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Preface 
The present article is a slightly modified version of a manuscript published for the first 
time as an appendix (Paper IV) within a Ph.D. thesis by Claus Stenberg: 
 

Stenberg, C., 2007. Recruitment processes in West Greenland waters: With special 
focus on Greenland halibut (Reinhardtius hippoglossoides, W.). Ph.D. thesis. 
University of Bergen. 

 
The article is here re-issued as a DMI report, because there has been an interest for 
getting a copy of the article and to be able to referee to it. There has been no attempt to 
update the ocean model configuration or the drift simulationsȟ ×ÈÉÃÈ ×ÁÓ ȰÓÔÁÔÅ-of-the-
ÁÒÔȱ ÁÔ ÔÈÁÔ ÔÉÍÅȟ ÂÕÔ ×ÈÉÃÈ ÈÁÓ ÉÍÐÒÏÖÅÄ ÓÉÎÃÅȢ Similar, the scientific knowledge on 
halibut biology gained since then has not been updated. 
 
Thereby, the report is simply a slightly modified version based on the 
recommendations given by the opponents in relation to the Ph.D. defense. 
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Abstract  
Early life history of Greenland halibut, Reinhardtius hippoglossoides, Walbaum, was tracked 
by drift and growth models in waters around Greenland. Model simulations were initiated 
from known and suggested spawning areas and were run from egg stage to larvae reached 
settling size. Research trawl surveys were carried out off West Greenland in July, August 
and September 2002 to validate the models and to examine time and spatial distribution of 
newly settled and juvenile Greenland halibut in two sub-areas of Hellefisk Bank. Drift model 
simulations revealed that egg and larvae had a total drift phase between 5 to 11 months. 
Analyses of spatial distribution of settling larvae showed that larvae from geographical 
separate spawning areas could intermix. The most important settling areas in West 
Greenland were found at Hellefisk Bank, Disko Bank and Disko Bay. Survey results validated 
that larvae were settling at Hellefisk Bank and that abundance of older juveniles were very 
high in all of the areas. However, the spatial distribution of newly settled and older juvenile 
Greenland halibut differed significantly. Settling was observed in both sub-areas of Hellefisk 
Bank while the older juveniles only occurred in one of the sub-areas. Either, the settled fish 
migrates away or there is a higher mortality rate in certain settling areas. Consequently the 
successful nursery areas must have a lesser extent than the settling areas. Concentrating of 
juveniles to more specific nursery areas implies that recruitment dynamics in Greenland 
halibut may be controlled by density dependent mechanism. 
 

Introduction 
Eggs and larvae of Greenland halibut (Gr. halibut) (Reinhardtius hippoglossoides, 
Walbaum) drift in the water masses for more than half a year before they settle to the 
bottom (Jensen, 1935; Smidt, 1969). Their drift route and location when reaching the 
size when they metamorphose and settle the bottom is primarily determined by the 
location of spawning site; the vertical distribution of egg and larvae  and the duration of 
the egg and larval stages. Present knowledge in each of these stages for Gr. halibut can 
be summarized as: 
 
Locations of the spawning areas in the NW Atlantic are not known in detail. 
Observations of ripe female Gr. halibut and drifting eggs suggest that spawning areas 
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exist in four main areas: In the Davis Strait off the Greenland /Canadian shelf (Simonsen 
and Gundersen, 2005; Jensen, 1935; Smidt, 1969; Gundersen et al., 2004; Templeman, 
1973);  West of Iceland along the shelf to the Irminger Sea (Sigurdsson, 1977; 
Magnusson, 1977); in East Greenland close to Kap Bille (Gundersen et al., 2001) and in 
Baffin Bay (Gundersen et al., 2004). Spawning probably takes place demersal and 
depths of  800 to 1200 m (Albert, 2003; Bowering and Nedreaas, 2000; Morgan et al., 
2003).  
 
Egg are dispersed and transported passively by currents from the spawning areas. Egg 
buoyancy determined the vertical distribution and hence indirectly the drift route. In 
Davis Strait, the vertical distribution is estimated to be between 240 to 640 m based on 
observations by Smidt (1969) using a ratio between wire length and fishing depth on 
0.4 (Stenberg unpublished results). At larval hatching the density changes as the 
chorion is lost (Bagenal and Braum, 1978). Hence, the larvae must get a hydraulic lift 
and rises further up in the water column. When larvae reach first feeding they must be 
in be in the same depths lÁÙÅÒÓ ÁÓ ÔÈÅÉÒ ÐÌÁÎËÔÏÎ ÐÒÅÙȢ &ÏÒ 'ÒȢ ÈÁÌÉÂÕÔ ÔÈÉÓ ÉÓ ÁÔ ρσϺτπÍ 
depth (Simonsen et al., 2006). 
 
Ontogenetic development rate determine the duration of egg and larval stages. In the egg 
stage the rate is determined by temperature and development time can thus be estimated 
from the degree-days (Hamel et al., 1996). For Gr. halibut a pilot study showed that 
fertilization to hatching took around 115 degree-days (5 days at 4°C and subsequent 48 
days at 2°C) (Stene et al., 1998). In the larval stage a combination of food and temperature 
determine the development rate. Temperature is probably the parameters that acts most 
significantly (Otterlei et al., 1999; Houde, 1989; Neuheimer and Taggart, 2007). The closing 
of the pelagic larval stage, and thus the drift phase, take place when the Gr. halibut larvae 
ǊŜŀŎƘŜǎ ŀ ƭŜƴƎǘƘ ƻŦ срҍтл ƳƳ ŀƴŘ ǎŜǘǘƭŜ ǘƻ ǘƘŜ ōƻǘǘƻƳ (Jensen, 1935; Smidt, 1969).  In 
West Greenland settling is believed to occur in the autumn (Jensen, 1935; Smidt, 1969) . 
 
The aim of this study is to describe and analyze the overall drift pattern and growth of 
Gr. halibut eggs and larvae from geographically-separated spawning areas around 
Greenland by combining drift modelling and individual based egg and larval 
temperature-dependent growth models. The focus will be the spatio-temporal 
distribution of first feeding and settling larvae, and larval connectivity patterns. Model 
results from West Greenland waters will be validated by a trawl surveys targeting 
newly settled and juvenile Gr. halibut.  
 

Materials and Methods 
 
The ocean circulation model  
 
The ocean circulation model used is the Hybrid Coordinate Ocean Model (HYCOM) (Bleck, 
2002). HYCOM is a primitive equation ocean general circulation model which solves the 
three-dimensional prognostic equations for horizontal velocity, continuity (giving elevation 
and layer thickness), salinity and temperature. We used the hybrid configuration where the 
vertical coordinate is isopycnal in the open, stratified ocean, but smoothly reverts to a 
terrain-following coordinate in shallow coastal regions, and to z-level coordinates in the 
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mixed layer and/or unstratified seas. Tidal forcing is included as a body tidal potential 
(Ribergaard et al., 2006). The model includes a thermodynamic representation of sea ice, 
whereas sea ice momentum is not included. 
 
The model covers the Atlantic Ocean from about 20°S and the entire Arctic Ocean with an 
approximately 50 km horizontal resolution and 29 vertical levels. For the drift simulations 
we used a one-way nesting of about 10 km resolution and 26 vertical levels covering the 
Greenland Waters. The atmospheric forcing was taken from the Danish Meteorological 
Institute (DMI) numerical weather prediction model DMI-HIRLAM-T (Yang et al., 2005) 
covering a large part of the northern hemisphere with a 0.15 degree resolution. Freshwater 
input outside Greenland was applied as mean monthly climatological discharges from the 
115 largest river discharge stations of the Global Runoff Data Centre (GRDC, Federal 
Institute of Hydrology (BfG), Am Mainzer Tor 1, 56068 Koblenz, Germany, 
http://grdc.bafg.de) and scaled as in Dai & Trenberth (2002).  In Greenland pseudo monthly 
climatologies was made for 5 fjords using discharges taken from an ice-cap model (Box et 
al., 2004). Surface temperature and salinity was relaxed towards (1/4°) climatological 
temperature and salinity fields by Boyer et al. (2005). A detailed description of the ocean 
model setup is found in Ribergaard et al. (2006) including a preliminary validation of the 
model performance. 
 
The particle tr acking model  
 
Particles were tracked using the model described in Ribergaard et al (2004). This drift model 
solve the advection-diffusion equation for a passive tracer C given by 
 

( ) ( ) 0CkCu
t

C
=Ð¶Ð-¶Ð+

µ

µ CCCC
 (1) 

 
where t denotes time, k horizontal diffusion and )v,u(u =

C
 is the horizontal advection 

velocity. 
 
For the turbulent diffusion a random walk model is used. The basic idea is that the 
ensemble mean of the square of the particle displacement )y,x(x =

C
satisfies  
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For each particle the solution of equation 2 at time step n+1 is of the form 
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where Rn is a random number with mean 0R >=< and standard deviation rR
2
>=< . We 

choose R as uniformly distributed between -1 and +1, in which case r=1/3. 
 
Following Visser (1997) and Spagnol et al. (2002), the solution of equation 1 is 



  
Danish Meteorological Institute 
DMI Report 16-21 

 

www.dmi.dk/dmi/DMIRep16-21 Page 8 of 32 

 

( )

r

tk2

Rtktuxx
tkx

nxn1n

nx2

1

n

n

D

+DÐ+D+=
DÐ+

+

C
C

C
CCC

  (4) 

 
where the diffusion, k, is allowed to vary in space.  
 
The two first terms on the right hand are the solution for pure advection with no diffusion. 
The fourth term is the random walk diffusion similar to equation 3 but as the diffusion 

varies in space, the diffusion is estimated at a distance tk
n

x2

1
DÐ C offset

n
x
C

. The third term is 

an additional advective term that tends to transport particles towards regions of increasing 
diffusivity. Without this term, the particles will concentrate at regions of low diffusion 
which is obviously incorrect (e.g. Visser, 1997). The drift model was run with a time step of 
5 minutes and the horizontal diffusion coefficient was set constant to 60 m2/s as in 
Ribergaard et al. (2004) 
 

 
Figure 1. Map of study area. ñSpawning areasò where mature ripe female and/or eggs have been 

reported is shown by shaded grey areas. Numbers I to VIII refers to release points listed in table 1. 

Depth contours shown for 100, 500, 1000 and 1500 m. Area delimitations and their label are 

sketched.  
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Drift simulations  
 
The vertical distribution and biology of the egg and larval stages are different in Gr. halibut. 
Consequently, a two step model approach was taken. In the first step the period from the 
egg was spawned to the larvae began to feed (end of yolk sac stage) was modelled. The 
information on distribution pattern from step one was used in the second step to continue 
the modelling of the pelagic larvae until they reached metamorphosis. The ontogeny of the 
simulated egg and larvae was tracked daily by applying temperature dependent growth 
models using the temperature information from the ocean circulation and particle tracking 
models.  

Egg and yolk sac larvae drift model simulation 
 
Particles where released in four areas with observations of Gr. halibut eggs, yolk sac larvae 
or ripe females (cf. introduction). A total of eight spawning sites were chosen within these 
four areas (Figure 1; Table 1). A thousand particles was released within a normal distributed 
time window (f=a*exp(-.5*((x-x0)/b)2)). Based on a study of Gr. halibut female maturity 
development in Davis Strait (Gundersen et al., 2004), spawning was assessed to take place 
from mid-February. The normal distribution coefficients was found by a Gaussian, 3 
parameter fitting of larval size distribution in May (Simonsen et al., 2006). The coefficient 
were determined to; a= 0.4; b=8.1; x0=31. The bathypelagic eggs and yolk sac larvae were 
assumed to be distributed just below the halocline, which in West Greenland waters is 
found as the upper part of the Irminger water component, and in Southeast Greenland 
waters in upper ~200 m. In the isopycnal hydrodynamic ocean model these depths 
correspond to the density (Sigma-theta) 27.63 kg m-3. The temperature-dependent growth 
model was a simple cumulative number of degree days using the temperature information 
from the ocean circulation and particle tracking models. In order to ensure growth also at 
temperatures around zero degrees, a minimum increase in degrees-days was set to 0.1 per 
day. The degree-days to complete the egg and yolk sac larvae were, based on information 
on the well-studied Atlantic halibut (H.  hippoglossus) (Pittman et al., 1990), assumed to be 
300 degree-days. At this point the simulated larvae were first feeding and pelagic larvae (FF 
larvae). 

Pelagic larvae to settling drift model simulation 
 
A thousand particles were released each of the respective areas of highest modelled FF 
larvae concentration. The release followed the same procedures described earlier. Starting 
date was set to the average calendar day for reaching the 300 degree-days.  Vertical 
distribution was constant at 20 or 40 m. A temperature-dependent growth model was 
applied from an initial larval length of 12 mm length (0.34 mg DW) (smallest pelagic larval 
size observed in the upper water masses (Jensen, 1935)), to a terminal length of 65 mm 
(210 mg DW) (largest pelagic larvae and smallest newly settled observed (Jensen, 1935; this 
study). The daily temperature-dependent growth increase is calculated as: 
 

Wi= Wi-1 * exp(G +( 0.014 *(Tmod-Tmid))) (5) 
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where Wi is dry weight in mg of the specific day; Wi-1 is dry weight in mg the day before; 
Tmid is in situ midpoint temperature; Tmod is temperature for the drift particle in the model; 
G is weight-specific growth rate. G was found the increase in larval weight from May, June 
and July (Simonsen et al., 2006): 
 

G=(ln W2 ς ln W1)/(d2-d1) (6) 
 
where W2 and W1 are dry weights in mg at the calendar days d2 and d1, respectively.  
 
Surveys  
 
Three trawl surveys were conducted off West Greenland to validate the drift simulations. 
The first survey was carried out from 3 July-7 August 2002 (July survey) and covered depths 
from 70-600 m from Cape Farvell (60°N) to the Uummannaq peninsular (71°N). Sampling 
was undertaken at 186 stations. The survey covers depths from 70-600 m. The second and 
ǘƘƛǊŘ ǎǳǊǾŜȅǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ƛƴ ǘǿƻ ŀǊŜŀǎ ƻŦ ǘƘŜ IŜƭƭŜŦƛǎƪ .ŀƴƪ ƛƴ b!Ch м. ŦǊƻƳ нрҍнт 
August 2002 (August survey) ŀƴŘ нтҍнф {ŜǇǘŜƳōŜǊ нллн ό{ŜǇǘŜƳōŜǊ ǎǳǊǾŜȅύΦ !w9! м ǿŀǎ 
ŀǘ b суϲмрҍсуϲрп ǘƻ ² рсϲҍртϲ ŀƴŘ !w9! н ŀǘ b стϲолҍстϲрп ǘƻ ² ртϲҍруϲΦ {ƛȄ ǎǘŀǘƛƻƴǎ ƛƴ 
each area were revisited in the August and September survey. The trawl gear was a 
Skjervøy 3000/20 trawl with bobbin gear and double bag. Mesh size in the codend was 20 
mm. The 20 mm mesh size will give a full selectivity on Greenland halibut from sizes of 
about 9 cm assuming a selection factor of 3.1 (Huse et al., 1999). Trawl doors were 
Greenland Perfect size 370*270 cm and wing spread was set as 19.0 m. The tow speed was 
2.5 knots and duration was 15 or 30 minutes. All trawl hauls were carried out during 
daytime. Greenland halibut catch was length measured (total length to the cm below), 
counted and the total weighs recorded (to 0.1 kg). In larger catches a sub-samples was 
taken. All catches were standardized to one hour trawling. In order to homogenize variance 
abundance was transformed by the natural logarithm to n+1 prior to statistical analysis.  
 
Gr. halibut were separated on ages 0, 1 and 2+ by their length distribution (Bowering and 
Nedreaas, 2001; Lear and Pitt, 1975)Φ ! ά.ƘŀǘǘŀŎƘŀǊȅŀέ ƳƻŘŀƭ ǇǊƻƎǊŜǎǎƛƻƴ ŀƴŀƭȅǎƛǎ ǿŀǎ 
carried out in the software FiSAT II version 1.2 (Gayanilo et al., 2005; Bhattacharya, 1967). 
The separation resulted in different cohorts with a mean length and standard derivation to 
the mean. Mean length +/- 1.96 *standard derivation was used to define 95% confidence 
intervals for the age cohorts (Sokal and Rohlf, 1995).  
 
On the September survey the seabed was classified into 6 different classes based on 
acoustic data obtained from a Furuno FCV-161 dual frequency echo sounder operating at 28 
KHz, a 3.0 ms pulse length and using a transducer beam width of 22 degrees. The acoustic 
data were sampled by the QTC-V acquisition system (Quester Tangent Corporation, Suite 
201 - 9865 West Saanich Road, Sidney, BC, Canada, V8L 5Y8) and processed in the QTC 
IMPACTTM software from Quester Tangent. This processing approach has proven to be an 
effective technique for bottom mapping (Hamilton et al., 1999). To ground truth the 
classification results, 13 sediment box cores were collected during the survey.  
 
All statistical analyses were performed in the SAS/STAT software Version 9 of the SAS 
System for PC, SAS Institute Inc., Cary, NC, USA. The following abbreviations were used for 
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statistical tests; ANOVA: analyse of variance; ANCOVA: analysis of covariance; GLM: general 
linear models. ANOVA, ANCOVA and GLM analyses were carried out by the GLM procedure 
which accommodate unequal balance designs.  
 

 
Figure 2. Drift simulation of egg and yolk-sac stages of Gr. halibut from mid-February and for 300 

degree-days at density interval ůɗ =27.63.  A) release I;  B) release III; C) release V; D) release VIII. 

Release point shown by black circle. 

 

Results 
In the following, the distribution of simulated halibut larvae were divided into areas as 
follows: West of Greenland the Northwest Atlantic Fisheries Organization (NAFO) fishery 
management area was used, while East of Greenland four areas were defined: North 
Iceland waters (NICE); South Iceland waters (SICE)Τ άDǊŜŜƴƭŀƴŘƛŎ ǇŀǊǘ ƻŦέ Irminger Sea 
όLwaDw[ύ ŀƴŘ άLŎŜƭŀƴŘƛŎ ǇŀǊǘ ƻŦέ LǊƳƛƴƎŜǊ Sea (IRMICE); (Figure 1). 

A) B) 

C) D) 












































