
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Fig. 5.	 Changes in whole body weight (solid line) and blood plasma vitellogenin concentration (circles) 
for individual experimental Greenland halibut that appeared healthy but did not successfully 
spawn in captivity. Tag numbers are presented in the top left corner of each panel and correspond 
to those in Table 4. See Fig. 4 caption for details of circle colors. Note that the scale for weight 
is not uniform across panels.
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Fig. 6.	 Blood plasma vitellogenin concentration for Northwest 
Atlantic Greenland halibut in relation to (upper panel) 
mean oocyte diameter of the most advanced group of 
oocytes and (lower panel) histologically determined 
maturity stages. Error bars are 1 standard deviation.

Atlantic halibut Hippoglossus hippoglossus (mean peak 
value: 56 mg/ml Methven et al., 1992). It should be noted 
that most of the vitellogenin levels obtained until the last 
decade were based on both mono and polyclonal immuno 
assays. Therefore, any comparison between different 
analytical platforms should be considered provisional until 
complete validation. For Greenland halibut vitellogenin, 
no commercial antibodies were available at the time of 
our studies. Nevertheless, mass spectrometry assays in this 
field have already been successfully validated with existing 
immuno assays (Simon et al., 2010; Lau et al., 2011). 

It is possible that some aspects of the true pattern of 
vitellogenin production in Greenland halibut were 
masked by the fact that captive fish were only sampled 
every two months. For example, based on observations 
of the captive fish it is uncertain if vitellogenin levels 
peak prior to or during spawning. Vitellogenin peaked in 

one individual when the ovary was in a spent condition 
while in others it appeared to drop off while the fish was 
still spawning. Plasma vitellogenin concentration has 
been shown to peak during vitellogenesis (i.e. before 
spawning) in several other species, including Chinese 
loach Misgurnus anguillicaudatus (Lv et al., 2009), 
Senegalese sole (Guzmán et al., 2008), amberjack 
(Mandich et al., 2004) and gilthead seabream (Mosconi 
et al., 1998). On the other hand, vitellogenin in the more 
closely related Atlantic halibut peaked during spawning 
(Methven et al., 1992). The approach of sampling fish only 
every two months was taken to minimize the impacts of 
handling stress on the fish. The frequency of this sampling, 
however, was such that peaks and subsequent declines 
in plasma vitellogenin could easily have been missed. 
Our results clearly indicate that spawning activity could 
easily be overlooked with such a sampling routine since 
some fish for which spawning was not observed during 
the study were found to have residual oocytes at the final 
lethal sampling. It is suggested that future research that 
does not involve repeated collection of blood samples 
should monitor individuals more closely (i.e. at a higher 
frequency). Fish with largely swollen abdomens should be 
gently rubbed to test for the readiness of the individual to 
release eggs in the same manner used to monitor Atlantic 
halibut (Norberg et al., 1991).

In conjunction with studying the vitellogenin production 
cycle, the monitoring of Greenland halibut in captivity 
provided other typically hard to obtain data. For example, 
tag and recapture data have recently suggested that the 
growth rate of Greenland halibut may be less than half of 
what was previously reported (Treble et al., 2008), with 
current estimates for adult fish ranging from less than 
1 cm per year (Albert et al., 2009) to 3 cm per year (Treble 
et al., 2008). Here we monitored fish over a complete 
year and therefore were able to provide the first data on 
growth in captivity. These data appear to corroborate the 
published tag-recapture data with growth over the year 
averaging 3.87 ± 1.64 cm for females that did not spawn 
but only 1.92 ± 1.16 cm for those females that spawned 
successfully, likely due to a trade-off between growth 
and reproduction (Roff, 1983; Lambert and Dutil, 2000; 
Jørgensen and Fiksen, 2006).

Failure of fish to spawn in captivity is not a novel 
finding, and is perhaps not unexpected for a species 
that has never been maintained in captivity before and 
for which husbandry practices have not been refined. 
For example, Ndjaula et al. (2009) reported that horse 
mackerel Trachurus trachurus held in captivity underwent 
vitellogenesis but did not complete oocyte maturation and 
did not spawn. Failure of Greenland halibut to spawn in 
captivity, however, is not necessarily linked to unsuitable 
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conditions, especially since some fish did spawn 
successfully. It is possible that at least some of the fish 
that did not spawn may have been developing for the first 
time but were still within their first year of development 
and hence did not spawn during the one year observation 
period. It has been suggested that this so-called adolescent 
period may be even longer than one year in Greenland 
halibut (Junquera et al., 2003; Simonsen and Gundersen, 
2005). For example, Junquera et al. (2003) reported that 
there was a time lag of four years between when cortical 
alveoli first appeared in Greenland halibut oocytes and 
when they first spawned. Wolffish Anarhichas lupus are 
an even more extreme case with a reported adolescent 
phase of 8–10 years in Icelandic waters (Gunnarsson 
et al., 2006). It is also possible that fish started to ripen but 
subsequently stopped and resorbed any oocytes that had 
started to develop. The continuous atresia of oocytes with 
cortical alveoli or just beginning vitellogenesis appears 
to be very common for wild Greenland halibut (Fedorov, 
1968; Walsh and Bowering, 1981; Junquera et al., 1999; 
Tuene et al., MS 2001) and thus would not necessarily 
be an artifact of captive conditions. The fact that plasma 
vitellogenin levels sometimes were relatively high at the 
start of the experiment and subsequently declined would 
appear to support the notion of vitellogenesis beginning 
and then being interrupted.

Many questions remain pertaining to Greenland halibut 
reproduction. The unusual oocyte development pattern has 
clear implications for estimating SSB and the potential for 
correcting previously collected data is unknown. Further 
work is needed to explore effective methods for estimating 
maturity status, the quantitative relationship between 
LC and DC oocytes, linkages between reproductive 
strategy, reproductive potential,  fish energetic status and 
environmental conditions, and how the unusual oocyte 
development pattern influences the reproductive potential 
of Greenland halibut stocks. Continued refinements in 
husbandry and experimental protocols for the study of 
Greenland halibut in captivity should provide a means to 
answer some of these questions.
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Abstract

Fishing trials with bottom fixed gears (primarily gillnets but also shrimp and crab traps and longlines) 
were conducted on the continental slope off Nova Scotia in August 1991. Fishing was conducted at 
several depths between 500 and 2800 m in two areas, one on the open slope south of Emerald Bank 
and the other at the mouth of The Gully, a large canyon. Catches by gillnets accounted for about 
90% of the total and were predominated by deepwater chimaera (Hydrolagus affinis), black dogfish 
(Centroscyllium fabricii) and Portuguese shark (Centroscymnus coelolepis). The most frequently caught 
species in traps were snubnose eel (Simenchelys parasitica) and abyssal grenadier (Coryphaenoides 
armatus). Variations in catches by depth and area are described, and comparisons are made with 
catches from otter trawl surveys at similar depths with regard to the most prominent species caught 
and their size compositions.
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Introduction

The use of non-trawl gears in deepwater fisheries 
conducted in various areas around the world was 
documented in a review of the commercial potential of 
deepwater resources off Atlantic Canada commissioned by 
the Canadian Department of Fisheries and Oceans (DFO) 
Maritimes Region. The review report (Pohle et al., 1992) 
suggested that inclusion of fixed gears in exploratory 
fishing programs in Canadian waters, for both fishes and 
invertebrates, was worthy of consideration. In response, 
DFO conducted fishing trials using a variety of fixed 
gears on the Scotian Shelf slope, south of Nova Scotia, 
in 500–2800 m in August 1991. The present paper reports 
on the fish catches made during these trials.

The primary purpose of the venture was developmental 
– to examine the practicalities of fishing fixed gears of 
various types and sizes in deep water and to determine 
their success in catching fish and crustaceans. However, 
the results are also of scientific interest as fishing was 
conducted, in large degree, according to a sampling design 
that was stratified by depth and area of fishing. This allows 

an account to be given of the composition of the fish fauna 
on the continental slope as portrayed by fixed gears, and 
for comparisons to be made with catches from otter trawl 
surveys conducted at similar depths.

Methods

Gear trials were conducted from the DFO research vessel 
Alfred Needler, a 50 m stern otter trawler, during 7–12 
August 1991 (cruise designation - N156). Gears deployed 
were primarily bottom gillnets but included crab and 
shrimp traps and bottom longlines.

Gillnets were of nylon; the smallest used (6.0–8.9 cm 
mesh sizes, multifilament twine) were typical herring and 
mackerel fishing nets, the midsized nets (14.0–17.8 cm 
mesh sizes, monofilament twine) were those used for 
groundfish fishing and the largest (26.7 cm mesh size) 
was a lumpfish (Cyclopterus lumpus) net. Table 1 gives 
net specifications and the number of times each was 
fished. Mesh sizes were rounded to the nearest cm for data 
presentation and the 14.0 and 15.2 cm mesh data were 
amalgamated and presented as being for 15 cm mesh nets. 
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This amalgamation was justified by the observation that 
the numbers caught of each species were very similar for 
these mesh sizes and so too were the average lengths and 
weights of the most commonly caught species (Table 2). 
Centroscymnus coelolepis was an exception with larger 
sizes apparently being caught in 15.2 cm nets. However, 
this appeared attributable to an imbalance in the number 
of nets of each size fished at 1350 m in the Gully where 
particularly large specimens of this species were caught 
(see results).

Crab traps had a 100 kg conical steel frame (base diameter 
about 2 m) covered by 75 mm mesh polyethylene netting 
and equipped with four plastic entrance cones on top 

with minimum openings of about 35 cm. Shrimp traps 
were of steel mesh construction (1.27 cm bar length), 
rectangular in shape (about 75 cm long, 60 cm wide 
and 30 cm high) and equipped with entrances (of 2.5 or 
5 cm minimum width) located either on top or on the side. 
Traps were baited with herring, squid or both, sometimes 
supplemented with other species. Twenty-three crab traps 
and 33 shrimp traps were set in total.

Longlines were deployed only once due to technical 
difficulties. The string consisted of Mustad circle hooks 
of sizes 10/0 (100 hooks), 12/0 (100 hooks) and 14/0 (200 
hooks) baited with squid.

No. of nets set Mesh sizes,  
stretched (cm)

Length of nets, 
stretched (m)

No. of vertical 
meshes

34 14.0 and 15.2 183 25
7 6.0–8.9 69 100–150
3 17.8 183 25
2 26.7 110 10

 Table 1.  Number of nets set and gear specifications of gill nets used.

Species
Gillnet mesh size (cm) Area

14.0 15.2 Emerald Gully

Hydrolagus affinis                       L 107 106 105 107
W 7.7 7.5 6.7 8.1
(N) (48) (54) (38) (64)

Centroscymnus coelolepis                 L 78 82 74 96
W 3.3 4.5 2.5 7.6
(N) (53) (114) (114) (53)

Centroscyllium fabricii                  L 62 61 60 64
W 1.2 1.3 1.1 1.4
(N) (253) (237) (306) (184)

Macrourus berglax                        L 60 59
W 1.4 1.4 NA NA
(N) (37) (53)

Antimora rostrata                        L 58 59 58 58
W 1.5 1.8 1.6 1.7
(N) (30) (53) (23) (60)

Reinhardtius hippoglossoides             L 60 61 59 61
W 2.3 2.1 1.9 2.3
(N) (29) (45) (22) (52)

 

Table 2. Average lengths (L, cm) and weights (W, kg) of the six most abundant species caught 
by the two main gillnet mesh sizes fished and by area. (N – number of observations, 
NA – insufficient specimens from Emerald for comparison.)
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Gears were usually set in arrays consisting of either four 
gillnets or of two crab traps along with up to five shrimp 
traps. When setting gillnets, the sequence was to attach 
an anchor, consisting of 45 kg of chain, to a 180 m rope, 
the other end of which was attached to one end of the 
net array. The other end of the array was attached, by a 
180 m or 360 m rope to another chain anchor, weighing 
45–90 kg. From this anchor, a vertical rope extended to a 
buoy at the surface. The nets were attached to a headline 
consisting of 16 mm diameter poly-rope and to a ground 
line of 10 mm diameter No. 33 lead rope. Traps were set 
about 30 m apart along the ground line. Because of their 
weight, no anchors were considered to be necessary. 
Indeed, for several tows, a mixed array of gillnets and 
traps was deployed, the traps being set at either end to 
serve as anchors.

The setting and hauling of gear did not follow a fixed 
schedule but setting occurred most commonly in the 
afternoon or evening. For both gillnets and traps, soak 
times ranged from 11 to 43 hours but were 22–25 hours 
in half the cases and the modal value was 24 hours. The 
effect of soak time on catches is unpredictable and may 
be negligible (Bérubé et al., 2000). Thus, variations in 
soak time are ignored in the present analysis.

Sampling occurred in two areas, one south of Emerald 
Bank and one in The Gully (Fig. 1). The 15 cm gillnets 

and the traps were set in both areas but the other sizes of 
gillnet were set only in The Gully and longlines only off 
Emerald Bank. In each area, gears were set at depths of 
approximately 500, 900, 1350, 1800 and 2800 m. In total, 
21 gear arrays were set but in three cases the gear was lost.

Water temperature data were collected using expendable 
bathythermographs. Three casts were made at each of the 
sampling areas, over bottom depths of about 400, 700 and 
1700 m (about the maximum range of the instruments 
used), to provide estimates of near bottom temperatures 
at the depths fished.

Results
Water temperature

Temperatures near bottom at 500 m, the shallowest depth 
fished, were about 4.9°C in The Gully and 5.3°C off 
Emerald Bank. Temperatures converged with increasing 
depth and at 1700 m, were about 3.5°C in both areas. 
Thus, at the same depths, temperatures in The Gully were 
slightly lower than south of Emerald Bank to a depth of 
1700 m, but likely the same at deeper depths.

Catches by all gears

Catches were comprised of about 1400 specimens 
weighing 3.1 metric tons. Scientific and common names 
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Fig. 1.	 Areas fished by the Alfred Needler in August 1991.
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of the 21 taxa represented in these catches, the number 
and weight caught of each, and the depth range within 
which each was caught, are given in Table 3. None of the 
taxa represented new records for the area. Centroscyllium  
fabricii was dominant in catches numerically, comprising 
43%. In terms of weight, however, C. coelolepis 
contributed about the same amount as C. fabricii and 
Hydrolagus affinis contributed more. Collectively, these 
three species accounted for 63% of catches by number and 
73% by weight. The great majority of catches were taken 
in gillnets (87% by no. and 96% by wt.). 

Catches by 15 cm mesh gillnets

The 15 cm mesh gillnets were the most extensively 
deployed. Four nets were fished at 900, 1350 and 1800 m 
in each sampling area, except that, at 1350 m in The 
Gully, seven nets were fished. Thus, for presentation, the 
data from The Gully/1350 m depth stratum were adjusted 
by x0.57 to standardize to a four-net unit. In addition, an 
array of 3 nets was fished at 2800 m in The Gully but only 
three fish were caught in those, one each of H. affinis, 
Macrourus berglax and Antimora rostrata, suggesting 

Order/Species Common name No. Wt. (kg) Dmin (m) Dmax (m)

Petromyzontiformes
 Myxine glutinosa Atlantic hagfish 5 1 967 967
Chimaeriformes
  Hydrolagus affinis Deepwater chimaera 107 821 889 2 800
 Harriotta raleighana Longnose chimaera 6 11 993 1 500
Squaliformes
 Centroscyllium fabricii Black dogfish 585 714 790 1 500
 Centroscymnus coelolepis Portuguese shark 170 711 914 1 843
 Etmopterus princeps Rough sagre 741 150 950 1 306
Rajiformes
 Bathyraja spinicauda Spinytail skate 1 28 1 843 1 843
 Amblyraja jenseni Shorttail skate 4 23 914 1 843
Albuliformes
 Notacanthus chemnitzii Snubnosed spiny eel 2 1 790 914
Anguilliformes 
 Simenchelys parasitica Snubnose eel 68 17 485 1 500
Osmeriformes 
 Alepocephalidae NS Smoothheads 1 1 993 993
Gadiformes
 Coryphaenoides armatus Abyssal grenadier 33 17 2 743 2 800
 Macrourus berglax Roughhead grenadier 110 144 889 2 800
 Nezumia bairdi Marlinspike 4 + 790 914
 Antimora rostrata Blue hake 97 158 790 2 800
 Gaidropsarus ensis Threebeard rockling 1 1 914 914
 Urophycis tenuis White hake 4 11 914 993
Scorpaeniformes
 Sebastes sp. Redfish NS 1 1 790 790
Perciformes 
 Anarhichas denticulatus Northern wolfish 4 36 914 1 500
Pleuronectiformes
 Hippoglossus hippoglossus Atlantic halibut 1 26 993 993
 Reinhardtius hippoglossoides Greenland halibut 103 225 889 1 843

1For one net, only catch weight was recorded - catch number for this net was estimated based on average weight of fish in  
the other three nets in array. 

Table 3. Fish taxa caught during fixed gear fishing by the Alfred Needler, August 1991, by number and weight, and their depth 
of capture. (Dmin and Dmax are the minimum and maximum depths fished during sets in which the taxon was caught.)
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a gear malfunction and these results are not considered 
comparable to those at shallower depths. 

The number of fish caught in 15 cm gillnets in The Gully 
was 25% fewer than off Emerald Bank for the same fishing 
effort (12 nets set per area), but the weight of fish caught 
was 10% greater (Table 4). Centroscymnus coelolepis, 
C. fabricii and Etmopterus princeps were all much less 
numerous in The Gully catches and increased abundance 
of H.affinis and several other species in The Gully did 
not fully compensate, numerically, for these reductions. 
However, average weights of the main species caught were 
greater in catches from The Gully than in catches from off 
Emerald Bank (Table 2). Centroscymnus coelolepis was 
particularly influential, being 30% longer and three times 
heavier in Gully catches.

Total numbers caught per unit of effort (i.e. per eight 
nets set) decreased with depth, at 1800 m being only 
40% of that at 900 m, but weight caught increased with 
depth, at 1800 m being 40% higher than that at 900 m. 
Thus, the average weight of an individual fish caught 
increased with depth, from 1.5 kg at 900 m to 5 kg at 
1800 m (Table 4). This difference by depth in the ratio of 
overall weight to numbers caught was attributable largely 
to replacement of the relatively small-bodied species 

Species
Number by Area Number by Depth   Average Weight by Depth

Emerald Gully1 900 1 3501 1 800 900 1 350 1 800

Hydrolagus affinis 38 55 1 12 80 6.7 7.4 7.5
Harriotta raleighana 2 2 2 2 – 0.8 2.6 –
Centroscymnus coelolepis 114 41 – 105 50 – 3.5 4.3
Centroscyllium fabricii 306 163 342 127 – 1.2 1.2 –
Etmopterus princeps 55 1 53 3 – 2.5 1.2 –
Bathyraja spinicauda – 1 – – 1 – – 27.7
Amblyraja jenseni 1 2 – 1 2 – 2.0 6.3
Simenchelys parasitica 1 – – 1 – – 0.3 –
Alepocephalidae NS 1 – 1 – – 1.4 – –
Macrourus berglax 7 62 30 33 6 1.4 1.5 0.9
Antimora rostrata 22 53 2 22 51 1.9 1.4 1.8
Urophycis tenuis 3 1 4 – – 2.8 – –
Hippoglossus hippoglossus 1 – 1 – – 26.0 – –
Reinhardtius hippoglossoides 22 40 35 23 4 1.6 2.4 5.5

Total numbers: 573 422 471 330 194   Overall Average Weight

Total weights (kg): 1 145 1 288 694 761 978 1.5 2.3 5.0

1Numbers at 1350 m in The Gully are adjusted by 0.57 to standardize effort with other sampling units.

Table 4. Numbers of each species caught in 15 cm mesh gillnets by area and depth (m), average weight (kg) of each 
species by depth and total weight caught by area and depth (Statistics by area are per 12 nets and by depths 
are per eight nets.)

C. fabricii and E. princeps that dominated the 900 m zone 
with lesser numbers of the much larger H. affinis at greater 
depths (Table 4). Also, in some species, mean weight 
increased with depth, e.g. C. coelolepis and Reinhardtius 
hippoglossoides, but did not in others, e.g. M. berglax 
and A. rostrata.

Length frequencies of the six most commonly caught 
species (Fig. 2) show that few fish smaller than 40 cm 
were caught. Specimens of the largest species in catches, 
H. affinis, were 80–142 cm long.

Catches by gillnets with other mesh sizes

Small numbers of nets with mesh sizes of 6–9, 18 and 
27 cm were fished in 900–1350 m in The Gully and their 
catches are compared to those of the 15 cm mesh nets at 
900 m at this location (Table 5). No attempt is made to 
standardize for the different sizes of nets but it can be 
concluded that the 18 cm mesh nets did not differ greatly 
from the 15 cm nets in species, or numbers, caught whereas 
the substantially larger 27 cm net caught very little. Catches 
in the small mesh nets differed by including a number of 
small-bodied species, Notacanthus chemnitzi, Nezumia 
bairdi, Gaidropsarus ensis and Sebastes sp., while failing 
to catch any of the larger-bodied R. hippoglossoides.
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Catches by longline

The single longline set at 950 m south of Emerald Bank 
caught primarily C. fabricii and E. princeps (Table 6), as 
did gillnets at this location. The smallest hooks (10/0) were 
the most successful in catching these species whereas the 
largest (14/0) hooks caught only C. fabricii, and in lesser 
numbers than the smaller hooks despite twice as many 
14/0 hooks being set compared to the smaller sizes.

Catches by crab and shrimp traps

Crab and shrimp traps were fished at four or five depths 
in both locations, although in small numbers (Table 7). 
Trap catches were composed in large part of species not 
taken by gillnets and longlines. Coryphaenoides armatus 
and Anarhichas denticulatus were caught only in crab 

traps (except for one C. armatus in a shrimp trap). Shrimp 
traps provided the only records of Myxine glutinosa and 
accounted for the great majority of Simenchelys parasitica 
catches (61 of 68 fish, five more coming from crab traps 
and one each from gillnets and longlines).

Discussion

The primary objective of the present exploratory deep-
water fishing operation was to test-fish a wide variety of 
fixed gear types and sizes, but the main gillnet gear tested 
(15 cm mesh), and crab and shrimp traps, were fished in 
general conformity with an area/depth stratified sampling 
design. This allows broad inferences to be made about the 
composition and spatial distribution of the demersal fish 
fauna on the slope off Nova Scotia that is available to fixed 
gears. The other fixed gear fishing experiments that have 
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Fig. 2.	 Numbers caught at length for the six most frequently caught species in 15 cm gillnets. (Note that y-axis scale varies 
by species.)
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Mesh Size (cm) 6–9 15 18 27
No. of Nets Fished 7 4 3 2
Depth Fished (m) 900 900 900–1 350 900

Hydrolagus affinis – 1 – –
Harriotta raleighana – – 1 –
Centroscymnus coelolepis – – 2 –
Centroscyllium fabricii 11 137 48 1
Etmopterus princeps 1 – 4 –
Amblyraja jenseni 1 – – –
Notacanthus chemnitzii 1 – – –
Macrourus berglax 13 30 6 1
Nezumia bairdi 4 – – –
Antimora rostrata 6 2 2 –
Gaidropsarus ensis 1 – – –
Urophycis tenuis – 1 – –
Sebastes sp. 1 – – –
Reinhardtius hippoglossoides – 21 24 1

Totals: 39 192 87 3

Table 5. Numbers caught by species in gillnets of different mesh size fished at similar depths in  
The Gully.

Hook size (circle) 10/0 12/0 14/0
Number of hooks 100 100 200

Centroscyllium fabricii                  16 12 8
Etmopterus princeps                      17 – –
Simenchelys parasitica                   1 – –
Reinhardtius hippoglossoides             3 – –

Table 6. Numbers caught by species on longlines with different hook sizes at 950m south of 
Emerald Bank.

been conducted in deep water in the Northwest Atlantic 
were in more northern areas, Davis Strait (Jørgensen, 
1995) and Flemish Pass (Murua and de Cárdenas, 2005), 
and these used longlines only (a gear not deployed 
successfully during the present trials).

Variations in the catches of 15 cm gillnets were observed 
between areas and among depths sampled. There were 
differences between areas in the relative abundance of 
species, in species catch rates and in the average sizes 
of species. These areas are separated by only 4° of 
longitude and the amount of sampling was minimal, so the 
differences noted could be largely a reflection of sampling 
variation. Nonetheless, the areas are topographically 
different, the eastern sampling area being at the mouth of 
The Gully, the largest canyon on the east coast of North 

America (designated by the Canadian Government as a 
protected area in 2004), whereas south of Emerald Bank 
sampling was in an area of open slope (and the few near 
bottom temperature observations made suggest that the 
water was slightly warmer at fishing depths in the latter 
area). It is possible therefore that present results do indeed 
reflect local differences in faunal characteristics. With 
depth, total numbers caught declined but total weight 
caught increased. This reflected changes in species 
composition, the small-bodied species that occurred in 
abundance at the shallowest stations being replaced at 
deeper stations by less abundant but larger-bodied species.

Gillnets of sizes other than 15 cm were not fished frequently 
enough to allow for more than the following speculations 
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about how catches in these might differ. Indications were 
that gillnets smaller than 15 cm would catch a greater 
diversity of small-bodied species, whereas nets with 
meshes larger than 15–18 cm would catch progressively 
fewer of the same species caught in these nets.

The crab and shrimp traps were fished to determine the 
abundance of various crustacean species that had been 
identified by Pohle et al. (1992) as potential candidates 
for commercial exploitation, but almost no invertebrate 
species were caught in these other than the deep-sea 
red crab (Chaceon quinquedens) (Halliday and Cooper, 
1991), for which there was already an established fishery. 
However, the data on fish bycatches in these traps provide 
additional information on the abundance of some species. 
The species caught in traps were benthic scavengers. While 
these included specimens of several species that were 
caught frequently also in 15 cm gillnets, e.g. A. rostrata, 
traps (shrimp traps in particular) accounted for virtually 
all catches of the slender-bodied species M. glutinosa 
and S. parasitica. Although C. armatus also was caught 

Crab traps – South of Emerald Bank
Depth in metres (no. of traps) 500 (2) 900 (2) 1 350 (2) 1 800 (2) 2 800 (2)

Coryphaenoides armatus – – – – 26
Antimora rostrata – – – 2 –

Crab traps – The Gully

Depth in metres (no. of traps) – 900 (4) 1 350 (2) 1 800 (1) 2 800 (1)

Simenchelys parasitica                   – 5 – –
Coryphaenoides armatus – – – 6
Antimora rostrata – 1 4 –
Anarhichas denticulatus                  3 1 – –
Reinhardtius hippoglossoides             – 1 – –

Shrimp traps – South of Emerald Bank

Depth in metres (no. of traps) 500 (5) 900 (5) 1 350 (3) 1 800 (3) 2 800 (5)

Centroscymnus coelolepis                 – – – 1 –
Simenchelys parasitica                   8 19 4 – –
Coryphaenoides armatus – – – – 1

Shrimp traps – The Gully
Depth in metres (no. of traps) – 900 (4) 1 350 (2) 1 800 (1) 2 800 (1)

Myxine glutinosa                         5 – – –
Notacanthus chemnitzii                   1 – – –
Simenchelys parasitica                   18 12 – –

Table 7. Numbers caught by species, area and depth in crab and shrimp traps. (Number of traps set is in 
parentheses.)

only in traps, all catches were from those set at 2800 m. 
This species has a minimum depth limit of about 2000 m 
(King et al., 2006). Thus, its absence from gillnet catches 
could be due to the failure to fish gillnets successfully 
below about 1800 m. Anarhichas  denticulatus was the 
only large-bodied species (four fish, 67–104 cm) caught 
only in traps when traps and gillnets were fished on the 
same gear string.

All of the species caught during the fixed gear fishing 
trials described here have been caught previously in 
otter trawl surveys on the Scotian Shelf slope (Markle 
et al., 1988; Halliday et al., 2012). However, there were 
substantial differences between fixed and mobile gears 
in the relative importance of species in catches, and in 
species size compositions.

The relative contributions, by weight, of the top five 
species caught in gillnets are compared in Fig. 3 to those 
of the top five species in the otter trawl catches made 
by Halliday et al. (2012). The percentages contributed 
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Fig. 3.	 The relative contributions, by weight, of the top five 
species caught in all gillnets compared to the relative 
contributions of the top five species to otter trawl 
catches made on the Scotian Shelf Slope at similar 
depths (Halliday et al., 2012) 

Species 15 cm Gillnet Otter Trawl
(with small mesh liner)

Mean Min Max Mean Min Max

Hydrolagus affinis                       106 80 142 78 23 132

Centroscymnus coelolepis                 81 56 120 70 49 100

Centroscyllium fabricii                  62 36 88 51 14 84

Macrourus berglax                        59 40 91 61 26 98

Antimora rostrata                        58 37 69 41 7 65

Reinhardtius hippoglossoides             61 40 90 64 29 88

Table 8. Mean, minimum and maximum lengths (cm) of the six most abundant species caught in 15 cm gillnets 
compared to those of catches by small mesh otter trawl (Halliday et al., 2012).

to the total catch by C. fabricii and R. hippoglossoides 
were similar between gears. However, H. affinis and 
C. coelolepis, dominant species in gillnet catches, were 
of much lesser relative importance in trawl catches. 
Conversely, Coryphaenoides rupestris, a co-dominant 
with C. fabricii in trawl catches, and Alepocephalus 
agassizii, were completely absent from gillnet catches 
(except that the one unidentified alepocephalid could have 
been an A. agassizii).

Mean, minimum and maximum lengths of the six species 
caught in most abundance in 15 cm gillnets are compared 
with the same statistics for catches of these species in 
otter trawls (Table 8). Mean lengths were greater in 
gillnet catches than in small mesh otter trawl catches 
in four cases. Minimum sizes of these four species in 
gillnet catches were substantially higher than in otter 
trawl catches, as would be expected, but maximum sizes 
were also higher. However, mean sizes of M. berglax and 
R. hippoglossoides were similar between gears, likely 
indicating a scarcity of small fish of these species on the 
Scotian Shelf slope (Halliday et al., 2012).

Despite these differences in species importance, and 
in species size compositions, between gillnet and otter 
trawl surveys, both demonstrate the importance of 
Chimaeriformes and sharks in the Scotian Slope fauna. 
These groups comprised about one third of the numbers 
and almost half the weight in the otter trawl catches of 
Halliday et al. (2012), and 70% by number and 80% by 
weight in present gillnet catches. The large mesh size of 
most gillnets fished in the present study likely causes the 
relative importance in the fauna of these large-bodied 
species to be over-emphasized. Conversely, the paucity 
of records of these species in otter trawl surveys of 
the slope fauna in adjacent areas (Markle and Musick, 
1974; Haedrich et al., 1975; Sulak, 1982; Snelgrove and 

Haedrich, 1985) is likely attributable to a low vulnerability 
to the small trawls used.
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Abstract

The demersal fish fauna at 900–1800 m depths off Nova Scotia, Canada, is described using data from 
exploratory bottom trawl surveys conducted in November 1994 and March 1995 by a commercial 
fishing trawler. Approximately 25 metric tons (39 000 specimens) of demersal fish belonging to at 
least 82 species were caught, 30% of which had not previously been recorded from the area. However, 
more than half the catch consisted of the two species Centroscyllium  fabricii (black dogfish) and 
Coryphaenoides rupestris (roundnose grenadier). Catches were higher in the shallower depth strata 
fished and cluster analysis showed that depth was the primary factor determining species composition 
of catches. It is suspected, however, that the vessel fished less effectively at depths greater than about 
1500 m, contributing to the reduction in catch quantities at these depths. The importance in catches of 
large bodied species, particularly Chimaeriformes and sharks, contrasts with results from surveys in 
adjacent areas. This likely reflects the greater fishing power of the vessel/gear used in present surveys 
rather than real differences in faunal composition. Catches of mesopelagic species during these surveys, 
and during an earlier deepwater trawling survey in this area, are also described. 

	 Keywords:	 Centroscyllium fabricii; Coryphaenoides rupestris; distribution; deepsea fish; Scotian 
Shelf slope 
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Introduction

In the early 1990s, interest by the Canadian fishing 
industry in developing fisheries for new species in deep 
water provided an opportunity for a joint Industry - 
Government venture to explore the commercial potential 
of fish resources on the Scotian Shelf slope, south of 
Nova Scotia. The only previous survey of the demersal 
fish fauna in this area had been conducted by a research 
vessel, and sampling was restricted to depths shallower 
than 1200 m (Markle et al., 1988). The presently reported 
surveys were conducted by a commercial fishing trawler 
in November 1994 and in March 1995, at bottom depths 

of 910–1830 m. This paper reports on the fish catches 
made during these surveys, examines patterns in species 
distributions, and compares results with those of Markle 
et al. (1988), and with those from other studies in adjacent 
geographical areas.

An account of catches of pelagic fish species made 
during these 1994–95 surveys is provided also. Markle 
et al. (1988) did not include pelagic fish catches in their 
report, but their records were available to the authors of 
the present study and are provided here for comparison 
with 1994–95 catches.

3Corresponding author: Tel.: 902-426-3240; E-mail: Ralph.Halliday@dfo-mpo.gc.ca 
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Methods

The surveys were conducted by the commercial fishing 
trawler Cape Chidley (length – 43 m; tonnage – 792; 
horsepower – 2400) on 6–16 November 1994 and 7–16 
March 1995 (labelled C19 and C20 respectively). A 
commercial Engel high-lift bottom trawl was used with 
1500 kg polyvalent trawl doors and a 51.8 m footrope 
equipped with 53 and 61 cm disc rock-hopper foot gear. 
Netting was of regulation 145 mm mesh but a 30 mm 
small mesh liner was inserted in the belly extension and 
codend to retain small specimens and a 20 mm diameter 
tickler chain was attached ahead of the footrope to enhance 
capture of bottom dwelling fauna. A headline transducer 
was deployed on all tows to measure vertical opening of 
the net. Headline height was typically about 6 m and no 
marked differences were observed between surveys or 
among depth zones. No instrumentation was available 
to measure horizontal net opening but, according to the 
vessel owners, previous performance data for this net (in 
shallower waters) indicated that the normal spread from 
wingtip to wingtip was 24 m and between the trawl doors 
was 69 m. 

Sampling was stratified by area and depth, and fishing 
locations within strata were chosen randomly. On the 
first survey (C19), four discrete areas were fished. These 
were located south of Browns, LaHave, Western and 
Banquereau banks (Fig. 1, top panel). During the second 
survey (C20), four larger, contiguous, areas located south 
of Browns, LaHave, Emerald and Western - Sable Island 
banks were fished (Fig.1, bottom panel). Each fishing 
area was divided into five depth strata at 100 fm (183 m) 
intervals, but for presentation of data, stratum boundaries 
are defined in metres (rounded to the nearest 10 m). 
Fishing was conducted on a 24-hour basis, and stations 
were occupied in the order that minimized transit time.

The vessel’s standard fishing procedure was to tow the 
net at 3.0 knots for one hour, measured from completion 
of shooting to start of haul back. However, there was 
insufficient trawl warp to maintain the same scope for 
deeper as for shallower tows and towing speed had to be 
reduced to 2.5 knots for the two deepest strata to get the 
net on bottom.  Also, the actual start of trawling was taken 
as the time that resistance was felt due to bottom contact 
and it was found that actual time on bottom varied from 
51 minutes in the shallowest, to 46 minutes in the deepest, 
stratum. Thus, distance towed was about 2.5 nautical miles 
for tows in the three shallowest strata, but the lower towing 
speed and reduced time on bottom for tows in the deeper 
strata resulted in the distance towed in the 1460–1650 m 
stratum being about 0.80, and in the 1650–1830 m stratum 
being about 0.75, of that in the shallower strata. Thus, 
abundance estimates for these deep strata were adjusted 
by x1.25 and x1.33 respectively.

The at-sea scientific protocol was to obtain the weight, 
number and length frequency (total length to the nearest 
cm) of each taxon in every catch. Particularly large 
catches of a taxon were sub-sampled by weight, numbers 
and length compositions subsequently being adjusted by 
the ratio of total to sample weight. Species that occurred 
in high volume were either retained by the vessel for 
commercial purposes or discarded, with scientific 
personnel retaining voucher specimens. In addition, 
a miscellany of taxa that occurred rarely, or that were 
recognized as presenting identification difficulties, was 
retained. All kept specimens were identified subsequently 
by the authors and the at-sea records were edited based on 
these laboratory results. In the majority of cases, voucher 
specimens confirmed at-sea species identifications but, in 
some, the taxonomic situation proved more complex than 
initially recognized at sea. In the latter circumstance, the 
authors reassigned taxonomic designations at the species 
level when the evidence was convincing but to higher 
taxonomic levels in the other cases. All retained specimens 
were deposited at the Atlantic Reference Centre (ARC), 
Huntsman Marine Science Centre (HMSC), St. Andrews, 
New Brunswick, Canada. Taxonomy follows Eschmeyer 
and Fricke (2012).

Comparisons of catches between areas, depths and 
surveys were restricted to those tows that were considered 
‘problem free’. Problematic tows were defined as those 
during which severe damage to the net occurred, when 
tow time was substantially reduced due to hang-ups on 
bottom obstacles, or when catches contained atypically 
low numbers of demersal species, indicating that the 
net was fishing off bottom. Species compositions were 
compared among stations using Bray-Curtis similarity 
coefficients following fourth root transformation of 
abundance data. Samples were partitioned using the 
CLUSTER routine in PRIMER version six (Clarke and 
Gorley, 2006). Length frequencies (by 3 cm groups) and 
mean lengths were calculated for the five species that 
contributed most to catches (by weight) by combining 
numbers per tow at length within each depth zone for 
two areas, Northwest Atlantic Fisheries Organization 
(NAFO) Divisions 4X (Browns -LaHave sampling areas) 
and 4W (Emerald-Western-Sable banks sampling areas). 
Estimates of the area of bottom within each depth/NAFO 
Division category (DFO: unpublished) were then used to 
obtain the following depth strata/Division weightings for 
amalgamation of the data from each survey:

Stratum (m) 4X 4W
910–1 100 0.05 0.09

1 100–1 280 0.06 0.10
1 280–1 460 0.08 0.12
1 460–1 650 0.09 0.14
1 650–1 830 0.12 0.15

0.40 0.60
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Fig. 1. 	 Areas fished by the Cape Chidley: top panel – C19, November 1994, bottom panel – C20, 
March 1995.
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Distributional records in the primary literature were used 
to determine which species in the present collections had 
not previously been reported from the study area. Online 
sources based on shared, disparate data collections were 
utilized only when records of interest could be verified 
through personal communication. The assignment of 
taxa to demersal or pelagic categories was based on their 
designations by Moore et al. (2003), species listed by them 
as benthic or benthopelagic in habit being classed here as 
demersal, and others as pelagic species. Common names, 
in Tables 1 and 2, follow usage by presently cited authors, 
particularly Moore et al. (2003), but cannot be provided 
for all species as some do not have accepted common 
names. Depth categorizations, upper slope (200–750 m), 
mid slope (750–1500 m) and lower slope (1500–2250 m), 
follow Haedrich and Merrett (1988). The Northwest 
Atlantic is equated to the NAFO Statistical Area.

Results

The surveys were largely successful in implementing 
a stratified-random sampling design with at least two 
sampling locations being fished in each depth stratum 
in each fishing area. Fishing areas differed between 
surveys, however (Fig. 1). On C19, the rate of successful 
completion of tows in the Banquereau area was low, 
only six of the 11 tows made there being classifiable as 
problem free, and thus this area was excluded from the 
sampling plan for C20. The sampling areas on C20 were 
contiguous and encompassed the other, discrete, areas 
used on C19. In these areas, 29 (of 31) tows on C19, and 
44 (of 47) tows on C20, were considered problem free. 
It is the data from these tows that were used in analyses 
of geographic and bathymetric distributions, and size 
compositions. However, catches made in the Banquereau 
area on C19 are described separately and included in the 
listing of catches overall.

Demersal Species

Taxonomic composition

Approximately 25 metric tons (39 000 specimens) of 
demersal fish, belonging to at least 82 species, were caught 
(Tables 1 and 2). Among these, 10 taxa accounted for 
90% of the catch by weight and these 10 accounted also 
for 80% by number. More than half the catch (by weight 
and number) consisted of Centroscyllium fabricii and 
Coryphaenoides rupestris.

For instances in Table 1 where catches are reported at 
a taxonomic level higher than species, the predominant 
species can be inferred quite reliably when voucher 
specimens were available (Table 2), e.g. it is likely that 
most of the fish listed as Rajidae NS in Table 1 were 
Amblyraja jenseni. Inferences about the abundance of the 

secondary species in a category relative to the primary 
species would be inappropriate, however. This is because 
relatively few voucher specimens were kept for abundant 
species, but most or all specimens of taxa recognized as 
‘different’ were retained. Records reported in Table 1 at the 
family level that were not supported by voucher specimens 
(Alepocephalidae, Ipnopidae, Ophidiformes, Gadiformes 
and Zoarcidae) are mostly of little numerical importance 
and consist of inadequately documented records. There 
are, in addition, two special cases:

	 •	 Apristurus spp.: Markle et al. (1988) recognized 
two forms in their catches but (Moore et al., 2003) 
listed four species as possibly occurring off New 
England, all of which might occur also in the present 
study area. See also Hartel et al. (2008).

	 •	 Bathyraja spp.: while species-level identifications 
were recorded at sea, there was an association 
between identifications and surveys (two 
B. richardsoni on C19, two B. spinicauda on C20) 
that raises doubt about their reliability. Thus, the 
species level identifications were not accepted.

Almost 30% (23) of the species listed in Tables 1 and 2 
had not been recorded previously from off Nova Scotia. 
Thirteen of these new records were of species documented 
as having ranges that include adjacent areas, primarily 
to the southwest off New England (Moore et al., 2003), 
and thus they represent only minor range extensions.  The 
remaining 10 species are ones that previously have not 
been recorded, or have been recorded only rarely, from 
the NAFO Statistical Area, i.e. north of Cape Hatteras 
(35°N). Capture information, ARC catalogue numbers, 
and distributional notes are provided for these in Table 3.

Among the minor range extensions, it is noteworthy that 
the records of Rajella bathyphila are not in conformance 
with the convention accepted by Moore et al. (2003) 
that this species does not occur southwest of the Grand 
Banks (and thus that all records to the southwest must be 
of the closely-related Rajella bigelowi). More recently, 
Sulak et al. (2009) ignored this convention by recording 
R. bathyphila from the Mid-Atlantic-Bight. The latter 
authors are followed here, as the two specimens from off 
Western Bank had total lengths of 92 and 96 cm, greatly 
exceeding the maximum length of 50 cm that has been 
recorded for R. bigelowi (Sulak et al., 2009). 

Geographic and bathymetric distributions

Variation with depth of the catch rate (no. and wt. per 
tow) of all demersal species combined showed a similar 
pattern in both surveys (Fig. 2), with highest values 
occurring in one of the two shallowest strata and lowest 
values in one of the two deepest strata. The average time 
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Order/Family Species (or lowest taxon) Common Name No. Wt. (kg) Dmin (m) Dmax (m)

Chimaeriformes
 Chimaeridae Hydrolagus affi nis Deepwater chimaera 107 354 971 1 820
 Rhinochimaeridae Harriotta raleighana Longnose chimaera 904 1 118 909 1 820

Rhinochimaera atlantica Knifenose chimaera 129 354 909 1 750
Carcharhiniformes
 Scyliorhinidae Apristurus spp. Catsharks 707 1 037 913 1 820
Squaliformes
 Somniosidae Centroscymnus coelolepis Portuguese shark 262 688 940 1 778
 Etmopteridae Centroscyllium fabricii Black dogfi sh 10 572 7 816 909 1 809

Etmopterus princeps Rough sagre 545 548 918 1 776
 Squalidae Squalus acanthias Spiny dogfi sh 1 3 1 280 1 428
Rajiformes
  Arhynchobatidae Bathyraja spp. – 4 62 940 1 820
  Rajidae Rajella bathyphila* Deepwater ray 2 16 1 094 1 256

Rajella bigelowi Bigelow’s ray 37 12 940 1 820
Rajidae NS (1) 75 74 909 1 803

Notacanthiformes
 Halosauridae Aldrovandia spp. (1) – 424 18 909 1 803

Halosaurus guentheri* – 1 1 940 1 074
Halosauropsis macrochir – 311 110 918 1 820

 Notacanthidae Lipogenys gillii Backfi n tapirfi sh 3 1 1 333 1 748
Notacanthus chemnitzii Snubnosed spiny eel 48 32 909 1 809
Polyacanthonotus rissoanus Shortspine tapirfi sh 10 1 940 1 717

Anguillformes 
 Synaphobranchidae Ilyophis brunneus – 15 1 958 1 695

Simenchelys parasitica Snubnose eel 350 61 909 1 820
Synaphobranchus kaupii Northern cutthroat eel 3 189 497 909 1 820

 Nettastomatidae Venefi ca procera – 20 4 1 280 1 820
Osmeriformes 
 Alepocephalidae Alepocephalus agassizii Agassiz’ smoothhead 4 330 1 908 913 1 820

Alepocephalus australis – 2 1 1240 1 655
Alepocephalus bairdii Baird’s smoothhead 93 241 953 1 794
Bajacalifornia megalops Bigeye smoothhead 20 6 940 1 803
Bathytroctes microlepis* Smallscale smoothhead 1 0 1 747 1 794
Narcetes stomias Blackhead salmon 28 35 1 531 1 820
Rouleina attrita Softskin smoothhead 564 259 953 1 820
Alepocephalidae NS – 82 36 909 1 611

Aulopiformes 
 Bathysauridae Bathysaurus ferox – 90 38 913 1 820
 Ipnopidae Bathypterois dubius** Spiderfi sh 5 1 1 483 1 629

Bathypterois grallator* Tripodfi sh 1 0 1 710 1 803
Bathypterois phenax* Blackfi n spiderfi sh 3 0 940 1 776
Bathypterois quadrifi lis – 19 0 940 1 664
Bathypterois viridensis* – 3 0 1 313 1 565
Bathytyphlops marionae* – 2 1 1 377 1 459
Ipnopidae NS – 6 0 940 1 556

 Notosudidae Scopelosaurus lepidus – 4 1 940 1 547
Ophidiiformes
 Ophidiidae Barathrites parri** – 2 0 1 384 1 533

Table 1. Demersal taxa: total number (No.) and weight (Wt.) caught and depth range of captures (Dmin and Dmax - minimum and 
maximum depths fi shed during tows in which the taxon was caught). (* - range extension, ** - not or seldom recorded 
previously from the NW Atlantic (see Table 3), (1) - see Table 2 for supplementary information on species composition, 
(2) - published by Caruso (2002).)

(Continued)
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of day that fishing occurred did not vary systematically 
with depth. Thus, time of sampling in relation to diurnal 
vertical migration patterns does not explain the observed 
progressive decline in catch rates in the three deepest 
strata in both surveys. The number of demersal taxa 
caught per tow did not vary with depth but was about 19 

on C19 and 22 on C20. There was a broad similarity in 
catch rates among areas and between surveys except that, 
on C20, catch rates in 1100–1280 m and 1280–1460 m 
strata in the LaHave area were more than double those in 
other areas. These high catches were composed primarily 
of C. rupestris. 

 
Order/Family Species (or lowest taxon) Common Name No. Wt. (kg) Dmin (m) Dmax (m)

Barathrodemus manatinus* – 1 0 1 313 1 428
Bassogigas gillii – 12 16 913 1 820
Dicrolene introniger – 295 37 913 1 776
Monomitopus agassizii* – 2 0 971 1 015

 Bythitidae Cataetyx laticeps** – 1 1 1 384 1 423
Ophidiformes NS – 4 0 634 901

Gadiformes
 Macrouridae Cetonurus globiceps** – 1 0 1 672 1 748

Coelorinchus occa?* Swordsnout grenadier 1 1 1 500 1 618
Coryphaenoides rupestris Roundnose grenadier 9 605 7 046 909 1 820
Coryphaenoides spp. (1) Grenadiers 738 28 918 1 803
Gadomus arcuatus** – 2 1 913 1 068
Macrourus berglax Roughhead grenadier 140 228 909 1 794
Nezumia bairdii Marlinspike 3 203 270 909 1 809
Macrouridae NS (1) – 77 17 1 130 1 820

 Moridae Antimora rostrata Blue hake 633 383 909 1 820
Guttigadus latifrons** – 1 0 1 682 1 820
Halargyreus johnsonii Dainty mora 22 10 1 130 1 820
Laemonema barbatulum Smallscale mora 4 0 940 1 522

 Lotidae Gaidropsarus argentatus Silver rockling 1 0 1 362 1 469
Gaidropsarus ensis Threebeard rockling 258 119 1 033 1 820

 Phycidae Phycis chesteri Longfin hake 115 29 909 1 778
Urophycis tenuis White hake 11 23 913 1 613
Gadiformes NS – 32 0 1 077 1 533

Lophiformes
 Chaunacidae Chaunacops roseus* (2) – 1 0 1 653 1 743
 Ogcocephalidae Dibranchus atlanticus Atlantic batfish 1 0 1 324 1 346
Zeiformes
 Oreosomatidae Neocyttus helgae* – 15 9 971 1 820
Scorpaeniformes
 Psychrolutidae Cottunculus thomsonii Pallid sculpin 194 208 909 1 646
 Liparidae Paraliparis spp. (1) Snailfishes 50 1 909 1 717
Perciformes
 Anarhichadidae Anarhichas denticulatus Northern wolffish 1 23 1 357 1 428

Anarhichas minor Spotted wolffish 2 2 953 1 646
 Zoarcidae Lycodonus mirabilis – 9 0 1 287 1 695

Lycodes terraenovae Atlantic eelpout 39 6 918 1 772
Pachycara crassiceps** – 2 1 1 646 1 693
Zoarcidae NS – 1 0 1 280 1 428

Pleuronectiformes
 Pleuronectidae Glyptocephalus cynoglossus Witch flounder 30 6 909 1 629

Hippoglossus hippoglossus Atlantic halibut 4 50 918 1 256
Reinhardtius hippoglossoides Greenland halibut 575 1 601 909 1 820

Table 1. (Continued).
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Taxon Species Common Name No.

Rajidae NS Amblyraja jenseni shorttail skate 8
Rajella fyllae round skate 1

Aldrovandia spp. Aldrovandia affinis – 10
Aldrovandia gracilis** – 10
Aldrovandia oleosa – 4
Aldrovandia phalacra – 83

Coryphaenoides spp.1 and  
Macrouridae NS2

 
Coryphaenoides alateralis**

 
–

 
1

Coryphaenoides armatus abyssal grenadier 1
Coryphaenoides carapinus – 44
Coryphaenoides guentheri Günther’s grenadier 5
Coryphaenoides mediterraneus** – 4
Nezumia longebarbata* – 1

Liparidae Paraliparis copei Blacksnout snailfish 19
Paraliparis garmani Pouty snailfish 3

 1Predominantly C. carapinus 
 2Predominantly C. guentheri

Table 2. Supplementary information on the demersal species contributing to cases where taxa are grouped at genus or family 
level in Table 1, from laboratory identifications of retained specimens.  (No. - number of specimens identified. * - range 
extension, ** - not or seldom recorded previously from the NW Atlantic (see Table 3).)

Cluster analyses based on catch numbers (Fig. 3) resulted 
in dendrograms showing that the depth strata were more 
important in ordering the stations than sampling area. For 
C19, three station groups formed, one containing the two 
tows in the shallowest stratum off Browns Bank, a second 
composed of the remaining tows in the three shallowest 
strata plus one at 1460–1650m off Browns Bank, and a 
third group composed of the remaining tows in the two 
deepest strata. The two shallow Browns Bank sets differed 
from the larger ‘shallow’ group (average dissimilarity = 
43%) due primarily to the presence of Glyptocephalus 
cynoglossus and the absence of Alepocephalus agassizi and 
Etmopterus princeps. The average dissimilarity between 
the two large station groups (48%) was due particularly 
to higher abundance of C. fabricii and C. rupestris in 
the ‘shallow’ strata and Halosauropsis macrochir and 
A. agassizi in the deeper strata. For C20, sampling was 
more intensive and seven groups formed but, nonetheless, 
there were two main groups, one containing most of the 
tows in the three shallow strata and another with most of 
the tows in the two deep strata, analogous to the two main 
groups in C19. The average dissimilarity between these 
two groups (49%) was also comparable to that observed in 
C19, and was due to the same species except that, in C20, 
Coryphaenoides spp. replaced A. agassizi in importance 
in the deep strata. In C20, a secondary deep group formed 
containing two stations that differed from the main deep 
group (average dissimilarity = 46%) due to low catches of 
Synaphobranchus kaupii and the absence of Aldrovandia 
spp. and Simenchelys parasitica. The three smaller clusters 
on the left of the dendrogram are composed largely of tows 

in the shallowest stratum, and differ variously from the 
main ‘shallow’ group by the presence of the upper slope 
species, G. cynoglossus and Phycis chesteri, and lesser 
abundance of mid-slope species. Thus, the patterns of 
species distributions described by the two surveys were 
in general agreement.

A combined list for the two surveys of the taxa that were 
among the top 10 numerically within at least one depth 
stratum (Table 4) illustrates how the predominant species 
varied with depth. Centroscyllium fabricii, C. rupestris 
and Nezumia bairdii dominated catches in the three 
shallowest strata. Alepocephalus agassizii and S. kaupi were 
moderately abundant in all depths but rose to prominence in 
rankings in the two deepest strata due primarily to the much 
reduced abundance, at these depths, of the three species that 
dominated at shallower depths. The species that actually 
had their highest abundance in the two deepest strata were 
H. macrochir, Gaidropsarus ensis, Hydrolagus affinis and 
Rouleina attrita.

Ranking the top 10 taxa by weight rather than by 
number replaced four small-bodied taxa (S. parasitica, 
Coryphaenoides spp., Dicrolene introniger and 
Aldrovandia spp.) by larger-bodied ones (Centroscymnus 
coelolepis, Rhinochimaera atlantica, Cottunculus 
thompsonii and Macrourus berglax) (Table 4). This resulted 
in differences in rankings, particularly in a substantially 
higher ranking of Reinhardtius hippoglossoides, but did 
not materially change the perceptions based on numbers 
on how the fauna changed with depth.
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Aldrovandia gracilis: n = 10: 41°55'N, 65°19'W – 42°48'N, 61°26'W, 1313–1776 m. ARC 26788 (n = 1), ARC 9713153 (n = 1), 
ARC 9713155 (n = 3), ARC 9713157 (n = 1), ARC 9813168 (n = 1), 9813171 (n = 2), ARC 9813173 (n = 1). Northern limit 
previously accepted as Virginia (Sulak, 1990), an unverifiable record from 42°31'N, 63°40'W (Roule and Angel, 1933) being 
regarded as doubtful. Present records lend credence to that of Roule and Angel (1933).

Bathypterois dubius: n = 5: four at 42°08'N 65°08'W, 1483–1629 m, ARC 25403; one at 42°33'N 64°12'W, 1183–1203 m,  
ARC 9914871. Recorded previously from Grand Bank (ARC 9111413) by Templeman (1966) and from Bear Seamount by 
Moore et al. (2003). Other verified specimens from the vicinity of Bear Seamount are KU 8450, MCZ 165866 (one specimen), 
and MCZ 167902 (three spec.) (K. Hartel, MCZ, pers. comm.).

Barathrites parri: n = 2: one at 42°33'N 63°25'W, 1494–1533 m, ARC 9914912; 1 at 42°39'N 62°25'W, 1384–1423 m,  
ARC 9914914. Moore et al. (2003) report two specimens from off southern New England.

Cataetyx laticeps: n = 1: 42°39'N 62°25'W, 1384–1423 m, ARC 27729. Previously reported from off Grand Bank at 42°54'N, 
51°18'W (Bänón, 2001) (one specimen), and from the Gulf of Mexico (McEachran and Fechhelm, 1998).

Cetonurus globiceps: n = 1: 42°07' 64°57'W, 1672–1748 m, ARC 27641. Previously reported from the Caribbean – Gulf of 
Mexico (Geistdoerfer, 1986; Geistdoerfer, 1990; McEachran and Fechhelm, 1998).

Gadomus arcuatus: n = 2: one at 42°21'N 64°51'W, 913–1053 m, ARC 27758; one at 42°45' 62°40'W, 918–1068 m, ARC 
27759. Previously reported from the Caribbean, Gulf of Mexico and northeastern coast of South America (Cohen et al., 1990; 
Geistdoerfer, 1986; Geistdoerfer, 1990; Goode and Bean, 1896; Iwamoto, 2002; McEachran and Fechhelm, 1998). 

Coryphaenoides alateralis: n = 1: 42°45'N 62°40'W, 918–1068 m, ARC 27678. Only four specimens have been recorded 
previously (Moore et al., 2003), from the Gulf of Mexico, Hudson Canyon and Bear Seamount (39°55'N 67°30'W, two 
specimens).

Coryphaenoides mediterraneus: n = 4: one at 42°08'N 64°56'W, 1670–1772 m, ARC 27752; two at 42°51'N 61°24'W, 
1653–1743 m, ARC27640; 1 at 42°58'N 61°18'W, 1653–1750 m, ARC27744. Previously recorded from the Gulf of Mexico 
(Geistdoerfer, 1986; Geistdoerfer, 1990; Iwamoto, 2002; McEachran and Fechhelm, 1998).

Guttigadus latifrons: n = 1: 43°50'N 58°20'W, 1682–1820 m, ARC 25404. This is the first record from the NW Atlantic.

Pachycara crassiceps: n = 2: one at 42°27'N 63°33'W, 1646–1664 m. ARC 9914939; one at 42°33'N 63°07'W, 1659–1693 m,  
ARC 9914940. These are the first records from the NW Atlantic.

Table 3. Demersal species not or seldom recorded previously from the NW Atlantic: number caught (n), capture latitude 
and longitude, depth (min–max tow depth, m), Atlantic Reference Centre (ARC) catalogue number, and notes.   
(KU – University of Kansas Natural History Museum, MCZ – Museum of Comparative Zoology, Harvard University, 
Cambridge, MA., USA.)

Some of the taxa in these comparisons consisted of more 
than one species, distorting the results to some extent. 
Nothing can be added to clarify the species composition 
of Apristurus spp., but it is clear that the Aldrovandia 
spp. group was largely comprised of Aldrovandia 
phalacra (Table 2). The bi-modal depth distribution of 
Coryphaenoides spp. presents a more complex situation. 
The abundance of specimens taken in the three deepest 
strata increased with depth, as did their mean length 
(12, 14 and 19 cm), and these fish were likely to have been 
in large part Coryphaenoides carapinus. However, of the 
123 specimens caught in the shallowest stratum (mean 
length 25 cm), only one was kept for subsequent laboratory 
identification and it proved to be Coryphaenoides 
alateralis, a species not previously reported from the area 

(see Table 3). This is too weak a basis on which to make an 
inference about the identity of the remaining specimens in 
this stratum. It is clear, however, that at least two species of 
Coryphaenoides, with different depth distributions, were 
making important contributions to the present collection.

The six tows made off Banquereau Bank that were classed 
as problem-free were combined into two depth groups, 
1100–1460 m and 1460–1830 m, for data presentation 
(Table 5). Alepocephalus bairdii and R. attrita were 
prominent components of these catches, and C. rupestris 
and C. fabricii were less dominant than elsewhere. 
However, such differences from the more western sampling 
areas are as likely to be due to the vagaries of sampling in 
this area as to differences in faunal composition. 
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Fig. 2.	 Average catch rates of demersal species by number and weight for each sampling area by depth stratum for C19 (top 
panels) and C20 (mid-panels) and by survey overall (bottom panels). (Banquereau Bank data excluded; averages for 
1460–1650 m and 1650–1830 m strata adjusted by x1.25 and x1.33 respectively - see text; scales for Y-axes vary.)

Size compositions

Total length, the measurement used for all species on 
the Cape Chidley surveys, is not the preferred metric for 
those species with fragile tails that are easily damaged 
during capture, e.g. Macrouridae and Chimaeriformes, 
e.g. ICES (2008). However, the conclusions made here  

from comparisons of size compositions between surveys 
and depth strata are relative, and conclusions are not 
likely to be affected by whatever bias the use of total 
length may have introduced.

Area-weighted length frequencies, indicative of the 
length compositions of the populations available to 
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Fig. 3.	 Hierarchical clustering using fourth-root transformation of catch numbers for all species and stations from Cape Chidley 
cruises C19 (top panel) and C20 (bottom panel). (Letters indicate banks: BR- Browns; LH-LaHave; EM-Emerald; WS – 
Western). Symbols indicate depth strata in metres (see key on right).
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the gear, were generally similar between surveys for 
the five species that contributed most, by weight, to 
catches (Fig. 4). For R. hippoglossoides and Harriotta 
raleighana, the relative numbers by length group were 
almost identical between surveys. In the other three cases, 
C. rupestris, C. fabricii and A. agassizii, population 
estimates from C19 contained fewer small fish than did 
those from C20. The C19 estimates of large specimens of 
C. rupestris were lower also, and total population number 
was 60% of that for C20. In the cases of C. fabricii and 
A. agassizii, population number estimates from C19 were 
85% and 70% respectively, of those from C20.

For these five species, the size of fish caught varied with 
depth in most cases (Fig. 5). Typically, average lengths 
were smallest in the shallowest tows, increasing with 
depth to the 1280–1460 m stratum or to the 1460–1650 m 
stratum. Catches in the deepest stratum suggested a 
levelling off in average size but catch numbers in this 
stratum were so few that any conclusion is speculative. 
The clearest example of increasing size with depth is 
provided by R. hippoglossoides, average lengths in 
910–1100 m being about 60 cm, increasing to about 65 
cm in 1100–1280 m and 65–70 cm in 1280–1650 m, and 
trends for C. rupestris and A. agassizii were roughly 
similar in scale. In contrast, the size of C. fabricii showed 
only a slight tendency to increase with depth and 
H. raleighana showed none, average length being lowest 
at the middle of the depth range sampled.

Pelagic Species

The Cape Chidley bottom trawl surveys caught at least 40 
taxa of pelagic fishes, consisting of approximately 1500 
specimens weighing almost 60 kg (Table 6). There were 
cases of catches reported at a taxonomic level higher than 
species for pelagic taxa also and, for a number of these, 
voucher specimens were available that give an indication 
of their species composition (Table 7). However, the data 
from these voucher specimens are too scant to allow 
inferences to be made about the relative abundance of 
these species in catches.

The survey reported on by Markle et al. (1988), 
conducted in 1984 by the government-chartered vessel, 
Lady Hammond, using a Western IIA bottom otter 
trawl, similarly caught about 40 taxa of pelagic fishes, 
consisting of almost 1000 specimens (Table 8). Included 
in Table 8 are three species of liparid, and the trichiurid 
Benthodesmus tenuis, species that would be considered 
demersal under present criteria, but presumably were 
considered pelagic by Markle et al. (1988).

There was a strong similarity in the pelagic taxa caught 
by bottom trawl on the two surveys, about 70% being in 
common, despite differences in gear design and depths 
fished, and most of these taxa occurred also in midwater 

trawl samples from the same area (Themelis and Halliday, 
2012), or in waters to the immediate southwest of the 
sampling area (Moore et al., 2003). Of note, however, is 
the record of Platytroctes apus (Cape Chidley, 42°45'N 
61°41'W, 1498–1522 m, ARC 9914821), only two 
specimens of which have been reported previously from 
the NW Atlantic, one at about 40°N (Hartel et al., 2008), 
the other off Greenland ((Møller et al., 2010), and the 
record of Benthodesmus tenuis (Lady Hammond, 42°57'N 
61°41'W, 558–585 m, ARC 8600838), which is only the 
second record north of Cape Hatteras, the first being off 
Browns Bank (Scott and Scott, 1988).

Discussion

The reason why the number of benthic taxa caught per 
tow differed between surveys, being about 15% higher on 
C20 than on C19, is not clear. The surveys were quasi-
commercial in character, and close cooperation between 
ship’s crew and scientific personnel was required to meet 
the needs of both. It is possible that this cooperation 
improved between surveys, explaining the higher number 
of taxa per tow observed on C20. It is also possible, 
however, that minor differences in the trawl nets, the net 
used on C19 being lost at sea and replaced on C20 with 
another built to the same specifications, contributed to 
this, and other, differences in results between surveys.

The much higher catches of C. rupestris in the LaHave 
area than in other areas on C20 occurred, in large part, in 
a series of tows added at the end of the sampling program. 
It is possible that these tows did not conform to the 
randomized sampling design, biasing results. Nonetheless, 
when these added tows are disregarded, abundance 
estimates for this species in the LaHave area, although 
reduced, remain higher than in other areas. In contrast, 
C19 estimates of C. rupestris in the LaHave area were not 
higher than elsewhere. However, sampling on C19 was 
restricted to non-contiguous blocks, which could have 
introduced bias to abundance estimates from this survey 
if, for example, areas of high density of C. rupestris were 
excluded from the sampling blocks. An association of 
C. rupestris with canyons, as has been noted by Snelgrove 
and Haedrich (1985) in data from southeastern Grand 
Bank and off New England, could underlie such a bias. 
While there is no evidence for such an association in data 
from the present study, differences in sampling design 
nonetheless may have been an important factor causing 
variability in quantities caught between surveys.

While areas fished differed to some extent between 
surveys, cluster analysis did not find area to be a factor of 
importance in determining species composition; rather it 
was depth that had an over-riding influence. Catch rates 
were high in the three shallowest strata (910–1460 m) 
but declined to much lower levels in 1460–1650 m and to 
minima in 1650–1830 m on both surveys. In the present 
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Table 4. Demersal species abundance (by number, and weight, per tow) and dominance (ranking) within depth strata.   
(Banquereau Bank data excluded.  A: 910–1100 m, B: 1100–1280 m, C: 1280–1460 m, D: 1460–1650 m, E: 1650–1830 m.   
D and E adjusted by x1.25 and x1.33, respectively.  + denotes <0.5/tow.)

 
Average/tow Ranking

Depth stratum A B C D E A B C D E
Number of tows 15 15 15 14 14 15 15 15 14 14

A. By number
Centroscyllium fabricii 327 281 98 20 4 1 2 2 5 –
Coryphaenoides rupestris 74 330 201 28 8 2 1 1 3 6
Nezumia bairdii 53 71 68 18 4 3 3 4 6 –
Synaphobranchus kaupii 36 46 68 49 31 4 5 5 2 3
Harriotta raleighana 17 17 15 9 5 5 8 6 – 9
Alepocephalus agassizii 15 55 89 98 56 6 4 3 1 1
Reinhardtius hippoglossoides 13 14 9 1 1 7 9 8 – –
Apristurus spp. 12 24 7 3 3 8 7 10 – –
Simenchelys parasitica 9 4 4 5 3 9 – – – –
Coryphaenoides spp. 9 0 2 21 33 10 – – 4 2
Etmopterus princeps 5 27 4 1 1 – 6 – – –
Dicrolene introniger 2 9 5 4 + – 10 – – –
Antimora rostrata 7 6 13 11 7 – – 7 9 8
Aldrovandia spp. 1 6 8 14 4 – – 9 7 –
Rouleina attrita + + 2 13 8 – – – 8 7
Halosauropsis macrochir + + + 9 17 – – – 10 4
Gaidropsarus ensis + + 1 9 13 – – – – 5
Hydrolagus affinis + + 1 1 4 – – – – 10

B. By weight (kg)
Centroscyllium fabricii 242 206 74 14 3 1 2 2 3 –
Reinhardtius hippoglossoides 30 38 30 6 3 2 3 4 8 –
Coryphaenoides rupestris 25 237 177 26 6 3 1 1 2 6
Harriotta raleighana 22 20 17 10 7 4 7 5 4 3
Apristurus spp. 18 38 9 4 1 5 4 7 10 –
Centroscymnus coelolepis 15 22 7 3 1 6 6 9 – –
Rhinochimaera atlantica 14 9 1 1 1 7 9 – – –
Cottunculus thompsonii 7 4 3 + 0 8 – – – –
Synaphobranchus kaupii 5 7 12 7 4 9 10 6 5 8
Etmopterus princeps 4 28 4 1 + 10 5 – – –
Alepocephalus agassizii 3 14 46 38 18 – 8 3 1 1
Antimora rostrata 4 3 7 7 5 – – 8 6 7
Nezumia bairdii 3 6 7 1 1 – – 10 – –
Rouleina attrita + + + 6 3 – – – 7 10
Hydrolagus affinis 1 2 6 5 11 – – – 9 2
Halosauropsis macrochir + + + 4 6 – – – – 4
Gaidropsarus ensis + + 1 4 6 – – – – 5
Macrourus berglax 3 4 2 4 3 – – – – 9
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Average/tow Ranking

Depth Strata 1 100–1 460 m 1 460–1 830 m 1 100–1 460 m 1 460–1 830 m
Number of tows 3 3 3 3

A. By number 
Nezumia bairdii 32 12 1 5
Coryphaenoides rupestris 32 22 2 4
Alepocephalus bairdii 20 + 3 –
Rouleina attrita 16 115 4 1
Synaphobranchus kaupii 15 24 5 3
Centroscyllium fabricii 10 0 6 –
Alepocephalus agassizii 8 98 7 2
Harriotta raleighana 6 5 8 10
Antimora rostrata 5 11 9 6
Reinhardtius hippoglossoides 5 2 10 –
Halosauropsis macrochir + 9 – 7
Bathysaurus ferox 0 9 – 8
Macrouridae 1 7 – 9

B. By weight (kg)
Alepocephalus bairdii 64 2 1 –
Coryphaenoides rupestris 18 6 2 8
Reinhardtius hippoglossoides 14 7 3 6
Harriotta raleighana 11 12 4 3
Centroscyllium fabricii 9 0 5 –
Hydrolagus affinis 8 6 6 9
Alepocephalus agassizii 5 141 7 1
Nezumia bairdii 4 2 8 –
Rouleina attrita 4 62 9 2
Antimora rostrata 4 8 10 5
Bathyraja sp. 3 10 – 4
Bathysaurus ferox 0 6 – 7
Narcetes stomias 0 5 – 10

Table 5. Demersal species abundance (by number, and weight, per tow) and dominance (ranking) within depth strata in the  
Banquereau Bank area. (Deep strata adjusted as in Table 4. + denotes <0.5/tow.)

study, it was necessary to apply correction factors to 
catches to account for a reduction in towing speed, and 
hence distance towed, when fishing in the two deepest 
strata, but their adequacy is not known. An inference about 
the affects of this difference in sampling procedure with 
depth can be made based on catches of several large-bodied 
species that are perhaps the most capable of avoiding slow-
moving nets. According to Moore et al. (2003), the depth 
distribution of H. raleighana extends to 2452 m, that of 
C.coelolepis to 3675 m, and of E. princeps to 2213 m, but 
these species were caught by the Cape Chidley primarily 

in 910–1460 m. This suggests that, relative to catches in 
these strata, catches in the two deepest strata may have 
underestimated abundance of these, and perhaps other, 
species. Nonetheless, these particular species were not 
among the most important in determining the dissimilarity 
between the two main groups and, despite the confounding 
effect of changes in fishing procedure with depth, present 
results are consistent with those of other studies which 
have found a distinction between mid slope and lower 
slope assemblages. In particular, cluster analysis of fish 
occurrence data from a video survey at 53°–56°W (Baker 
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Fig. 4.	 Length frequencies, by survey, for the five species that 
contributed most to catches by weight. (Banquereau 
Bank data excluded; Y-axis values are weighted by 
stratum areas, i.e., they are relative numbers; X-axis 
scales vary among species.)

et al., 2012), immediately to the east of the present 
surveys, defined a boundary between species assemblages 
at about 1300m, and these authors cite other such cases.

The bottom trawl survey off Nova Scotia by the Lady 
Hammond (Markle et al., 1988) extended from LaHave 
Bank to St. Pierre Bank (56°W) and thus overlapped 
strongly, geographically, with the Cape Chidley surveys. 
Depths surveyed by the Lady Hammond extended from 
400 m to 1200 m and thus catches contained many upper 
slope species that were not available to Cape Chidley 

surveys. However, in those depth strata that overlapped 
(strata 3+4: 800–1200 m of Markle et al. (1988), their 
Table 5, versus 910–1280 m, present data), the species 
predominating in catches were similar. However, in these 
overlapping strata, the Cape Chidley caught more than 
five times the number, and ten times the weight, per tow 
of the Lady Hammond (all taxa combined), and caught 
almost twice as many species per tow. The Western IIa net 
used by Markle et al. (1988) was smaller than the Engel 
trawl used by the Cape Chidley (headline height 4.6 m, 
wingspread 10.7 m (Carrothers, 1988) versus 6.0 m and 
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Fig. 5.	 Average lengths by depth stratum (m), by survey, for 
the five species that contributed most to catches by 
weight. (Banquereau Bank data excluded; note that 
Y-axis scales vary.)

24 m, respectively) and nominal tow time was half as long. 
These factors likely account for much of the difference in 
catches. Also, however, the Lady Hammond was fishing 
at the limit of its capability at these depths, a factor that 
likely reduced further its fishing power relative to the 
Cape Chidley.

The video survey of Baker et al. (2012) of the fish fauna in 
canyons off SW Newfoundland in 350–2250 m provided a 
list of species observed that was very similar to the lists of 
species caught by the Lady Hammond and Cape Chidley 
at comparable sampling depths. There were differences 
in the relative importance of these species between trawl 
and video surveys which could reflect differences in gear 
selection or sampling design, e.g. restriction of video 
sampling to canyons. 

Markle et al. (1988) found the slope fauna off Nova Scotia 
to have many similarities with the temperate fauna of the 
Mid-Atlantic Bight, i.e. the area from south of Georges 
Bank to Cape Hatteras, as characterized by Sulak (1982). 
Other descriptions of that fauna are given by Markle 
and Musick (1974) and Haedrich et al. (1975). Markle 
et al. (1988) did, however, note substantial differences 
between the Scotian Slope fauna and that off southeastern 
Grand Bank (Snelgrove and Haedrich, 1985) in terms 
of dominant species, diversity and depth distributions. 
Pinhorn and Halliday (1997) subsequently proposed, 
based on research vessel trawl surveys conducted in 
1949–91, that The Tail of Grand Bank (about 51°W) was 
a boundary of importance to the distribution of slope fish 
species, ‘northern’ species occurring at reduced densities 
(and/or at greater depth) to the west and ‘southern’ species 
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Table 6.  Pelagic taxa, Cape Chidley exploratory fishing 1994–95: number caught (No.) and number of occurrences (Occur.) by 
taxon. ((1) – see Table 7 for supplementary information on species composition.)

Order/Family Species (or lowest taxon) No. Occur.
Anguilliformes 
 Derichthyidae Derichthys serpentinus 1 1
 Nemichthyidae Nemichthys scolopaceus 117 50
 Serrivomeridae Serrivomer beanii 294 77
Saccopharyngiformes
 Eurypharyngidae Eurypharynx pelecanoides 17 12
Osmeriformes
 Bathylagidae Bathylagus euryops 65 29
 Platytroctidae Holtbyrnia anomala 1 1

Maulisia microlepis 4 4
Platytroctes apus 1 1

Stomiiformes
 Gonostomatidae Sigmops bathyphilus 9 8

Sigmops elongatum 15 14
 Sternoptychidae Argyropelecus aculeatus 10 9

Argyropelecus gigas 2 2
 Stomiidae Borostomias antarcticus 6 5

Chauliodus sloani 101 48
Stomias boa ferox 67 38
Melanostomias bartonbeani 3 3
Malacosteus niger 8 7
Stomiiformes NS 6 4

Aulopiformes 
 Paralepididae Paralepididae NS (1) 13 13
 Anotopteridae Anotopterus pharao 3 3
 Alepisauridae Alepisaurus ferox 6 6

Alepisaurus brevirostris 3 3
Myctophiformes
 Myctophidae Myctophidae NS (1) 546 68
Lophiiformes
 Melanocetidae Melanocetus spp. (1) 5 5
 Himantolophidae Himantolophus albinares 2 2
 Ceratiidae Cryptopsaras couesii 4 3
 Gigantactinidae Gigantactis vanhoeffeni 3 3

Beloniformes
 Scomberesocidae Scomberesox saurus 1 1
Stephanoberyciformes
 Melamphaidae Melamphaidae NS (1) 91 43
Cetomimiformes
 Rondeletiidae Rondeletia loricata 3 4
 Cetomimidae Cetostoma regani 1 1

(Continued)
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Table 6.  (Continued). 

Order/Family Species (or lowest taxon) No. Occur.
Beryciformes
 Anoplogastridae Anoplogaster cornuta 18 16
Perciformes 
 Howellidae Howella brodiei 28 14
 Caristiidae Caristius sp. 1 1
 Chiasmodontidae Chiasmodon sp. 25 21

Pseudoscopelus sp. 3 3
 Zoarcidae Melanostigma atlanticum 2 1

Taxon Species No.

Paralepididae NS Magnisudis atlantica 1
Myctophidae NS Benthosema glaciale 140

Ceratoscopelus maderensis 3
Lampadena speculigera 3
Lampanyctus macdonaldi 24

Melanocetus spp. Melanocetus johnsonii 1
Melanocetus murrayi 2

Melamphaidae NS Poromitra crassiceps 4
Scopelogadus beanii 6
Scopelogadus mizolepis 1

Table 7. Pelagic taxa, Cape Chidley exploratory fishing 
1994–1995: supplementary information on the species 
contributing to cases where taxa are grouped at genus 
or family level, from laboratory identifications of 
retained specimens (except Myctophidae includes 
at-sea identifications also). (No. – the number of 
specimens identified.)

occurring in lesser abundance to the east. This was 
attributed to the influence of the cold Labrador Current, 
which bathes northeastern slopes with water less than 4°C 
to depths of at least 1000 m but turns offshore at about 
this location. However, their data for southern Grand Bank 
and west was restricted very largely to upper slope depths.

Direct comparisons of faunal composition and species 
abundances obtained from present data with those from 
previous surveys at similar depths are confounded by 
differences in survey design and by the large differences 
in gear size and vessel fishing power. The differences 
in vessels and gears used are particularly pertinent to 
comparisons with those surveys in the Mid Atlantic 
Bight that used shrimp trawls (Markle and Musick, 1974; 
Haedrich et al., 1975; Haedrich et al., 1980; Sulak, 1982). 
These trawls were substantially smaller (headline height 
of about 2.0 m) than that used in present surveys and they 
were towed at half the speed (1.5 knots). Testimony to a 
difference in fishing capability is provided by the Cape 
Chidley captures of large mobile species, which would 
have the greatest capability for avoidance of small slow-
moving nets. While Chimaeriformes and sharks comprise 
a third of numbers and almost half the weight caught on 
Cape Chidley surveys, these taxa were of minor to no 
importance in Mid-Atlantic Bight survey catches, and 
this must surely be an effect of sampling.

In areas to the north and east of the present study area 
(NAFO Subareas 2–3), the existence of substantial 
populations of C. rupestris  (Atkinson, 1995), 
R. hippoglossoides (Bowering and Brodie, 1995) and 
M. berglax (Murua et al., 2005) has been well established. 
Present data show that a substantial population of 
C. rupestris occurs also on the Scotian Slope and that 
it is a dominant member of the upper – mid slope fauna 
in that area. Pinhorn (1976) cites an observation of 
spawning and post-spawning fish “off Nova Scotia”, 
and sexually maturing fish have been observed in the 
area by one of the present authors (DET). The size at 

sexual maturation of this species in more northern areas 
is 40–50 cm (Atkinson, 1995). Thus, the occurrence in 
present catches of substantial numbers of C. rupestris 
in the length range 15–40 cm supports a view that the 
species resides within the surveyed area throughout its 
life cycle. Reinhardtius hippoglossoides was of moderate 
abundance in Scotian Shelf slope catches, but nonetheless 
ranked fourth by weight as all catches were of large fish 
(>40 cm). This suggests that they were progeny of a more 
northern spawning population, perhaps that in the Gulf 
of St. Lawrence (Bowering, 1983). The contribution of 
M. berglax to present catches was minor. Thus, the data 
for M. berglax and R. hippoglossoides are consistent with 
The Tail of Grand Bank being of some biogeographic 
importance, but there is no clear support for this in the case 
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Table 8.  Pelagic taxa, Lady Hammond bottom trawling 1984: number caught (No.) and number of occurrences (Occur.) by taxon.

Order/Family Species (or lowest taxon) No. Occur.
Anguilliformes
 Derichthyidae Nessorhamphus ingolfianus 5 5
 Nemichthyidae Nemichthys scolopaceus 90 27
 Serrivomeridae Serrivomer beanii 89 22
Saccopharyngiformes
 Eurypharyngidae Eurypharynx pelecanoides 3 3
Osmeriformes
 Bathylagidae Bathylagus euryops 17 4

Bathylagus sp. 59 15
Melanolagus bericoides 1 1

Stomiiformes
 Gonostomatidae Cyclothone sp. 3 2

Gonostoma elongatum 47 16
 Sternoptychidae Argyropelecus aculeatus 7 6

Polyipnus clarus 9 3
Sternoptyx diaphana 4 4

 Stomiidae Chauliodus sloani 143 27
Stomias boa ferox 123 25
Melanostomias bartonbeani 1 1
Malacosteus niger 9 7
Photostomias guernei 2 2
Stomiiformes NS 2 2

Aulopiformes
 Paralepididae Paralepididae NS 26 12
Myctophiformes
 Myctophidae Benthosema glaciale 89 16

Ceratoscopelus maderensis 59 10
Lampanyctus sp. 15 7
Lampadena sp. 3 3
Myctophum punctatum 23 4
Notoscopelus sp. 14 3
Myctophidae NS 8 2

Gadiformes
 Moridae Moridae NS 1 1
 Melanonidae Melanonus zugmayeri 3 3
Lophiformes
 Gigantactinidae Gigantactis vanhoeffeni 1 1
Beloniformes
 Scomberesocidae Scomberesox saurus 1 1
Stephanoberyciformes
 Melamphaidae Melamphaes suborbitalis 1 1

Poromitra sp. 6 5
Scopelogadus sp. 104 8

Cetomimiformes
 Rondeletiidae Rondeletia loricata 1 1
Beryciformes
 Anoplogasteridae Anoplogaster cornuta 2 2
Scorpaeniformes
 Liparidae Paraliparis calidus 1 1

(Continued)
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Table 8.  (Continued).

Order/Family Species (or lowest taxon) No. Occur.
Paraliparis copei 2 2
Paraliparis garmani 3 2

Perciformes
 Howellidae Howella brodiei 5 5
 Caristiidae Caristius sp. 1 1
 Chiasmodontidae Chiasmodon sp. 4 3
 Zoarcidae Melanostigma atlanticum 8 3
 Trichiuridae Benthodesmus tenuis 1 1

of C. rupestris. Kulka (2006) identified the Laurentian 
Channel, immediately adjacent to the Scotian Shelf slope, 
as the pupping area for C. fabricii, and the high catches in 
present surveys are consistent with the survey area being 
the centre of the species distribution.
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Abstract

Ocean acidification resulting from the global increase in atmospheric CO2 concentration is emerging as 
a threat to marine species, including crustaceans. Fisheries involving the American lobster (Homarus 
americanus) are economically important in eastern Canada and United States. Based on ocean pH 
levels predicted for 2100, this study examined the effects of reduced seawater pH on the growth 
(carapace length) and development (time to molt) of American lobster larvae throughout stages I–III 
until reaching stage IV (postlarvae). Each stage is reached after a corresponding molt. Larvae were 
reared from stage I in either acidified (pH = 7.7) or control (pH = 8.1) seawater. Organisms in acidified 
seawater exhibited a significantly shorter carapace length than those in control seawater after every 
molt. Larvae in acidified seawater also took significantly more time to reach each molt than control 
larvae. In nature, slowed progress through larval molts could result in greater time in the water column, 
where larvae are vulnerable to pelagic predators, potentially leading to reduced benthic recruitment. 
Evidence was also found of reduced survival when reaching the last stage under acidified conditions. 
Thus, from the perspective of larval ecology, it is possible that future ocean acidification may harm 
this important marine resource.
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Introduction

The increasing concentration of atmospheric carbon 
dioxide (CO2) because of anthropogenic sources is driving 
an increase in ocean CO2 concentration. This is causing a 
decrease in seawater pH (ocean acidification), potentially 
putting additional stress on marine organisms already 
threatened by rising ocean temperatures (Pörtner et al., 
2004; 2005; Raven et al., 2005; Widdicombe and Spicer, 
2008). Ocean acidification has been acknowledged by 
the Intergovernmental Panel on Climate Change to have 
decreased seawater pH by 0.1 units since the industrial 
revolution (Meehl et al., 2007) and is predicted to result 
in a further decrease of 0.3-0.4 units by the end of this 
century (Caldeira and Wickett, 2005; Raven et al., 2005). 

With the increase in ocean CO2 concentration, there is 
a concomitant decrease in carbonate saturation state 
(Feely et al., 2004; Orr et al., 2005). The outcome is 

lower concentration of carbonate ions available for the 
biosynthesis of calcium carbonate (CaCO3) for building 
calcified body structures (e.g., shells), as well as higher 
rates of dissolution of CaCO3 from existing structures. 
Additionally, increased energetic costs for building and 
maintaining CaCO3 structures may pull resources from 
other important biological processes such as growth and 
reproduction. Therefore, calcifying organisms including 
mollusks (Michaelidis et al., 2005; Gazeau et al., 2007), 
echinoderms (Kurihara and Shirayam, 2004), and reef-
building corals (Langdon and Atkinson, 2005; Doney 
et al., 2009) have been a strong focus of study in ocean 
acidification research, looking at a variety of effects on 
growth and reproduction (Doney et al., 2009; Hendriks 
et al., 2010; Kroeker et al., 2010). One of the dominant 
messages coming from this research is that there is a great 
deal of variability in responses to decreasing pH between, 
and even within, taxonomic groups (Ridgwell et al., 2009; 
Pistevos et al., 2011). 
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American lobster (Homarus americanus) is a commercially 
important crustacean on the Atlantic coast of Canada and 
the United States. This species supports valuable fisheries, 
with annual landings of $ 562 million in Canada (Fisheries 
and Oceans Canada, 2012) and $ 228 million in the United 
States (Singer et al., 2012). Thus, anticipating potential 
effects of ocean acidification on lobster is relevant to 
predicting the sustainability of this resource. Crustaceans 
in general have received little attention on how they may 
respond to acidification, and research to date has reported 
variable results (Whiteley, 2011). In a recent study, 
larvae and postlarvae of the European lobster (Homarus 
gammarus) growing in seawater at pH levels predicted 
for 2100 exhibited less mineralization of the carapace  
(Arnold et al., 2009). Softer shells could put the lobster at 
greater risk for predation soon after molting (Factor, 1995) 
and may also reduce feeding ability through decreased 
strength of claws, which are more heavily calcified than 
the carapace to provide crushing strength for consuming 
prey (Bosselmann et al., 2007). Conversely, American 
lobster juveniles exhibited no change in calcification rates 
at pH levels predicted for 2100 (Ries et al., 2009). Other 
invertebrates, such as brittle stars (Echinodermata), have 
been shown to increase calcification rates with decreasing 
pH, but have done so at the cost of reduced energy 
available for other processes. In Amphiura filiformis, this 
was seen as muscle wastage  (Wood et al., 2008) and, in 
Ophiura ophiura, as reduced arm regeneration (Wood 
et al., 2010). This was not tested for American lobster, 
but maintenance of shell mineralization may reduce 
energy available for important processes such as growth 
and molting. Some life stages may be more sensitive to 
lower pH than others, and the most susceptible stage is 
species-specific (Kurihara, 2008). In particular, lobster 
larvae may be most sensitive to decreases in pH due to 
the frequent molting required during their development. 
Research on the effects of ocean acidification on the 
various life-history stages of American lobster is necessary 
to understand how they may respond to future conditions. 
Here, we present the results of an examination of the 
effects of CO2-induced acidification on American lobster 
larval growth and development at pH levels predicted for 
2100. We hypothesized that larvae would exhibit reduced 
growth and development with reduced pH.

Materials and Methods

We obtained stage-I larvae from the Pictou Lobster 
Hatchery and Museum (Pictou, Nova Scotia, Canada), 
where ovigerous females were supplied by local 
fishermen. Our experiment was carried out in June 2011, 
corresponding to the natural occurrence of lobster larvae 
in the Northumberland Strait, in the southern Gulf of 

St. Lawrence, Canada. Larvae were transferred from 
the hatchery to the Marine Ecology Lab at Saint Francis 
Xavier University (Antigonish, Nova Scotia) within  3 h of 
hatching, and randomly distributed amongst experimental 
containers (15 larvae per container, 6 containers per each 
of 2 pH treatments, 180 larvae in total) within minutes 
upon arrival to the lab. We placed 15 larvae per container 
to be able to have at least one organism to measure in each 
container at successive sampling dates, as we anticipated 
that mortality would occur during the experiment. Each 
container was supplied with 1 L of constantly aerated, 
filtered seawater from the Northumberland Strait 
(temperature ~20 °C, salinity ~31 psu). Seawater in each 
container was partially changed every two to three days. 
Molted exoskeletons and dead organisms (due to natural 
mortality or cannibalism) were removed as they occurred. 
Larvae were fed live brine shrimp (Artemia spp., ~5 
individuals ml-1) daily.

For the experiment, we considered two levels of seawater 
pH (control and acidified), which were produced by 
bubbling either ambient air or CO2-enriched air into each 
replicate container through diffusing stones during the 
entire experiment. CO2 concentrations of 400 ppm and 
1200 ppm were chosen to represent current conditions and 
year-2100 conditions (Meehl et al., 2007), respectively. 
This approach resulted in pH values of 8.1 for the control 
treatment and 7.7 for the acidified treatment. The CO2-
enriched air was produced by mixing ambient air with 
CO2, controlling flow rates with Sierra Instruments Smart 
Trak mass flow controllers (Provan Control Associates, 
Quebec, Canada). CO2 concentration was verified daily 
using a Qubit S151 CO2 analyzer (Qubit Systems, 
Ontario, Canada). Measurements of pH were recorded 
to the nearest 0.01 units with a pHep5 pH Tester  (Hanna 
Instruments, Quebec, Canada) every second day for the 
duration of the experiment. With this setup, the two desired 
levels of pH remained stable during the experiment at the 
precision level needed for the study (0.1 units of pH). 

We evaluated the effects of seawater acidification 
on the growth and development of American lobster 
larvae throughout stages I-III until reaching stage IV 
(postlarvae). To assess effects on growth, we measured 
carapace length once larvae molted to each stage (day 
one of the experiment for stage I). To test for effects on 
development, we recorded the number of days to reach 
each successive molt. After all larvae reached each stage 
in a container (n = 6 containers per pH treatment), one 
individual was randomly selected from each container 
and its carapace length was measured out of the water 
using a dissecting microscope to the nearest 0.1 mm. 
Number of days to reach the molt to each stage was 
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also recorded, using one average value per container 
for data analyses whenever the larvae in that container 
molted at different days. We identified stages using 
morphological characteristics previously described for 
this species (Factor, 1995). After carapace measurements, 
the measured individuals were permanently removed 
from the experiment. We measured carapace length for 
one individual per container for each molt to prevent any 
handling effects (due to manipulation out of the water) 
from occurring on the individuals that were to be measured 
for growth and development at later dates. The experiment 
was terminated after all larvae molted to stage IV (day 13), 
as three containers in the acidified treatment then had no 
organisms left because of mortality between stages III 
and IV. We tested for acidification effects on growth and 
development using Student’s t-tests done with SYSTAT 
13.0 (SYSTAT, 2009), wherever applicable depending on 
the occurrence of data variation within molts (see Results). 
The t-test is a statistically robust procedure, especially 
when sample sizes for both treatments are equal (Mead, 
1991); we used the separate-variances procedure (instead 
of the pooled-variance procedure) to calculate t values to 
ensure reliable results.

Results

Carapace length

Carapace length (Fig. 1) was statistically similar in both 
pH treatments for stage-I larvae at the beginning of the 
experiment (t = 0.75, p = 0.472), indicating an adequate 
random assignment of larvae to both treatments. Carapace 
length was, however, significantly lower in acidified 
seawater than in control seawater for each successive 
life-history stage: stage II (t = 8.95, p < 0.001), stage III 
(t = 4.05, p = 0.002), and stage IV (t = 2.88, p = 0.024). 
All analyses were done using data for six individuals per 
treatment (one random individual per container), except 
for stage IV (postlarvae), since six individuals reached 
stage IV in the control treatment (one in each of the six 
containers) but only three individuals reached stage IV in 
the acidified treatment (one in each of three containers) 
because of mortality between stages III and IV.

Development

Cumulative number of days to molt to successive life-
history stages was used to track development rates. 
Number of days to molt to stages II, III, and IV (Fig. 2) 
was always higher in acidified seawater. All stage-I larvae 
in control seawater molted to stage II at day two, while 
all stage-I larvae in acidified seawater molted to stage II 
at day five. The lack of within-treatment variation in both 

treatments prevented statistical tests from being done, but 
differences were evident, as molting in acidified conditions 
took more than twice the control time. All stage-II larvae 
in control seawater molted to stage III at day five, while 
stage-II larvae in acidified seawater molted to stage III at 
an average of 7.3 days, which was a significant difference 
(t = 11.07, p < 0.001). Stage-III larvae in control seawater 
molted to stage IV (postlarvae) at an average of 10 days, 
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Fig. 1. 	  Carapace length (mean ± SE) for the successive 
early life-history stages of American lobster grown 
in control and acidified seawater. Stages I-III 
correspond to larvae, while stage IV represents 
postlarvae.

Fig. 2. 	  Cumulative number of days (mean ± SE where it 
corresponds; see Results) to reach successive molts 
for American lobster larvae grown in control and 
acidified seawater. The first molt occurs between 
larval stages I-II, the second molt between larval 
stages II-III, and the third molt between larval stage 
III and stage IV (postlarvae).
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while stage-III larvae in acidified seawater molted to 
stage IV at an average of 12 days, which was a significant 
difference (t = 2.42, p = 0.046). As noted above, only 
three stage-III larvae (one per container) survived and 
molted to stage IV in acidified seawater, while the last 
six stage-III larvae in control water (one per container) 
molted to stage IV.

Discussion

Negative species responses to ocean acidification have 
been commonly found in marine invertebrates. Here, it 
is shown that American lobster larvae exhibit reduced 
rates of growth and development under the lower levels 
of seawater pH predicted for 2100, compared with current 
levels. Similar responses have been observed for other 
marine invertebrates, such as sea stars, mussels, and 
corals (Fabry et al., 2008). Crustacean examples include 
the shrimp Pandalus borealis, which displayed increased 
development time under acidified conditions (Bechmann 
et al., 2011), and the spider crab Hyas araneus, which 
displayed both decreased growth and development rates 
(Walther et al., 2010), although pH levels were not always 
exactly the same across studies. 

American lobster larvae may respond to decreased pH 
with reduced growth and development rates as a result 
of reallocation of energy to other processes. Such a 
response has been seen in brittlestars, which displayed 
muscle wastage (Amphiura filiformis, Wood et al., 2008) 
or a reduced ability to regenerate lost limbs (Ophiura 
ophiura, Wood et al., 2010) while maintaining growth of 
calcified structures in acidified seawater. This suggests 
that maintenance of calcified structures may occur at the 
cost of somatic tissue loss or alterations to other biological 
processes, possibly implying indirect effects on fitness 
and survival. In lobster larvae, additional energy may be 
allocated to powering proton pumps for maintenance of 
internal acid-base balance or mineralization of the calcified 
exoskeleton (Pörtner et al., 2004), reducing investment 
in growth and delaying the energy-expensive molting 
process. Effects of decreased pH on calcification of the 
exoskeleton in American lobster larvae remain to be tested, 
although it was recently reported that juveniles exhibit 
no change in calcification rates at pH levels predicted for 
2100 (Ries et al., 2009). While different life-history stages 
of some species may respond differently to acidification 
(Kurihara, 2008), our results on lobster larvae fit well 
with results for juveniles, with reductions in larval growth 
possibly resulting from maintenance of calcification rates 
in an acidified environment. Research is required on the 
effects of ocean acidification on calcification in lobster 
larvae and on growth in juveniles to test this possibility.

The slower growth and development of American lobster 
larvae under acidified conditions results in delays to 
reaching each molt, including the key metamorphosis 
from stage III (last larval stage) to stage IV (postlarvae), 
which marks the transition from a pelagic to benthic 
life. A delay in this transition extends the time spent in 
the water column, where there is little protection from 
predation (Factor, 1995), which might lead to an increase 
in  predation-related mortality. This, as well as an increase 
in mortality unrelated to predation between stages III and 
IV, as found towards the end of our experiment, might 
lead to reduced lobster recruitment to the seafloor and 
subsequent reductions in populations.

Our results differ from those for European lobster 
(H. gammarus) larvae, as their growth rate remained 
unaffected by acidification between stages I-IV (Arnold 
et al., 2009). That study also found a decrease in carapace 
mineral content (magnesium) for stage-III larvae in 
acidified seawater. These results suggest an emerging 
pattern of differing responses to ocean acidification within 
taxonomic groups (Ridgwell et al., 2009; Pistevos et al., 
2011). Larvae of H. gammarus might maintain growth 
rates at the cost of reduced carapace mineralization. 
Similarly, adult velvet swimming crab (Necora puber) 
was also found to decrease exoskeletal mineralization in 
acidified seawater due to partial dissolution of its shell 
to compensate for extracellular acidosis (Spicer et al., 
2007; Small et al., 2010). Decreased calcification has 
also been seen in other taxonomic groups in response to 
acidification (e.g., corals, Kleypas and Yates, 2009, and 
coccolithophores, Beaufort et al., 2011), although tested 
conditions were not always identical among studies. 
Response differences between closely related species 
emphasize the need for research on a range of organisms 
from various geographic ranges. In doing so, it will be 
important to test for the same range of abiotic values to 
facilitate comparisons.

Overall, our results suggest that American lobster larvae 
may exhibit reduced performance in response to ocean 
acidification at pH levels predicted for 2100. It remains 
to be tested whether reduced growth and development 
would also occur in juveniles and adults. Effects on 
fertility and hatching also require investigation. Since 
some crustaceans (e.g., crabs) decrease thermal tolerance 
at lower pH (Metzger et al., 2007; Walther et al., 2009), the 
interactive effects of acidification and rising temperature 
should be investigated as well. It is also unknown whether 
lobsters have the potential for adaptation to predicted 
ocean conditions to some extent. These key questions 
need investigation in order to best inform industry, policy-
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makers, and conservation programs on possible future 
scenarios. From the perspective of larval ecology, our 
study suggests that future ocean acidification may harm 
this important marine resource.
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Abstract

The stomach contents of 68 Atlantic bluefin tuna (Thunnus thynnus) landed in Port Hood and Canso, 
Nova Scotia, in 2010, were analyzed to characterize the diet of bluefin tuna at the two locations. Of 
the sampled fish, 54 stomachs had contents. Pelagic schooling fish such as herring (Clupea harengus) 
and mackerel (Scomber scombrus) dominated the diets in both regions. However, a number of rare 
species, including demersal species, were also observed. Despite the difference in location and the 
significantly larger size of the Atlantic bluefin tuna landed in Port Hood, the diets of the Atlantic bluefin 
tuna landed at both sites were similar.

Keywords: Atlantic bluefin tuna, diet, Nova Scotia, stomach content analysis.

Introduction

Atlantic bluefin tuna (Thunnus thynnus) are a top 
predator in neretic and pelagic ecosystems of the North 
Atlantic as well as a valuable catch for commercial and 
recreational fisheries. The species is widespread and in 
recent years it has been found in the Western Atlantic 
from Newfoundland and Labrador in the north to Gulf 
of Mexico in the south (ICCAT, 2011). Archival and 
satellite tag data indicate that Atlantic bluefin tuna from 
both western and eastern Atlantic populations migrate 
to Canadian waters (Block et al., 2005; Galuardi et al., 
2010; Lawson et al., 2010; Wilson et al., 2011) in order 
to take advantage of rich summer foraging grounds 
(Walli et al., 2009). Of the fish that travel to Canada, 
the majority are large, mature individuals weighing 
over 150 kg (Neilson et al., 2009). The Atlantic bluefin 
tuna’s capacity to warm muscle, viscera, and brain 
tissues, along with cardiac specializations (Landeira-
Fernandez et al., 2011), increases its performance as a 

predator in cool temperatures (Carey and Teal, 1969; 
Graham and Dickson, 2004) and may have evolved to 
facilitate niche expansion into cooler northern waters 
(Block et al., 1993).

Diet studies provide insight into the food preferences 
of the Atlantic bluefin tuna. Stomach content analyses 
(SCA) performed on catches in the Mid Atlantic Bight 
(Eggleston and Bochenek, 1990; Butler et al., 2010; 
Logan et al., 2011), the Gulf of Maine (Chase, 2002), 
and Newfoundland (Butler, 1971) indicate that Atlantic 
bluefin tuna feed preferentially on pelagic schooling 
fish and opportunistically on other species. Similar diet 
content data are not yet available for waters off Nova 
Scotia and Prince Edward Island. In this study, the 
stomach contents of Atlantic bluefin tuna caught by the 
Canadian commercial fishery in the Gulf of St. Lawrence 
(GSL) and landed in Port Hood and caught on the Scotian 
Shelf and landed in Canso were analysed in order to 
quantify diet composition in these key foraging regions. 

*Corresponding Author: tel: +1 902 2093198; e mail: n.pleizier@dal.ca.
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Methods

Atlantic bluefin tuna stomachs were collected from the 
2010 commercial rod and reel fishery. The samples from 
the GSL were collected in Port Hood (Fig. 1), Nova Scotia, 
between 27 September, 2010 and 5 October, 2010. The 
samples from the eastern Scotian Shelf were collected in 
Canso (Fig. 1), Nova Scotia, between 15 September, 2010 
and 20 November, 2010. Port staff recorded the date and 
time of capture, geographic coordinates of the capture 
location, type of bait, curved fork length (CFL), weight of 
the entire fish (RW), weight after gutting the fish (DW), and 
sex. A least squares linear regression was created using the 
24 pairs of DW and RW data collected in this study (RW 
= (1.2374*DW) + 7.0754; r2 = 0.98) and used to calculate 
the RW of sampled fish for which DW was available but 
RW was not. Weight and CFL were compared using the 
one-tailed Mann-Whitney test. Stomachs were removed 
from the fish at sea in Canso and once they reached the 
ice house in Port Hood. The samples were frozen and 
analyzed at a later date.

Stomach contents were thawed and rinsed with fresh 
water. Prey items were identified to the lowest possible 
taxon and were weighed together and separately to the 
nearest 0.1g. A prey that could not be identified was 
recorded as unidentified. Bait items were identified 

by their cut marks and these were not included in the 
quantitative analysis. For each sampling port, stomach 
contents were described by prey-specific percent weight 
(%W), which was calculated as the total weight of each 
taxon divided by the total weight of all stomach contents. 
Stomach contents were also described as prey-specific 
frequency of occurrence (%O) for each port, which was 
calculated as the number of stomachs in which a taxon 
occurred divided by the total number of stomachs with 
contents. Only stomachs containing prey were included in 
the analyses. The diets at both locations were compared 
using principal components analysis (PCA) on the 
normalized %O data as proposed by De Crespin de Billy 
et al. (2000) using R (version 2.11.1, The R Foundation for 
Statistical Computing). Prey %O was plotted against prey-
specific %W (Pi) to examine prey dominance, individual 
and population-wide niche widths, and feeding strategies 
at both locations, as described by Amundsen et al. (1996).

Prey species were grouped by family and cumulative prey 
curves (CPCs) were created a posteriori to determine 
whether the sample sizes were sufficiently large to be used 
to describe prey abundance in both port locations. The 
CPCs were built by randomly resampling the stomachs 
1000 times (Bizzarro et al., 2007) and plotting the mean 
cumulative number of identified taxa against the number 
of stomachs sampled (Ferry and Cailliet, 1996). CPCs 
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Location of 25 captures
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P.E.I.

Nova Scotia Canso

The Ridge

Fig. 1. 	 Reported Atlantic bluefin tuna capture locations (n = 43) and sampling locations (black 
circles). Capture locations were not reported for 14 samples collected in Canso and 9 samples 
collected in Port Hood.
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were created using Matlab (Student version 2010a,  The 
MathWorks, Inc., Natick, MA). The Student’s t-test 
was used to determine if the slope of the least-squares 
linear regression of the final four stomachs sampled 
was significantly different from zero. If the slope was 
not significantly different from zero sample size was 
considered adequate.

Results

A total of 68 stomachs were collected from the commercial 
fishery; 33 were collected in Canso and 35 in Port Hood. 
All fish for which geographic coordinates were provided 
were caught within approximately 68 km of the sampling 
port locations (Fig. 1). In Port Hood, 25 of the stomachs 
were collected from an underwater feature called “The 
Ridge” (Fig. 1). The mean (± 1s.d.) CFL of all fish collected 
from Port Hood was 265 ± 22 cm (n = 35) with a mean 
RW of 340 ± 68 kg (n = 35).  The mean RW for Port Hood 
includes two sample weights estimated from DW using 
the regression generated from this study’s data. The mean 
CFL of fish sampled in Canso was 144 ± 37 cm (n = 23) 
and the mean RW was 170 ± 87 kg (n = 31), including 17 
values estimated from DW. Most fish greater than 250 kg 
RW were sampled in Port Hood, whereas most fish less than 
250 kg were sampled in Canso (Fig. 2). Both RW and CFL 
differed significantly between sites (α = 0.05; p < 0.001).
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Fig. 2. 	 The frequency of round weights (RW) of Atlantic bluefin tuna (Thunnus thynnus), in kilograms, sampled in Port Hood 
(n = 35) and Canso (n = 31), Nova Scotia, during Autumn, 2010. The data includes two values for Port Hood and 17 values 
for Canso estimated from dressed weight (DW) using the regression generated from this study’s data (RW = (1.2374*DW) 
+ 7.0754; r2 = 0.98).

Thirty-one (94%) of the stomachs from Canso and 23 
(66%) of the stomachs from Port Hood had contents.  
There were significantly more empty stomachs collected 
in Port Hood than in Canso (χ2, p = 0.01). A total of 1564 
prey items were found; 707 from Canso and 857 from 
Port Hood. The prey items identified included eleven 
families of teleosts, consisting of at least twelve species; 
four families of crustaceans, consisting of at least five 
species, all of which were found only in Canso samples; 
two species of bivalve (Mytilus edulis and Tellinidae 
sp.); cephalopods (likely Illex illecebrosus and/or Loligo 
pealeii); brown algae (Phaeophyceae sp.); and one starfish 
(Leptasterias tenera) (Table 1). Teleosts dominated the 
stomach contents in both sampling locations. In the 
stomachs sampled from Canso, unidentified teleosts 
occurred most frequently (Fig. 3) and constituted the 
greatest proportion of prey weight (Fig. 4). The second 
most important prey item in Canso, both by %O and %W, 
was herring (Clupea harengus), followed by mackerel 
(Scomber scombrus). Of the stomachs sampled at Port 
Hood, herring was the most important both by %O (Fig. 3) 
and %W (Fig. 4), followed by unidentified teleosts and 
mackerel. Unidentified squid occurred in 19% of all 
stomachs combined, but because their remains consisted 
exclusively of beaks and pens, their contribution to %W 
was negligible. Gadid otoliths were moderately frequent 
in the samples from Canso, but contributed little to %W. 
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   Port Hood (n = 23)*   Canso (n = 31)   Combined (n = 54)

Family Species N % O % W N % O % W N % O % W

Teleostei
Unidentified 43 39.2 25.6 409 67.7 44.1 452 57.4 0.4

Clupeidae Clupea harengus 46 65.2 39.7  63 48.4 39.7 109 55.6 0.5

Scombridae Scomber scombrus 13 21.7 12.1 60 38.7 13.2 73 31.5 0.1

Merlucciidae Merluccius bilinearis 16 6.5 0.1 16 3.7 <0.1  

Scomberesocidae Scomberesox saurus 3 4.3 <0.1 3 1.9 <0.1  

Cottidae Myoxocephalus 
octodecemspinosis 1 4.3 1.6 1 1.9 <0.1  

Sebastidae Sebastes spp. 11 6.5 <0.1  11 3.7 <0.1  

Gadidae Gadus morhua 5 16.1 <0.1 5 9.3 <0.1  

Gadidae Melanogrammus 
aeglefinus 2 3.2 <0.1 2 1.9 <0.1  

Ammodytidae Ammodytes spp. 1 3.2 0.1 1 1.9 <0.1  

Osmeridae Mallotus villosus 1 3.2 <0.1 1 1.9 <0.1  

Balistidae Balistidae spp. 1 3.2 0.2 1 1.9 <0.1  

Labridae Tautogolabrus 
adspersus 1 4.3 1.4 1 1.9 <0.1  

Crustacea

Pandalidae Pandalus borealis 53 16.1 2.3 53 9.3 <0.1  

Euphausiidae **Euphausiidae spp. 32 3.2 <0.1 32 1.9 <0.1  

Hyperiidae †Hyperiidae  spp. 6 3.2 <0.1 6 1.9 <0.1  

Unidentified 
crustacean 3 9.7 <0.1 3 5.6 <0.1  

Mollusca

Mytilidae Mytilus edulis 735 4.3 2.6 735 1.9 <0.1  

Tellinidae Tellinidae spp. 1 3.2 <0.1 1 1.9 <0.1  

Unidentified squid 10 21.7 <0.1 42 16.1 <0.1 10 18.5 <0.1  

Asteroidea

Asteroidea Leptasterias tenera 1 4.3 0.3 1 1.9 <0.1  

Phaeophyceae

Phaeophyceae Unidentified algae 4 17.4 0.2 1 3.2 <0.1 4 9.3 <0.1  

*1 bird feather and 2 occurrences of anthropogenic debris - a piece of a plastic bag and pieces of a plastic fish basket, one of which 
was lodged in the stomach wall, were also found in samples from Port Hood.

**3 individuals were identified as the species Meganyctiphanes norvegica

†1 individual was identified as the species Themisto libellula

Table 1. Number observed, frequency of occurrence, and percent weight of prey taxa found in Atlantic bluefin tuna (Thunnus 
thynnus) stomachs collected in Port Hood and Canso.
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Northern shrimp (Pandalus borealis) also appeared with 
regularity in the Canso samples, but contributed little to 
prey biomass. Crustaceans were absent from the samples 
collected in Port Hood. Notably, the hyperiid amphipod 
species Themisto libellula and a fish from the family 
Balistidae were also identified in samples from Canso. 

In the combined data from both sampling sites, unidentified 
teleosts occurred 29% more frequently (Fig. 3) and their 
%W was 16% greater (Fig. 4) in the stomachs of small 
tuna (<220 kg RW, n = 26) than large tuna (>220 kg 
RW, n = 27). Conversely, herring occurred 13% more 
frequently (Fig. 3) and their %W was 26% greater (Fig. 4) 
in large tunas than in small tunas. 

The CPC for Canso reached an asymptote (p = 0.05, 
n = 31) (Fig. 5). Neither the CPC for Port Hood nor for the 
combined data reached an asymptote (Port Hood: p = 0.02, 
n = 23; combined samples for both ports: p = 0.01, n = 54).

In the plot of frequency of occurrence against Pi (Fig. 6), 
the data points are distributed in a line from the bottom 
left to the top right of the plot. The points for herring (Cl), 
mackerel (Sc), and unidentified teleosts (UF) are clustered 
in the top right, whereas most other species cluster to the 
bottom left. Both trends are more pronounced in Canso. 
The distribution of the points in the plot indicates that the 

Atlantic bluefin tuna in both sites have dominant prey, 
herring and mackerel, but also demonstrate generalized 
feeding on a number of rare species.

The first three principal components were plotted 
and explained 39%, 19%, and 15% of the variance, 
respectively (Fig. 7). The observations from each sampling 
location did not cluster noticeably along any of the axes. 
Seven species appeared only in the samples from Port 
Hood and twelve occurred only in the samples from Canso 
but these occurrences were rare (Fig. 4, Table 1).

Discussion

The results above are consistent with the findings of other 
feeding studies on Atlantic bluefin tuna diet in the North 
Atlantic (Dragovich, 1970; Butler, 1971; Eggleston and 
Bochenek, 1990; Chase, 2002; Butler et al., 2010) which 
characterize Atlantic bluefin tuna as opportunistic, non-
specialized predators that feed primarily on schooling 
teleosts. The presence of demersal prey species in the 
stomach contents indicates that Atlantic bluefin tuna are 
foraging not only on pelagic prey above the thermocline, 
but also on bottom dwelling species. The feeding on 
demersal species occurred in the GSL despite strong 
thermal stratification which would often expose the 
Atlantic bluefin tuna to extremely cold temperatures.
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Fig. 3. 	 Percent frequency of occurrence of prey items in Atlantic bluefin tuna (Thunnus thynnus) stomachs grouped by sample 
port, Port Hood (n = 23) and Canso (n = 31), and by size, <220 kg round weight (RW) (n = 26) and >220 kg (n = 27). 
Samples were collected during Autumn, 2010. The weight classes include 19 values estimated from dressed weight (DW) 
using the regression generated from this study’s data (RW = (1.2374*DW) + 7.0754; r2 = 0.98).
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Fig. 4. 	 Percent weight of Atlantic bluefin tuna prey items in Atlantic bluefin tuna (Thunnus thynnus)  stomachs grouped by sample 
port, Port Hood (n = 23) and Canso (n = 31), and by size, <220 kg round weight (n = 26) and >220 kg (n = 27). Samples 
were collected during Autumn, 2010. The weight classes include 19 values estimated from dressed weight (DW) using the 
regression generated from this study’s data (RW = (1.2374*DW) + 7.0754; r2 = 0.98).

Given the slopes of the last three values of the CPCs for 
Canso and Port Hood, one can assume that the sample size 
was adequate to describe the diet of those fish caught in 
Canso, but too small to fully describe the diet of Atlantic 
bluefin tuna in the region Port Hood or for the combined 
data (Fig.5). Nevertheless, the two datasets represent the 
only data for these two regions and may reasonably be 
used for an initial description of Atlantic bluefin tuna diet 
in these places.

The overall distribution of the data points on the plot 
of frequency of occurrence against Pi (Fig. 6) from the 
bottom left to the top right indicates that Atlantic bluefin 
tuna at both sites display varying degrees of specialization 
in feeding strategies between individuals, but that few 
are either extreme specialists or generalists. This plot is 
useful for displaying the relationship between occurrence 
and amount. Without data on the relative abundance of 
prey species in the sampling locations it is not possible to 
determine whether diet composition is a reflection of prey 
species availability, feeding strategy, or a combination 
of the two. A comparison between prey abundance and 
Atlantic bluefin tuna diet composition at the capture sites 
is recommended for future investigation.

In the PCA (Fig. 7) the absence of clustering along any of 
the axes indicates that the main constituents of the diets 

of the fish at both locations were similar. Larger sample 
sizes would have a better representation of the frequency 
of occurrence of these rare species and would produce a 
more reliable PCA.

Stomach content analysis yields a detailed description of a 
population’s diet at a point in time (Hyslop, 1980) and may 
also reflect local prey species community composition 
and abundance (Overholtz et al., 2000; Chase, 2002; 
Link and Garrison, 2002). Yet, despite its convenience in 
quantifying diet, there are a number of biases inherent to 
SCA. The rapid digestion rate by Atlantic bluefin tuna as 
a result of the warming of visceral tissues (Carey et al., 
1984); differential rates of digestion among food items 
(Hyslop, 1980; Olson and Boggs, 1986; Chase, 2002); 
and proneness to regurgitation during capture (Rooker 
et al., 2007) are all problems that likely played a role in 
biasing the results. Further, as stomachs were collected by 
commercial fishers, temporal fishing patterns (choosing 
to fish at dawn versus dusk), fishing quotas, the use of 
preferred fishing grounds, and capture methods introduce 
sampling bias (Hyslop, 1980). 

The causes of the different proportions of empty stomachs 
at both sampling sites are unclear. Variability in the 
availability of prey at the time of capture at the fishing 
sights is unknown and may have affected the proportions 
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of empty stomachs. Different capture methods at each 
sample site may also have contributed to the occurrence 
of empty stomachs. Some fishermen that land their 
catch at Port Hood are known to pump water into the 
stomach in an attempt to cool the fish more quickly and 
may have inadvertently flushed out the contents. There 
is also anecdotal evidence that fish with a longer fight 
time may be more likely to regurgitate during that time 
(D. Cameron, Ceilidh Fishermen’s Co-op, 158 Main 
St., Port Hood, Nova Scotia, B0E 2W0, pers. comm.); 
however, the authors observed few distended stomachs, 
which suggests that regurgitation was rare. Although the 
number of empty stomachs is significantly larger in Port 
Hood, the sample size is relatively small, as indicated by 
the CPC analyses, and this difference may simply have 
been a random occurrence.

The extent to which the findings of this study represent 
the diet of Atlantic bluefin tuna in these regions may also 
be limited because sampling was only performed in the 
Autumn season of one year. Atlantic bluefin tuna diets can 
vary greatly between years (Chase, 2002; Overholtz, 2006) 
and seasons (Butler, 1971). Temperature characteristics in 
the GSL are known to vary between years and may cause 
changes in prey availability and Atlantic bluefin tuna 
distribution (Vanderlaan et al., 2011). Prey availability 
also varies throughout the year, as is well documented 
in the GSL.  Mackerel arrive in the GSL in late May and 
early June (Sette, 1950; D’Amours and Castonguay, 1992) 
and remain until October (McKay, 1979), whereas herring 
congregate to spawn in the spring, before the Atlantic 
bluefin tuna have arrived, and in the Autumn from August 
to the end of September (Messieh, 1987). The presence 
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Fig. 5. 	 Cumulative prey curves and standard deviations for Atlantic bluefin tuna (Thunnus thynnus) stomach samples collected 
in (A) Port Hood, Nova Scotia (n = 23), (B) Canso, Nova Scotia (n = 31), and (C) the two ports combined (n = 54), were 
created using 1000 randomly sampled iterations. The least squares regression of the last four samples of the CPC for Canso 
reached an asymptote (p = 0.05). The CPCs for Port Hood and the combined did not reach an asymptote (Port Hood: 
p = 0.02; combined samples for both ports: p = 0.01).

of gravid herring in the samples from Port Hood confirms 
that the Atlantic bluefin tuna in the GSL were feeding on 
the aggregations of Autumn spawners during sampling. 
It is likely that the Atlantic bluefin tuna arrive in the GSL 
in late June and July (Wilson et al., 2011) to feed on 
mackerel and switch to the more plentiful herring later in 
the summer. For this reason, sampling late in the season 
may also bias the stomach content results.

The presence of the remains of a balistid in one stomach 
is surprising, as these are warn-water species. Fish from 
the family Balistidae and the related Monacanthidae have 
been reported occasionally in the waters off of Nova Scotia 
(Scott and Scott, 1988). These occurrences are likely 
associated with the approach of warm water masses from 
the Gulf Stream. Sea-surface temperature satellite images 
indicate that neither the Gulf Stream nor warm-core rings 
were within 200 km of Canso during the month prior to 
the capture of the tuna, making the presence of balistids 
and monacanthids unlikely. It is possible that the tuna 
had consumed this fish while in the Gulf Stream and the 
large bones may have resisted digestion and/or expulsion 
and remained in the stomach as the tuna traveled north. 
The bones were large and worn, lending credence to the 
later explanation.  

There appear to be differences in diet between the Atlantic 
bluefin tuna sampled at each location, although these 
differences were not statistically significant. The factors 
contributing to these variations are difficult to determine 
as Atlantic bluefin tuna size and location are closely 
correlated in the data. The differences in diet between 
sampling locations are primarily the occurrences of rare 
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Fig. 6. 	 The relationship between frequency of occurrence 
and prey species-specific percent weight for the 
diets of Atlantic bluefin tuna sampled in Port 
Hood (n = 23) and Canso (n = 31), Nova Scotia. 
Overlapping prey data were represented by symbols. 
The black square represents Scomberesocidae and 
Asteroidea in Port Hood and Balistidae in Canso; 
the white circle represents Hyperiidae, Osmeridae, 
Ammodytidae, Euphausiidae, Tellinidae, and algae 
in Canso; the black triangle represents Merlucciidae 
and Sebastidae in Canso; the x represents algae in 
Port Hood and Pandalidae in Canso; and the white 
diamond represents unidentified squid in Port Hood 
and Gadidae in Canso. 

prey. The majority of the Atlantic bluefin tuna caught in 
the GSL were larger than those caught in Canso, with 
few exceptions (Fig. 2), making it difficult to determine 
how location and predator size each affect diet. Previous 
studies provide mixed results as to the relationship 
between Atlantic bluefin tuna size, prey size, and prey 
composition, but most authors agree that the relationship is 
weak (Dragovich, 1970; Young et al., 1997; Chase, 2002; 
Butler et al., 2010). Given the results of these previous 
studies, it is likely that capture location had a greater effect 
on diet then the predator size. Catch data (Neilson et al., 
2009) also indicates that larger Atlantic bluefin tuna are 
foraging in the GSL versus the Scotian Shelf, which raises 
the question as to why primarily large Atlantic bluefin tuna 
are found in these waters. It may be that the migration 
patterns of large individuals are different from smaller 

individuals and that these large tuna are likely undertaking 
the migration from the Scotian Shelf to the GSL in order 
to take advantage of better foraging opportunities. 

The results of this study of Atlantic bluefin tuna diet in 
the GSL and the Scotian Shelf are consistent with other 
feeding studies in the North Atlantic, which indicate 
that these fish feed primarily on schooling fish of lower 
trophic levels and opportunistically on other species. 
Although the Atlantic bluefin tuna landed in Port Hood 
were significantly larger than those landed in Canso, the 
diets at both sites were similar. It would be of interest to 
determine whether densities of prey and/or the nutritional 
qualities of prey, such as fat content, are greater in the 
GSL. Additional sampling years and larger sample sizes 
are recommended to produce more reliable descriptions 
of Atlantic bluefin tuna feeding ecology in the sampling 
areas.
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Manuel Gómez Larrañeta
(1924–2012)

Dr. Larrañeta was born in Tolosa, Spanish Basque 
Country; he boasted about that to justify his tenacious 
and tireless character. With a degree in Natural Sciences 
from the University of Barcelona (1946) and a PhD 
from the same university (1965), he joined the Fisheries 
Research Institute when it was founded in 1949, and 
contributed greatly to its development, sharing the 
enthusiasm and the efforts of a handful of pioneers. He 
was laboratory director of Castellon (1954–1967) and 
Vigo (1967–1979).

Dr. Larrañeta was the only Spaniard attending the 
international seminar sponsored by FAO in Lowestoft 
(England, 1957) where the most advanced analytical 
methods of the time on fish population dynamics 
were presented. He applied this methodology in the 
Mediterranean Castellón Experimental Trawling Plan 
(1961–1967), showing that it allowed improving fishing 
yields. This made Dr. Larrañeta a passionate scholar and 
eventually a master of fisheries science and management, 
pioneering their implementation and dissemination in 
Spain and then to Latin America, beginning with Chile, 
where he taught for one year at the Pontifical Catholic 
University in Santiago. After his retirement in 1989 he 
continued to attend the Institute for ten years, preparing 
his more complete theoretical work, which deals with 
the stock-recruitment relationship in fish.

In 1969, shortly after arriving in Vigo, Dr. Larrañeta 
initiated his participation in the ICNAF Scientific 

Council, making efforts for the Spanish contribution to be 
appropriate, as much in the scientific field, where he tried 
to maintain the highest level, as in defense of the Spanish 
fishing sector, of which he felt a server. Until retirement 
in 1989 Dr. Larrañeta was the reference in Spain for 
NAFO fisheries; one of his articles triggered the Spanish 
fishery for Greenland halibut in NAFO waters; his 
theory on two equilibrium states in production curve was 
a noble attempt to explain cod fisheries evolution. The 
now established consolidated annual routine of sampling 
and analysis he developed was one step towards a better 
monitoring of these fisheries; maintaining it required 
fighting one battle every year, not always won, but he 
never gave up. 

Antonio Vázquez,  
Vigo, Spain, 

December 2012

In Spanish:
El Dr. Larrañeta había nacido en Tolosa, en el País 
Vasco, y siempre hacía gala de ello para justificar su 
carácter tenaz e infatigable. Licenciado en Ciencias 
Naturales por la Universidad de Barcelona (1946) y 
doctor por esa misma universidad (1965), se incorporó al 
Instituto de Investigaciones Pesqueras en el momento de 
su fundación, en 1949, y contribuyó notablemente a su 
desarrollo, compartiendo el entusiasmo y los esfuerzos 
de un puñado de pioneros. Fue director de laboratorio de 
Castellón (1954–1967) y de Vigo (1967–1979). 

El Dr. Larrañeta fue el único español que asistió al curso 
internacional patrocinado por la FAO en Lowestoft 
(Inglaterra, 1957) en el que se presentaron los métodos 
analíticos más avanzados en dinámica de poblaciones de 
peces. Aplicó esa metodología en el Plan Experimental 
de Pesca de Arrastre de Castellón (1961–1967), 
demostrando que ello permitía ciertamente mejorar 
los rendimientos pesqueros. Esto lo convirtió en un 
apasionado, un estudioso y, finalmente, un maestro en 
la ciencia y gestión de las pesquerías, siendo pionero 
en su aplicación y divulgación en España, también en 
Hispanoamérica, comenzando por Chile, donde impartió 
clases durante un curso en la Pontificia Universidad 
Católica, en Santiago. Tras su jubilación el Dr. Larrañeta 
aún continuó diez años más asistiendo al Instituto donde 
preparó su obra teórica más completa, que versa sobre la 
relación stock-reclutamiento en peces. 
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En 1969, poco después de su llegada a Vigo, el Dr. 
Larrañeta comenzó su participación en el Consejo 
Científico de la ICNAF y desde entonces se esforzó 
en que la aportación española fuese la adecuada, tanto 
a nivel científico, ámbito en el que trató de mantenerse 
siempre al más alto nivel, como en defensa del sector 
pesquero español, del cual se sentía servidor. Hasta su 
jubilación en 1989 el Dr. Larrañeta fue el referente en 
España para las pesquerías NAFO; un artículo suyo de 

divulgación fue el detonante para el comienzo de la 
pesquería española de fletán negro en NAFO; su teoría 
de dos estados de equilibrio de la curva de producción 
fue un noble intento para explicar la evolución de las 
pesquerías de bacalao. La rutina anual de muestreo 
y análisis que él creó, hoy consolidada, fue un gran 
paso adelante para el seguimiento de estas pesquerías; 
mantenerla exigió librar una batalla cada año, no siempre 
ganada, que no le hicieron desistir. 
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