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Abstract 

The aim of this study was to analyse long-term changes in the distribution of the offshore 

shrimp stock in Icelandic waters from 1988–2013 and to analyse whether recent warming 

had impacts on or shaped the distribution. The northern shrimp (Pandalus borealis) is 

distributed throughout the colder parts of the North Atlantic and Pacific Oceans and is 

found both inshore and offshore in Icelandic waters. The offshore population is in the deep 

waters north and east of Iceland, at depths of 200 m or more. In recent years, surface 

temperature on Icelandic fishing grounds has increased by 1 to 2°C and since 1996, 

temperature north of Iceland has been relatively high. Cod abundance on the shrimp 

grounds also showed a gradual increase in the study period, and at the same time, shrimp 

abundance in offshore waters declined, and reached a historically low level in 2004.  

In this study, the centre of gravity of the shrimp distribution was estimated for each year 

and its displacement examined in terms of main influencing factors which were the 

offshore shrimp catch and the cod biomass index from the annual offshore shrimp surveys. 

In addition, factors influencing the shrimp abundance were examined and the mean sea 

surface temperature was found to be the main negative influence. The results therefore 

indicate that besides ocean temperature, both predation and fishing effort may have 

influenced the distribution and/or abundance of the northern shrimp off Iceland.  

Útdáttur 

Markmið rannsóknarinnar var að skoða langtíma breytingar á útbreiðslu úthafsrækju við 

Ísland frá árunum 1988–2013 og sérstaklega athugað hvort hlýnun sjávar hafi haft áhrif eða 

mótað útbreiðsluna. Heimkynni rækju (Pandalus borealis) eru á norðurhverli jarðar en hún 

er útbreidd í Norður Atlantshafi og í Norður Kyrrahafi. Við Ísland finnst hún á 

landgrunninu og landgrunnshallanum djúpt úti fyrir Norður og Austurlandi á meira en 200 

m dýpi. Hitastig sjávar við Ísland hefur hækkað um 1 til 2 °C seinustu ár, og frá árinu 1996 

hefur hitastig sjávar norðan við landið verið tiltölulega hátt. Þorskur fór að ganga inn á 

hefðbundin rækjusvæði í auknum mæli um mitt rannsóknartímabilið en á sama tíma hefur 

þéttleiki rækju farið minnkandi og var vísitala úthafsrækju í sögulegu lágmarki árið 2004. 

Í þessari rannsókn var massamiðja rækjuútbreiðslu reiknuð fyrir hvert ár og tilfærsla hennar 

skoðuð í samhengi við helstu áhrifaþætti en þeir voru úthafsrækjuafli og þorskmagn á 

rækjuslóð. Að auki var stofnvísitala rækju skoðuð en meðal yfirborðshiti sjávar í 

rækjuleiðangri hafði marktæk neikvæð áhrif á stofnstærðina. Niðurstöður benda því til þess 

að auk hitastigs hafa veiðar og aukið afrán haft áhrif á útbreiðslu og stofnstærð úthafsrækju 

við Ísland.   
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1 Introduction 

1.1 Species distribution 

Distributional pattern and spatial arrangement of species is determined by a combination of 

multiple biotic (Parsons, 2005a) and abiotic (Herbst, 2001) factors which may differ from 

one species to another (Schiel et al., 2004). The distributional pattern can vary with seasons 

(Dorel et al., 1991) and in response to available resources (Rose, 2005) but only optimal 

conditions generate high abundances and allow for successful reproduction (Helaouët and 

Beaugrand, 2009). Unfavourable conditions may affect growth, reproduction, feeding and 

survival of marine species (Beaugrand et al., 2002; Brander et al., 2003; Schmidt-Nielsen, 

1990) as well as distributional changes may have impacts on commercial fisheries (Cheung 

et al., 2010; Pinsky and Fogarty, 2012). Therefore, an understanding of what determines a 

distribution of a species is highly important, especially when ecosystems of the oceans are 

under great threat from global warming. Ocean temperature plays an important role in 

species distribution and several studies have shown shifts in the geographical distribution 

of marine fish (Brander et al., 2003; Choi et al., 2004; Harbitz, 2007; Perry et al., 2005; 

Rose, 2005) and invertebrate species (Thompson et al., 2002; Zacherl et al., 2003),  

In recent years, sea surface temperature in Icelandic waters has increased by 1 to 2°C 

(Valdimarsson et al., 2012). Changes in assemblage structure in the waters around Iceland 

has been noticed (Stefansdottir et al., 2010), rare species and vagrants have been recorded 

more frequently and other species found to be relocating (Astthorsson et al., 2007; 

Björnsson and Pálsson, 2004; Valdimarsson et al., 2012). Understanding the fundamentals 

of ecology and biodiversity of the waters around Iceland is therefore highly important when 

investigating and/or predicting distributional changes of species.   

 

1.2 Oceanography  

In Icelandic waters, the complex hydrographical features have been found to influence the 

distribution of species (Valdimarsson et al., 2012), for instance, where clockwise currents 

transfer eggs and larvae of marine species to their nursery and feeding grounds 

(Marteinsdottir and Astthorsson, 2005; Vilhjálmsson, 1994). Iceland is located on the 

Iceland-Faroe Ridge, which is a part of the Greenland-Scotland Ridge and separates the 

Nordic Seas and the North Atlantic. It is a reatively shallow ridge and separates depths of 

more than 2000 meters on both sides. It also separates the warm and saline Atlantic waters 

in the south from the cold and less saline Polar waters in the north (Hansen and Østerhus, 

2000).  
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Figure 1 Surface ocean currents around Iceland. Modified from Vilhjálmsson (2002). 

Oceanic currents are one of the main factor shaping the distribution of species (Jónsson and 

Valdimarsson, 2005). Iceland is surrounded by four major oceanic currents which all differ 

in saline and temperature values (Figure 1). A branch of the North-Atlantic Current, the 

Irminger Current, flows to the south and west of Iceland. The western branch splits in two 

where it meets the East-Greenland Current at the Greenland-Iceland Ridge and flows into 

the Irminger Sea. The other branch flows north and continues east-wards off the north 

coast. Colder and less saline currents, the East Greenland and East Icelandic currents, are 

found farther northwest, north and east off Icleand and finally there is the coastal current 

which runs in a clockwise direction around Iceland (Valdimarsson and Malmberg, 1999). 

The inflow of currents into Icelandic waters, especially the inflow of Atlantic water and its 

transport of heat to the shelf north of Iceland is highly variable. Physical and chemical 

properties of the waters are therefore highly dynamic, both between years as well as 

seasons (Hansen et al., 2003; Jónsson and Valdimarsson, 2005, 2012). 
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1.3 Geographical distribution and 
environmental preferences of Pandalus 
borealis 

Pandalus borealis Krøyer, 1861 (Northern shrimp, Deep-sea prawn, Pink shrimp) is a 

species of caridean shrimp of the order Decapoda. The genus Pandalus Leach, 1814 holds 

several described species which are found in the northern hemisphere, at all depths on the 

continental shelves and slopes (Bergström, 2000). Northern shrimp occurs between 35°N 

and 82°N, at depths ranging from 20–900 m (Bergström, 2000; Shumway et al., 1985). In 

Icelandic waters, Pandalus borealis is mostly found in offshore waters along the west, 

north and east coasts at depths ranging from 200–700 m. It is also found in high 

concentrations at much shallower depth in bays and fjords off the north and northwest 

coasts. The inshore and offshore populations are considered to be seperate with a limited 

connectivity during adult stages and to be genetically different (Jónsdóttir et al., 1998). The 

inshore and offshore population also differ in size, where the maximum length and the 

length at sexual maturity is greater in the offshore areas (Skúladóttir and Pétursson, 1999). 

Northern shrimp is considered demersal species, but have been found to migrate up into the 

water column at night in search for food and to avoid predation during darkness (Horsted 

and Smidt, 1956; Shumway et al., 1985; Wienberg, 1982). Also, a seasonal migration 

between depths has been noted, where they are possibly seeking a preferred temperature 

(Shumway et al., 1985). Northern shrimp is stenohaline, preferring a high salinity and low 

temperature. Bottom substratum is also a major determinant of the distribution of Pandalus 

species where they are thought to prefer soft mud and sand/silt substrata (Bergström, 

2000). As for the larval stages, environmental conditions are highly important for growth 

and survival. Survival has been shown to be associated with warming rates of sea surface 

temperatures following hatching and an early, prolonged phytoplankton bloom (Ouellet et 

al., 2010). Growth of larvae is strongly dependent on food availability and varies with 

temperature (Ouellet et al., 2010; Shumway et al., 1985; Wienberg, 1982). Earlier stages 

have also been shown to be more sensitive to low and high extremes of salinity and 

temperature and Wienberg (1982) found the optimal condition for growth and survival to 

be 9°C and 32‰. 

1.4 Life history of Pandalus borealis 

Pandalus borealis is a protandric hermaphrodite, where individuals generally mature and 

function first as males but change sex and reproduce as females (Berkeley, 1930). The  

shrimp may also develop directly into female without passing through the male stages 

(Bergström, 2000). Age at sex-change and maturity is highly variable and related to 

individual size. In offshore Icelandic waters, females mature sexually around the age of 5–6 

years old, varying in relation to the near-bottom temperature (Skúladóttir and Pétursson, 

1999). Spawning of the offshore population usually takes place every second year in July–

September, and females carry fertilized eggs on their pleiopods for up to 10 months 

(Skúladottir et al., 1991). Number of eggs are 600–4900, depending on the size of the 

female, as large shrimp carry more (Shumway et al., 1985). Hatching in the offshore areas 

ta es p ace from March   May (Skúladottir et al., 1991). Shrimp larvae are planktonic and 

spend their earliest stages in the upper layer, migrating down with increasing age. Before 
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descending to the bottom, they pass through five moults (Bergström, 2000; Ouellet and 

Allard, 2006; Shumway et al., 1985). Growth of larvae are highly dependent on the 

surrounding environmental conditions, and therefore size and age at sex-change is variable 

between locations of populations and between years within populations (Bergström, 2000; 

Horsted and Smidt, 1956; Shumway et al., 1985; Skúladóttir and Pétursson, 1999; 

Skúladottir et al., 1991) . 

1.5 Predators of Pandalus borealis 

Pandalus borealis is an important food item for many fish species and is of great 

importance in the marine food web as they feed on phytoplankton, detritus and small 

zooplankton (Horsted and Smidt, 1956). Shrimp is an important link between tropic levels 

and some of the main predators on shrimp in the North Atlantic are Atlantic cod (Gadus 

morhua) (Berenboim et al., 2000; Parsons, 2005b), Greenland halibut (Reinhardtius 

hippoglossoides) (Parsons, 2005b), redfish (Sebastes marinus) (Riget and Pedersen, 1991) 

and eelpouts (Lycodes spp.) (Horsted and Smidt, 1956; Valtysson, 1997). Marine birds 

(Lilliendahl and Solmundsson, 1997) and mammals (Sergeant, 1973) have also been found 

to feed on shrimp but most information comes from stomach analysis of predators. Cod 

predation and the influence of cod abundance on shrimp has been well studied (Jónsdóttir 

et al., 2012; Magnússon and Pálsson, 1991; Wieland et al., 2007; Worm and Myers, 2003). 

Predation mortality has been considered to be one of the key factors in regulating shrimp 

population dynamics (Parsons, 2005a) and in Icelandic waters, shrimp is the second most 

important food item for juvenile cod (Pálsson and Björnsson, 2011). Cod in the inshore 

areas have been found to feed more extensively on shrimp than in the offshore areas, where 

capelin and other fish are of more importance (Jónsdóttir et al., 2012). Also, a spatial 

overlap of the distribution of northern shrimp and Atlantic cod has been observed (Wieland 

et al., 2007). For instance in the Northeast Newfoundland and in West Greenland waters, 

the northern shrimp biomass increased substantially in the 1990s, and the sudden increase 

was considered to be caused by a release of predation pressure when the cod stocks 

collapsed (Lilly et al., 2000; Wieland, 2005).  

1.6 Northern shrimp fisheries on Icelandic 
fishing grounds 

Northern shrimp (Pandalus borealis) was first fished in Icelandic waters in 1934 and 

commercial shrimp fisheries began in 1936 in Ísafjarðardjúp in the West fjords. In the 

following years, shrimp fisheries extended to other inshore and offshore areas as new 

shrimp grounds were discovered (Hallgrimsson, 1993). In 1959, shrimp research began in 

relation to fishing (Sigurðsson and Hallgrimsson, 1962) and in 1974, the Icelandic offshore 

shrimp fishery officially started. In 1978 Icelandic vessels began shrimp fishery in the 

Denmark Strait, after an extensive search for shrimp in far offshore areas northwest of 

Iceland (Jónsson and Hallgrimsson, 1981). In 1987, the first trawl survey for stock 

assessment of the offshore shrimp was carried out, when the first signs of overfishing were 

detected (Garcia, 2007). Shrimp was one of the most important commercially exploited 

species in the 1980s and 1990s and the annual shrimp catch was highest in years 1994–

1998, reaching over 70,000 tons a year (Anon, 2013). The sudden increase in shrimp catch 
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was explained by an increase in shrimp biomass, good recruitment, new fishing grounds 

and less predation pressure by young cod on the shrimp fishing grounds (Anon, 1996). 

After the peak, the annual shrimp catch decreased rapidly and reached a minimum in 2006 

when only one trawler was left in the offshore fleet. The reduction in shrimp catch was 

caused by low marketing value on shrimp and high oil prices. Since then, increased number 

of trawlers have started shrimp fishing and hence, the annual catch has been increasing 

slowly and reached over 7000 t in 2012.  

1.7 Recent warming and complications 

Earlier studies on northern shrimp have shown that temperature influences factors like 

growth (Wienberg, 1982), size at sexual maturity (Skúladóttir and Pétursson, 1999), 

maximum length (Skúladóttir and Pétursson, 1999), length-at-age (Wieland, 2005), length 

of the ovigerous period (Skúladottir et al., 1991) and recruitment (Aschan and Ingvaldsen, 

2009; Jónsdóttir et al., 2013; Ouellet et al., 2007; Richards et al., 2012). Temperature 

therefore seems to be one of the major factor in shaping the life history of the northern 

shrimp and is likely to affect the abundance and distribution across Icelandic waters. 

Temperature increase in West Greenland waters, for instance, have been shown to have 

extended the distributional area most favourable to northern shrimp and an increase in 

abundance at the northern part of its distribution was noticed (Wieland, 2005). 

Temperature elevation may also influence unfavourable conditions for northern shrimp by 

an increase in predator biomass on its ground, which has been shown to affect shrimp 

recruitment (Anderson, 2000; Jónsdóttir et al., 2013; Wieland and Siegstad, 2012) and 

abundance (Berenboim et al., 2000; Stefánsson et al., 1998; Worm and Myers, 2003).  

In this study, the objective is to analyse whether recent warming has affected the 

distribution of offshore shrimp in Icelandic waters. The centre of gravity will be estimated 

for each year to measure changes in the distributional pattern from 1988–2013. Also, 

factors influencing the abundance will also be investigated. In addition to sea surface and 

bottom temperatures, cod abundance and shrimp catch will also be used to investigate 

whether they influence the distribution and abundance of northern shrimp in the waters 

north and northeast of Iceland.  
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2 Materials and methods 

2.1 Data collection 

Sampling was carried out during the annual offshore shrimp survey, which has been 

conducted annually by the Marine Research Institute of Iceland in June–August since 1988. 

The purpose of the survey is to provide an index for the northern shrimp stock biomass and 

to inform fishery management. The survey covers the north and the northeast areas of the 

Icelandic continental shelf and slope, at depths ranging from 200–700 m. This is a stratified 

systematic survey where the same stations are repeated annually. In 1988–2005, the 

number of stations was 190 but in 2006 they were reduced to 92. In this study, the analyses 

are based on those 92 repeated stations in order to eliminate possible bias from different 

number of stations (Figure 2). 

 

Figure 2 Sampling stations from the annual offshore shrimp surveys in 1988–2013. The symbols show the 92 

stations collected throughout the study period. Contour lines are shown at 100, 200 and 500 m. 

A standard shrimp bottom trawl of 1200 meshes is used in the survey. The cod-end has a 

total mesh size of 40 mm and the open size of the diamond mesh is 37 mm.  The distance 

between the wing ends is 17.5 m and the mean (±) vertical opening is 6.0 ± 0.4 m. From 

1988–1990, the tow length was 4 nautical miles, after which it was reduced to 2–3 nautical 

miles in 1991 and in 2004 it was further reduced to 1.5–2 nautical miles. The towing speed 

was 2.1–2.3 knots in all years. The near-bottom temperature was determined using a pre-
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calibrated trawl sensor (Scanmar) attached to the trawl headline. The sea surface 

temperature was measured using a platinum resistance thermometer (PT100). The mean 

near-bottom and sea surface temperatures with standard errors were calculated for the 

entire survey area for each individual year. At each station, the total shrimp catch was 

weighed and individuals of cod counted. 

The shrimp stock index was calculated as biomass index, while the cod index was 

calculated as the number per nautical mile. Both indices were calculated using a standard 

area-swept method, which is based on the assumption that the sample collected by the trawl 

represents the abundance of individuals present in the area that is swept (Sparre & Venema, 

1989). The biomass index is calculated as: 

Y

AC
B

*
  

where B is the biomass index, C is mean catch per standard 2 nautical mile haul, A is the 

size of the area under investigation in nm
2
 and Y is the swept area estimated by dividing the 

wingspread of 17.5 m by the tow length of one nautical mile (1852 m). 

The exploitation rate index of the northern shrimp stock was calculated for all years by 

dividing the year´s catch by the biomass index of the same year. When using absolute 

biomass, exploitation is the proportion of the stock removed by fishing. 
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2.2 Statistical analysis 

Geo-referenced survey data (biomass density per tow) from the shrimp survey was used to 

examine the spatial movement of shrimp between years and to investigate whether the 

distribution could be linked to a particular condition or conditions. The coordinates of the 

centre of gravity (CG) are computed as: 

























i

i

i

ii

i

i

i

ii

z

zv

z

zu

CG  

where ui is the longitude, vi  is the latitude and zi  is the observed density at each sampling 

location i.  

A principal component analysis (PCA) was performed on the coordinates of the CG of the 

distribution, obtaining a single estimate of the directional displacement of each year. By 

doing so, detailed information about a distribution in a large area is combined in a single 

point that describes the location of an average shrimp. This allows for an analysis of yearly 

differences in the distribution. The scores of the component accounting for the greatest 

variance, PC1, were used in multiple regression models as a response variable against 

predictors. Linear models (LM) were used to test significance of predictors and examine 

variable transformations.  

The relationship between the CG of the distribution and predictors was further investigated 

using a generalized additive model (GAM), where each predictor is included in the model 

as a non-parametric smoothing function (Hastie and Tibshirant, 1990). GAM is not 

restricted to a specific functional relationship or underlying statistical distribution of the 

data and were constructed using version 1.7–26 of the mgcv library in the statistical 

package R (Wood, 2006). 

The external predictors in the starting linear regression model were the annual offshore 

shrimp catch (SC), cod biomass index (CBI), mean sea surface temperature (SST)  and 

mean near-bottom temperature (BT) and from the annual shrimp survey. Prior to analysis, 

the shrimp catch and cod biomass index were log-transformed to establish linearity. 

A separate regression analysis was executed to examine which factors might have 

influenced the shrimp biomass index (SBI), using the same predictor variables as in CG 

models. Prior to analysis, the SBI was lagged by 1 year to see if the surroundings from the 

previous year had an effect on the next year abundance. Shrimp catch was not used in SBI 

analysis, as the harvesting advice is based on stock size and therefore the relationship does 

not reflect the real effect. 
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The starting models were, 

  BTSSTCBISCPC ttt 4221 loglog1

  BTSSTCBISBI tt 422 log  

where PC1 is the first principal component score, SBI is shrimp biomass index, SC is 

shrimp catch, CBI is cod biomass index BT is the mean near-bottom temperature and SST 

is the mean sea surface temperature, α is the intercept, β1, β2, β3 and β4 are regression 

coefficients, ε is the error term, s are GAM smooth functions and t is the year. 

Predictor variables from a stepwise model selection were included in the models if they 

were significant at p < 0.05, which lead to the following models used in this study, 

Centre of gravity models, 

tPC1          (Null) 

  ttt CBISCPC loglog1 21     (LM) 

)(log)(log1 ttt CBIsSCsPC      (GAM) 

 

Shrimp biomass models, 

tSBI          (Null) 

  tt SSTSBI 3        (LM) 

All models were fitted by minimizing the negative log-likelihood, 
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where n is the number of data points and σ is the maximum-likelihood standard deviation 

of the error term: 

n

RR tt
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2)log(log


  

Model comparison was based on a second-order A ai e’s information criterion for sma   

samples (Burnham and Anderson, 1998). 













1
2log2

Kn

n
KLAICC  

where K is the number of model parameters.  

Independence of predictor variables was examined and the model residuals were tested for 

autocorrelation using the Durbin-Watson D statistic (Durbin and Watson, 1950, 1951) 

using the car package in R (Fox and Weisberg, 2011). 
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3 Results 

3.1 Northern shrimp abundance and 
distribution 

The shrimp stock biomass index ranged between 32 and 70 t in the years from 1988–1995 

and showed a steady increase. In 1996 it peaked and reached over 100 t. In the following 

years it decreased rapidly and reached a historically low level in 2004 and was only around 

27 t.  Since then, the shrimp biomass index has remained relatively low compared to before 

2004, fluctuating from 28–40 t (Table 2, Appendix). 

The annual shrimp catch followed similar trends; was highest in years 1994–1997, when 

annual catches reached over 70.000 t. After the peak, it decreased rapidly and reached a 

minimum in 2006 when the annual offshore shrimp catch was only around 600 t. Since 

then, shrimp catch has been increasing slowly and in 2013 the catch reached over 7.000 t.  

Despite the relatively low values of catch in 2013 in comparison to 1996, the offshore 

shrimp catch has tenfolded since 2006 ( Figure 3).  

 

 Figure 3 Shrimp biomass index and the annual offshore shrimp catch (thousand tonnes). 
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Figure 4 Geographical distribution of shrimp (kg/nm) from the annual offshore shrimp surveys 1988–2013. 

The shrimp distribution extended from the east to the northwest from Kögur to Krossanes 

and was relatively evenly distributed throughout the area in the years between 1988–1996, 

with some patchiness though. From 1988–1995, a steady increase was seen in the 

abundance and in 1992, the greatest abundance of shrimp was found in the east. In 1996, 

the abundance of shrimp was high in the whole area and the greatest  density was observed 

in then northeast. In 1997, the abundance of shrimp decreased in the north-western areas 

but remained high in the east. Since 1997, the abundance decreased rapidly and the 

distribution became more disperse with time. Even though shrimp was found over almost 

all the distributional area, there were only few areas with high densities of shrimp from 

2002–2013 (Figure 4). 
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3.2 Northern shrimp exploitation 

The exploitation rate, or the year´s catch divided by the biomass index of the same year,   

for the northern shrimp stock in Icelandic waters ranged between 0.43 and 0.8 in the years 

from 1988–1994. The exploitation rate peaked twice in the study period, or in 1995 and 

1998, where it exceeded 1. After which, the exploitation rate decreased and in 2006, when 

fishing was almost absent, the exploitation was almost 0. Since then, with increasing 

fishing effort, the rate has slowly been increasing and in 2013, the exploitation was 0.23 

(Figure 5). 

 

 
Figure 5 The northern shrimp exploitation rate in 1988–2013. 

 

 

 

 

 

 

 

 



14 

3.3 Cod abundance and distribution 

Shrimp survey estimates of the cod biomass index are shown in Figure 5. The cod biomass 

index was fairly low in the years from 1988–1995, fluctuating from 0.1–3. In 1996, it 

peaked suddenly and reached an exceptionally high value record. The year after it 

decreased rapidly and remained low until 2001. In 2003, the biomass reached a high value 

and the biomass fluctuated in the next years, remaining relatively high. Since 2001, a 

steady increase in cod biomass was observed (Figure 6). 

 

 
Figure 6 Cod abundance index from the annual offshore shrimp survey in 1988–2013. 
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Figure 7 Geographical distribution of cod (number/nm) from the annual shrimp surves 1988–2013. 

As noted with the cod biomass index, the geographical distribution map of cod on the 

shrimps ground north and northeast of Iceland showed that the cod was nearly absent from 

1988–1994. Cod was only found in few and relatively small areas. In 1996, a sudden 

increase in cod was observed and cod was found in most areas. In 1997, the highest 

concentration  of cod was in the northwestern areas. The abundance decreased in the next 

years and was relatively low in 2000. In 2003, the distribution of cod became widespread 

throughout the whole area, extending all the way from the northwest to the east (Figure 7). 

In 2003 and 2009, the cod abundance remained higher in the east, but in 2012, several 

patches of cod were observed, both in the northwest and at the eastern part of the study area 

(Figure 7). 
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3.4 Temperature 

The mean annual near-bottom temperature recorded in the entire survey area ranged 

between 0.6–2.1°C, with the lowest value recorded in 1990. The highest value was 

recorded in 1996 and, with another high point in 2003. The mean annual sea surface 

temperature fluctuated from 5.5°C–9.0°C and the highest value was recorded in 2003. 

Before 2003, the mean annual sea surface temperature ranged between 5.5–7.7°C. 

However, the mean annual sea surface temperature remained relatively higher than before 

2003, ranging from 6.98–9°C (Figure 8). 
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Figure 8 Mean annual near-bottom (blue) and mean annual sea surface (red) temperature (°C) in the annual 

offshore shrimp surveys 1988–2013. Means are shown with standard errors. 

A simple linear regression indcated a significant (p < 0.05) and a positive linear trend in 

mean sea surface temperature on the shrimp grounds. A positive trend was also observed 

for the mean near-bottom temperature, but the relationship was not significant (p > 0.05).  
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Figure 9 Near-bottom temperature (°C) from the annual offshore shrimp surves 1988–2013. 

A geographical map of the near-bottom temperature from the annual offshore shrimp 

surveys show that the bottom temperature was considerably higher closer to land. In all 

years, the lowest values were observed north of the country and in far east. The bottom 

temperature was relatively stable between years and throughout the study period, but 

variation was seen between areas in all years. Two years stand out i.e 1996 and 2003, when 

bottom temperature was recorded higher than in all other years. From 2003–2013, higher 

values were observed in the northeast. 
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Figure 10 Sea surface temperature (°C) from the annual offshore shrimp surveys 1988–2013. 

A geographical map of the sea surface temperature from the annual offshore shrimp 

surveys show that surface temperature values in the years between 1988–2002 were 

relatively low in comparison to the values recorded in 2003–2010. In the begining of the 

study period, the sea surface temperature was higher in the east and lower in the west and 

in 2003, high values were recorded all over the shrimp ground. Fluctuation in sea surface 

temperature was also seen, both between years and areas and in 2011–2013, lower values 

than recorded in years from 2003–2010. 
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3.5 Centre of gravity 

Latitude and longitude had a significant (p < 0.05) negative correlation of -0.90 (95% CI = 

-0.9579, -0.8015). The first principal component (PC1) was loaded most heavily by the 

longitude, accounting for a total of 99.4% of the variance. The second component 

explained only 0.6 % of the variance and was not used in further studies (Figure 11).  
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Figure 11 Scree plot of principal component analysis of the centre of gravity coordinates. Component weight 

are given in Table 3, Appendix. 

The CG of the distribution of northern shrimp was located at relatively similar grounds 

north off Iceland, for the whole study period. In the years from 1988–2000 it mainly moved 

towards land in a south-eastern direction. In later years, from 2001–2013, the CG changed 

direction and moved mostly away from land in a north-western direction. 

Figure 12 Location of the centre of gravity from 1988–2000 (a) and 2000–2013 (b). The numbers represent 

the year. 

(a) (b) 
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Table 1 Summary of fitted regression models: null model (Null CG), multiple linear regression (LM 

CG) and a generalized additive model (GAM CG) for the centre of gravity model. Null model (Null 

SBI), multiple linear regression (LM SBI) and a generalized additive model (GAM SBI) are the shrimp 

biomass models. The significant external factors were cod biomass index from the annual offshore 

shrimp survey, annual offshore shrimp catch and mean sea surface temperature. α is the 

regression intercept, β1, β2 and β3 are regression coefficients of offshore shrimp catch, cod biomass 

index and mean sea surface temperature, K is the number of estimated parameters, and AICC is 

Akaike´s information criterion for small samples.   

 

A multiple regression model was run to examine which factors influenced the movement of 

the CG of the distribution. A linear model indicated that the offshore shrimp catch and cod 

biomass index had a significant (p < 0.05) effect on the movement of the CG of the 

distribution (Table 1). The offshore shrimp catch was more significant (p = 0.0002) than 

the cod biomass index (p = 0.02), with coefficients 0.421 for the SC and 0.172 for CBI. 

The regression coefficients measured the effect of SC and CBI on CG movement. 

Together, these two factors explained 44.8% of the observed variation. Correlation 

between the two regression terms was insignificant (p > 0.05) and no autocorrelation was 

detected in the residuals (p > 0.05). 

The relationship was further investigated with a generalized additive model (GAM) which 

indicated a significant effect of the same regression terms as in LM, i.e the SC (p = 0.0016) 

and CBI (p = 0.0038).  

Model α β1 β2 β3 K AICc 

Null CG -6.1e
-09 

   2 56.52 

LM CG -4.391 0.421 0.172  4 45.08 

GAM CG -6.1e
-09 

3.536 1.000  6.5 43.10 

Null SBI 47.712    2 218.36 

LM SBI 122.539  
 

-10.275 3 212.32 
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Figure 13 Gam plots showing of the effects of shrimp catch (log(SC)) and cod biomass index (log(CBI)) on 

the position of the centre of gravity. Shades indicate 95% confidence limits for the fitted relationship. 

The effect of shrimp catch was slightly more significant than cod biomass index, with a 

smooth curve of 3.54 effective degrees of freedom. The effect of the cod biomass index 

was linear, with 1 degree of freedom (Figure 13) and in both cases, the relationship was 

positive. Together, the model explained 57.9% of the deviance and the GAM had the best 

AICC  score of the three models, i.e null model, LM and GAM (Table 1). 
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Figure 14 A linear relationship between the mean sea surface temperature (°C) and the shrimp biomass 

index from the annual offhsore shrimp surveys in 1988–2013 

Regression analysis for the shrimp biomass index showed that the mean sea surface 

temperature was the only significant (p < 0.05) predictor variable, explaining  27.5% of the 

observed variation in SBI (Table 1). The relationship was negative with a regression slope 

of -10.275 (Figure 14) as the shrimp biomass index declined with increasing sea surface 

temperature.  
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4 Discussion 

The aim of this study was to analyse long-term changes in the distribution and abundance 

of the northern shrimp (Pandalus borealis) in Icelandic waters and to determine which 

factors may have influenced these changes. The results of the study clearly show a change 

in the abundance of shrimp, where it decreased severely during the study period from 

1988–2013. The results furthermore indicate substantial changes in the marine 

environment and predator biomass on the shrimp grounds, where the mean sea surface 

temperature and cod biomass index showed a steady increase in the period. An overlap 

between shrimp and cod distribution was observed, but cod biomass was found to be one 

of the main influencing factor along with commercial fisheries, on the distribution of the 

northern shrimp. In addition, the mean sea surface temperature was found to have 

influenced the abundance of northern shrimp in a negative matter. The results of this study 

indicate that together with the negative effect of increased sea surface temperature levels 

on the northern shrimp stock, predation and fishing pressure may have been too high at 

some point in the study period. 

4.1 The impact of increased temperatures 

The annual mean near-bottom and sea surface temperatures were not found to influence the 

distribution of northern shrimp in this present study. However, sea surface temperature was 

found to negatively influence the shrimp biomass index. Ocean temperature has been 

shown to affect the marine biota in various ways. It has been shown to directly affect 

organisms through physiological processes, for instance affecting growth rate (Drinkwater, 

2005), altering reproductive phenology (Rose, 2005; Skúladóttir and Pétursson, 1999), 

which may lead to shifts in size structure (Skúladóttir and Pétursson, 1999), spatial range 

and seasonal abundances of populations (Choi et al., 2004). Eventually, these shifts may 

lead to changes in assemblage structure (Stefánsdóttir et al., 2010), which has already been 

noticed in the waters around Iceland where rare species and vagrants have been recorded 

more frequently and other species found to be relocating (Astthorsson et al., 2007; 

Björnsson and Pálsson, 2004; Valdimarsson et al., 2012). Temperature also plays an 

important role for the duration of the egg incubation period of northern shrimp (Bergström, 

2000). An increase in bottom temperature in West Greenland waters for instance, was 

found to result in a shorter egg-bearing period, earlier hatch and thus, extension of the 

growth period (Wieland, 2005). Summer sea surface temperature has also been found to 

influence recruitment in a negative matter (Jónsdóttir et al., 2013) and shrimp recruitment 

on Icelandic grounds has been al low levels since 2004 (Anonymous, 2013). Therefore, a 

further temperature increase may reflect changes in the abundance and distribution of 

shrimp by influencing factors which affect the shrimp biology. Temperature may not have 

affected the distribution of shrimp directly in this study, but by affecting the abundance of 

shrimp in a negative way, it may influence future changes in the distribution of the northern 

shrimp. 
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Also, the Atlantic water inflow to the northern shelf has been found to influence biological 

productivity in the area, where primary production is significantly greater in the warm 

years when Atlantic water dominates (Thórdardottir, 1984). An alteration in the timing of 

the phytoplanktonic bloom can cause a mismatch between the larvae and biological 

production cycle of shrimp (Koeller et al., 2009). A linear trend is seen in Atlantic water 

transport from 1994–2010, with the highest value recorded in 2003 (Jónsson and 

Valdimarsson, 2012). The transport of heat to the shelf north of Iceland varies both 

between years and seasons (Jónsson and Valdimarsson, 2005, 2012). 

4.2 The influence of Atlantic cod on northern 
shrimp 

The influence of cod abundance on the northern shrimp was significant and the cod 

biomass index was found to be one of the main factor affecting the distribution of northern 

shrimp. Cod abundance on the shrimp grounds increased steadily in the study period, and a 

clear overlap between the distribution of cod and shrimp was seen. When considering the 

distributional pattern, it can be concluded that presence of cod leads to absence of the 

shrimp, since cod is one of the most important predator of shrimp (Savenkoff et al., 2007) 

and juvenile cod feed extensively on young shrimp (Albers and Anderson, 1985; Jónsdóttir 

et al., 2012; Magnússon and Pálsson, 1991). Larval cod are carried by the flow of Atlantic 

water from their spawning grounds south of Iceland to the nursery grounds in the north 

(Jónsson and Valdimarsson, 2005). The northern shrimp was found to be the second most 

important prey item for smaller cod but decreasing steadily in importance with cod length 

(Pálsson and Björnsson, 2011). Larger cod feed on large shrimp but its preference for this 

food item declines with increasing length (Albers and Anderson, 1985; Berenboim et al., 

2000; Jónsdóttir et al., 2012). Previous research has also shown cod abundance to directly 

influence shrimp recruitment (Jónsdóttir et al., 2013) and to be negatively correlated with 

shrimp abundance (Berenboim et al., 2000; Stefánsson et al., 1998; Worm and Myers, 

2003). The findings of this study indicate that further increase in cod abundance on the 

shrimp grounds may lead to further change in the abundance of shrimp and the distribution 

due to the spatial overlap of shrimp and cod, where the influence of cod is known to be 

negative. Recruitment may remain low due to high predation which appears in the 

dynamics of the population. 

As the annual offshore shrimp survey is conducted in the summer, and the distribution of 

cod is variable between seasons, it is neccessarry to consider cod indeces from other 

surveys i.e the annual groundfish survey in autumn (SMH, 1996–2012) and the annual 

groundfish survey in spring (SMB, 1985–2012). The indices from these surveys are 

different from those obtained from the annual shrimp surveys (SMR, 1988–2012) 

(Anonymous, 2013) but the biomass indices from SMB and SMH give clues to the amount 

of cod in the north and east, i.e from Norðurkantur to Berufjörður, in autumn and winter, 

while indices from SMR show the cod abundance in the deep sea north and east in summer 

at the exact location as shrimp. According to the SMR, cod was almost abscent in the years 

1987–1995, when great abundances were observed in SMB. In the past ten years, great 

abundance of cod has been found in all surveys (Anonymous, 2013). A likely reason for 

this difference in biomass indices between surveys could be of the seasonal difference 
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when surveys are conducted. SMB and SMH give a picture of the distribution and 

abundance of cod in winter and in winter, cod have been found to migrate out of fjords, in 

search for food or to spawn (Björnsson et al., 2011). Also, most juveniles of capelin 

(Mallotus villosus) grow up over, or in the vicinity of, the continental shelf northwest, 

north, and northeast of Iceland. Capelin is the main food item of Atlantic cod (Magnússon 

and Pálsson, 1991) and juvenile capelin are accessible to predatory fish in the area. Adult 

capelin also return from their feeding grounds in October/November and become available 

to the local fish predators and remain so until the end of the spawning period in late 

March/early April of the following year (Vilhjálmsson, 1994, 2002). Cod stocks have also 

been found to decline in the years when capelin biomass is low (Vilhjálmsson, 1994). 

Therefore, the seasonal migration pattern and the food availability on the shrimp ground 

could in parts explain the observed difference in cod biomass indices between surveys. 

4.3 The offshore shrimp catch and the 
exploitation rate index of the northern 
shrimp stock 

A significant impact of the offshore shrimp catch by the commercial fleet on the 

distributional pattern of shrimp was detected in this study, and the shrimp stock showed an 

immediate response to increased catch rate around the mid time period. Shrimp catch was 

not used in the shrimp biomass model, as the harvesting advice is based on stock size. The 

relationship between shrimp catch and shrimp biomass index do therefore not reflect in the 

actual relationship.  However, shrimp abundance is strongly related to the fishing effort and 

Koeller (2000) suggested a vulnerability to overfishing, and a possibility of a collapse 

when concurrent negative abiotic and biotic factors combine with fishing effects. Cod 

fishery of western Greenland collapsed in the early 1990s due to the combined influence of 

fishing pressure and changing environmental conditions (Hamilton et al., 2000). The 

exploitation rate of northern shrimp was relatively high in the study period before 2004, 

especially in comparison to the exploitation rate of northern shrimp in other areas. In the 

Great Banks, Canada, for instance, northern shrimp exploitation has been increasing 

steadily since 1996 but has never exceeded 0.21 (NAFO/ICES, 2013). There are examples 

of overfishing of northern shrimp in Iceland. For instance in 1994 and 2000, increasing 

catch rates at Snæfellsnes were followed by a stock collapse (Anonymous, 2013). 

Overfishing and population declines may also occur when a distribution of a species 

changes. For instance, in the Northeastern United States, lags in fisheries have been 

observed for the past 40 years where fisheries are only shifting 10–30% as much as their 

target species (Pinsky and Fogarty, 2012). The results of the present study indicate that 

overfishing might have occurred and affected the distribution of the Icelandic offshore 

shrimp stock to some extent. Concurrent increases in predation, temperatures and fishing 

efforts should therefore be considered when stocks are being assessed. 
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5 Concluding remarks 

 

Distribution of species and assemblage structures have been of hot topic in past years, 

(Perry et al., 2005; Pinsky and Fogarty, 2012; Rindorf and Lewy, 2006; Stefánsdóttir et al., 

2010; Wieland et al., 2007) and numerous methods have been invented to observe and 

predict these shifts. The northern shrimp stock in Iceland has been well studied and most of 

the research has focused on defining the populations (Skúladóttir and Pétursson, 1999), 

determining the variation in size and age at sex-change (Skúladottir et al., 1991), 

investigating stock dynamics and recruitment (Jónsdóttir et al., 2013) as well as evaluating 

the impact of the environment on all of those factors. Yet, little is known about the 

behavior of the northern shrimp stock in Icelandic waters and spawning and feeding 

migrations have not been identified. Perhaps, the offshore population does not migrate, and 

spawns and feeds at the same location. As northern shrimp is of great commercial 

importance in the north Atlantic and Pacific Oceans, an understanding of the stock 

structure and its relation to the environment is highly important. In terms of its position in 

the tropic level, changes in bottom-up and top-down processes need to be fully understood, 

as the northern shrimp is a highly important food item for many fish species in Icelandic 

waters (Jónsdóttir et al., 2012; Magnússon and Pálsson, 1991).  

Ocean temperature plays an important role in the biology of shrimp (Jónsdóttir et al., 2013; 

Skúladottir et al., 1991; Wieland, 2004) and for the past century, temperatures have been 

increasing (Hansen et al., 2006). Future climate scenarios have provided a great 

understanding of the changing marine environment (Thomas et al., 2004) but predicting the 

influence of biotic and abiotic factors on the abundance and distribution of species can be 

fairly difficult, especially when two or more variables may affect one another and together 

have a combined effect on the distributional pattern. As such, one factor may impact the 

other by either weakening it or strengthening and perhaps having no exclusive affect. 

Complex interaction of temperature with other factors makes it even more difficult to 

predict the implications it may result in.  

The variance proportion explained by the sea surface temperature in the shrimp biomass 

index was considerably low i.e 27.5%. Therefore, various other factors are likely to be of 

more influence, as it leaves 72.5% unexplained. The lack of a significant correlation 

between bottom temperature and shrimp abundance in this present study may be due to the 

restricted time window when temperature and shrimp abundance indices were available for 

the analysis. Also, other factors such as salinity and predators beside cod, for instance the 

Greenland halibut, should be taken under consideration when evaluating environmental 

influences on the shrimp abundance. Greenland halibut has been increasing in abundance 

since 2009 (Anonymous, 2013)and Northern shrimp may be a substantial part of the diet of 

Greenland halibut (Solmundsson, 2007) and increased abundance of Greenland halibut in 

recent years may therefore negatively affect the northern shrimp populationand is 

considered to have negatively affected shrimp abundance in recent years. 

As for the distribution, depth and bottom substrate may also be of major importance  to 

northern shrimp  in determining the distribution. These factors should therefore be included 
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in future analysis of northern shrimp distribution. A possible overlap of other and/or new 

predators should also be considered.  

Hence, even though the results of the present study demonstrate that the changing 

environmental conditions in recent years is one of the main causes of the change in 

distribution and abundance of the shrimp, various other factors may be of direct or indirect 

influence.  
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7 Appendix 

7.1 Data 

Table 2 Data used in multiple regression analysis in the study. Lat and lon are the coordinates of 

the centre of gravity of the shrimp distribution, PC1 is the first principal component score, SC is 

the annual offshore shrimp catch, SBI is the shrimp biomass index from the annual shrimp survey, 

SMR, CBI is the cod biomass index from SMR, SST is the mean sea surface temperature from 

SMR, BT is the mean bottom temperature from SMR and Exp is the exploitation rate of northern 

shrimp in Icelandic waters. 

 

 

Year Lat Lon PC1 SC SBI CBI SST (°C) BT(°C) Exp 

1988 66.96 -18.70 -0.918 25353 38.5 2.99 6.464 1.451 0.65 

1989 66.75 -17.74 0.0634 20699 32.2 0.72 6.584 0.923 0.64 

1990 66.92 -18.81 -1.017 22125 49.3 0.17 7.625 0.590 0.44 

1991 66.92 -18.06 -0.278 29600 68.1 0.58 7.030 0.617 0.43 

1992 66.58 -17.11 0.7078 37102 56.2 0.6 6.516 1.254 0.66 

1993 66.85 -18.18 -0.387 41283 65.6 1.15 5.454 1.485 0.62 

1994 66.78 -18.01 -0.214 56150 69.8 0.84 7.059 1.128 0.80 

1995 66.66 -17.75 0.0679 61334 56 1.32 6.475 0.868 1.09 

1996 66.68 -17.13 0.6770 55996 100.8 24.11 6.390 2.104 0.55 

1997 66.71 -16.68 1.1151 65298 73.3 54.83 6.284 1.175 0.89 

1998 66.62 -16.80 1.0096 49667 48.3 13.71 5.957 1.052 1.02 

1999 66.60 -16.75 1.0617 27142 37.4 9.64 7.417 1.014 0.75 

2000 66.64 -17.34 0.4755 20196 54.5 5.23 7.654 1.292 0.37 

2001 66.58 -16.94 0.8809 21653 54.7 2.4 7.404 0.828 0.39 

2002 66.68 -17.71 0.1002 26656 54.3 6.5 6.554 0.693 0.49 

2003 66.61 -16.90 0.9091 22332 44.1 40.9 9.018 1.755 0.50 

2004 66.71 -17.64 0.1637 15799 27.4 17 7.659 1.146 0.57 

2005 66.91 -18.32 -0.538 3792 28.6 42 8.153 1.247 0.13 

2006 66.97 -18.76 -0.978 608 34.4 31.5 8.003 1.129 0.01 

2007 66.80 -17.75 0.044 1681 38.8 18.3 8.116 1.223 0.04 

2008 66.83 -18.34 -0.543 1450 36.3 40.4 8.013 1.28 0.03 

2009 66.90 -18.48 -0.689 4122 40 48.5 8.865 0.887 0.10 

2010 66.88 -18.56 -0.769 6404 35 50.9 8.506 1.32 0.18 

2011 66.84 -18.42 -0.625 6270 30.3 44.7 7.071 1.365 0.20 

2012 66.80 -17.80 -0.004 7339 28.1 28.9 7.786 1.630 0.26 

2013 66.87 -18.10 -0.310 7019 29.3 36.37 6.875 1.146 0.24 
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7.2 Statistical analysis 

 Principal component analysis 

 

Correlation analysis: lat and lon 

t=-10.5648, df=24, p=1.66e-10 

Alternative hypothesis: true correlation is not equal to 0 

95 percent confiednce interval: -0.9579341 -0.8015175 

cor: -0.9072089 

 

Table 3 Eigenvectors of the principal component analysis (PCA) of the coordinates of the centre of 

gravity of the shrimp distribution in 1988–2013. 

 

 

 

 

 

 

 

 Multiple regression models: GC 
 

 

Correlation analysis: CBI and SC 

t=-1.9955, df=24, p-value=0.05746 

Alternative hypothesis: true correlation is not equal to 0 

95 percent confiednce interval: -0.6671112 0.0118414 

cor: -0.3772409 

 

Autocorrelation of final model: CG 

Gam: CG model 

Lag=1, Autocorrelation=-0.01016122, D-W Statistic=1.8959, p-value=0.332 

 

 Linear regression model: SBI 
 

Autocorrelation of final model: SBI 

LM: SBI model 

Lag=1, Autocorrelation=-0.3699458, D-W Statistic=1.090159, p-value=0.02 

 

 Comp. 2 Comp. 2 

Standard deviation 0.664 0.005 
Proportion of variance 0.994 0.006 
Cumulative proportion 0.994 1.000 


