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Abstract

Despite decades of active fisheries management, many stocks of Atlantic cod in its

southern range are in a depleted state and mortality estimates remain high. Recovery

of these stocks, as defined by management areas, could be confounded by cod distri-

butions shifting outside of these areas. Here, we assess data from internationally

coordinated trawl surveys to investigate the distribution of three cod stocks in the

Celtic Seas ecoregion, Irish Sea, Celtic Sea, and West of Scotland, from 1985 to

2021. We mapped cod densities, analyzed trends in mean weighted depth and bot-

tom temperature, and calculated the center of gravity and equivalent area of the

stocks. The distribution of the West of Scotland stock shifted north and east, spilling

into the North Sea, while the Irish Sea and Celtic Sea stocks shifted west. Each stock

showed decreasing trends in equivalent area, but there were no clear trends in the

average depth occupied by the fish. There was no apparent relationship between

temperature and the distribution of cod, as bottom temperature varied little from

1993 to 2021. Although Irish Sea cod showed a shift into warmer water, this was

due to changes in survey distribution. The shift in distribution of the West of Scot-

land cod stock towards the North Sea whilst impairing local recovery provides further

justification for the recent definition of its incorporation into a larger stock unit that

includes the northwest of the North Sea. The Irish Sea and Celtic Sea cod stocks are

neither shifting northwards, nor into deeper waters, but remained within current

boundaries. This suggests that recent temperature conditions did not affect their dis-

tribution, but this may change as temperatures increase towards the limit for

reproduction.

K E YWORD S

Atlantic cod, Celtic seas, distribution shifts, stock decline

1 | INTRODUCTION

Atlantic cod (Gadus morhua) is a large gadoid fish that has had great

economic and cultural importance for countries of the North Atlantic

over the last few centuries (Kurlansky, 1997). As a temperate species,

cod is expected to occur in water temperatures between �1.5 and

19�C, although spawning is adversely affected at temperatures above

8�C (Kjesbu et al., 2023; Righton et al., 2010). Following trends in
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global exploitation rates of fishes (Bell et al., 2017; Watson

et al., 2013), annual landings of cod across the North Atlantic peaked

in the 1960s, with up to 4 million metric tonnes, before starting to

decline (Hayden et al., 2015). By the 1990s dramatic decreases in

landings were observed as many important stocks across the region

were driven to collapse by high exploitation (Myers et al., 1996), hav-

ing lasting economic and social consequences for local fishing commu-

nities (Haedrich & Hamilton, 2000). The great northern cod stock of

Canada is arguably the most famous case study of overfishing a fish

stock to depletion (Myers et al., 1997), followed shortly afterwards by

the demise of North Sea cod (Horwood et al., 2006). Most cod stocks

in Europe remain in a depleted state even after years of great efforts

to rebuild them (Sguotti et al., 2019), with the exception of those in

Arctic waters, where stock biomass has remained above safe levels

since 2000 (ICES, 2021a, 2022e). Northeast Artic cod had its highest

recorded spawning stock biomass (SSB) of around 2.3 million tonnes

in 2013, although it then declined to 1 million tonnes by 2021

(ICES, 2021a; Kjesbu et al., 2014). This is in contrast to the cod stocks

at the southern limit of their range, in the North Sea and the Celtic

Seas ecoregion, where rising sea temperatures are suggested to lower

recruitment and cause range constrictions (Blanchard et al., 2005;

Drinkwater, 2005). These stocks have failed to recover in spite of

management measures to reduce exploitation rates (Fernandes &

Cook, 2013).

In the Celtic Seas ecoregion there were, until recently, three stocks

defined by the International Council for the Exploration of the Sea

(ICES): West of Scotland (Division 6.a), Irish Sea (Division 7.a), and Celtic

Sea (Divisions 7.e-k). However, from 2023 the West of Scotland is

recommended to be added to the Northwestern substock in the North

Sea for future assessments (ICES, 2023a). These Celtic Seas stocks have

been in decline since the 1980s and have had continued low biomass

and recruitment throughout the 21st century (ICES, 2022h). Cod in the

West of Scotland region have shown the strongest decline: SSB was esti-

mated at 45,000 t in 1982 and has decreased to around 5000 t since

2002; this is well below the maximum sustainable yield (MSY) reference

point of 20,000 t (ICES, 2022a). Although Irish Sea cod SSB has followed

the same trend, decreasing from 40,000 t in 1968 to lows of about

5000 t since 2000, it has fluctuated closer to its biomass reference point

of 11,500 t (ICES, 2022b). In comparison, Celtic Sea cod SSB has shown

more fluctuations, between 5000 t and 15,000 t from 1982 to 2012,

and was typically at or above the biomass reference point of 5800 t until

2017, but has fallen below 2000 t since (ICES, 2022c). However, the out-

look for West of Scotland cod is improved when viewed within the

Northwestern North Sea substock. The ICES assessment for this newly

defined stock does not show the same declining trends and aside from a

decline in SSB between 2017 and 2020, the stock appears to be in

recovery, with SSB above the 30,000 t biomass reference point since

2010 (ICES, 2023b).

The stock assessments on which these population estimates are

based are carried out using catch data from the fishery, as well as

fishery-independent data from trawl surveys. Annual trawl surveys of

fish stocks are routinely conducted by scientific institutes across the

Northern Hemisphere, particularly in the Northeast Atlantic

(ICES, 2017b), the Mediterranean (Spedicato et al., 2019), and in the

waters around North America (Stauffer, 2004). Typically, the main

objectives of these surveys are to collect standardized and consistent

data on the relative abundance, distribution, and composition of fish

communities, particularly for commercially important species, to

inform the respective stock assessments (ICES, 2017b). The indepen-

dence of surveys reduces the data biases inherent to fishery-

dependent data, lending fish abundances derived from surveys more

appropriate to examine temporal changes in species distributions

(Mahé & Poulard, 2005; Oeberst, 2008; Stevenson & Lauth, 2019),

species richness, and community composition (Greenstreet

et al., 2012; Hiddink & Hofstede, 2008).

The shifting distribution of fish stocks presents challenges for

fisheries management, particularly as they move across stock bound-

aries (Link et al., 2011). In the northeast Atlantic, a recent ICES work-

shop was tasked with describing any distributional changes of

northeast Atlantic fish stocks relative to total allowable catch (TAC)

areas, and to suggest drivers and implications for stock management

(ICES, 2017a). Their work was summarized in Baudron et al. (2020),

who examined spatial trends in 19 commercial fishes over 30 years

across the northeast Atlantic surveys; for cod and other “northern”
species, most significant distribution shifts were northwards but

increasingly so at lower latitudes. Moreover, biomass trends between

adjacent ICES areas showed evidence of seven species shifts across

ICES boundaries and five across TAC boundaries.

Trends in fish distribution can be investigated with various

methods (e.g., Baudron et al. 2020; ICES, 2017b). These include trends

in biomass and abundance by area, spatial occurrence, and density of

fish from survey trawl data. Examining spatial trends may be aided by

interpolation of survey data across study areas, facilitated by geosta-

tistics such as Kriging (Petitgas et al., 2017). In addition, a useful spa-

tial statistic to investigate changes in fish distributions is the center of

gravity of a stock, which is defined as the weighted center of fish dis-

tributions (Woillez et al., 2009). It has been widely used to study the

average location of fish populations over time and is typically calcu-

lated using fish trawl survey data (Baudron et al., 2020; Nye

et al., 2009; Perry et al., 2005; Punz�on et al., 2016; Stevenson &

Lauth, 2019). This also applies to studies of cod distributions, where it

has been widely implemented (Durant et al., 2021; Guan et al., 2017;

Rose et al., 2000; Storr-Paulsen et al., 2004; Tamdrari et al., 2010),

particularly with cod in the North Sea (Engelhard et al., 2014;

Rindorf & Lewy, 2006, 2012). Less attention has been given to the

distribution of cod in the Celtic Seas ecoregion.

Here we examine the distribution of cod in the Celtic Seas ecore-

gion using survey data to determine if their distribution has changed

over time. Any distribution shifts into northern waters may explain

the low levels of abundance now seen in these stocks, which in turn

might be due to changes in their environments, such as warming seas.

Specifically, we aimed to determine (1) if distributions of cod have

shown a consistent directional change over time, (2) how cod distribu-

tions have shifted in relation to management boundaries, (3) whether

changes in distribution are related to changes in sea temperature, and

(4) whether cod distributions have shifted into deeper water.
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2 | MATERIALS AND METHODS

2.1 | Study areas

The areas examined in this analysis were chosen to cover the Irish Sea

and its adjacent seas in the West of Scotland and the Celtic

Sea (Figure 1). The waters to the West of Ireland (defined here as

ICES Divisions 7.b and 7.c) were included to produce the distribution

maps but excluded when calculating spatial statistics due to low num-

bers of cod in survey records (Table 1). ICES division 7.k was excluded

from the Celtic Sea spatial statistics due to limited survey coverage

(Figure 2).

2.2 | Data sources

2.2.1 | Trawl survey data

Survey data were taken from the ICES DATRAS database

(ICES, 2023c). The relevant surveys recorded in DATRAS are the

Northern Irish Groundfish Survey (NIGFS), the Irish Groundfish Survey

(IE-IGFS), the Scottish West Coast International Bottom Trawl

Survey (SWC-IBTS), and the French Southern Atlantic Bottom Trawl

Survey (EVHOE). These surveys overlap both temporally and spatially

in October–December and use similar fishing gear: Grande Ouverture

Verticale (GOV) 36/47 or rock-hopper otter trawls (ICES, 2017a). Sur-

vey and year coverage in the West of Scotland, Irish Sea and Celtic

Sea is given in Table 1.

The NIGFS series covers quarters 1 and 4 (Q1 and Q4) and data

are available in DATRAS from 2005. The survey conducts hauls with a

rockhopper otter trawl at 45 fixed stations in the Northern Irish Sea,

and a further 12 in St George's Channel towards the Celtic Sea, which

are stratified according to depth strata and seabed type (ICES, 2013).

Haul durations are typically 20 min in Q1 and 60 min in Q4 but from

2016 the majority of tows are 18–20 min, with some stations retain-

ing 60-min tows for collecting calibration data (ICES, 2023c). The

SWC-IBTS mainly covers the West of Scotland region (6.a) in Q1 and

Q4, and has additional coverage in the Irish Sea (1996–2006)

and Celtic Sea (1990–1996). From 1985 to 2010 the surveys were

conducted on fixed trawl stations using GOV 36/47 gear and from

2011 they adopted random stratified stations (ICES, 2013). Hauls

were set to 60-min duration until 1998 when they were changed to

30 min (ICES, 2017b). The current IE-IGFS began in 2003 and covers

all waters around Ireland from 56.5�N in the West of Scotland to

50�N in the Celtic Sea. In this procedure, hauls are set to 30 min and

conducted with GOV 36/47 gear at 170 stations chosen a by a semi-

random depth stratified design (ICES, 2017b). The EVHOE covers the

Celtic Sea to its southern limit at 48�N and overlaps with the IE-IGFS

above 50�N. The survey began in 1997 and until 2016 stations were

allocated by a random stratified design; from 2017 fixed stations have

been trawled, using the 2016 stations for reference (ICES, 2013,

2017b). The standard GOV 36/47 gear is used with some modifica-

tions for the survey (ICES, 2017b).

2.2.2 | Bottom temperature data

Bottom temperature data were downloaded from the Copernicus

Atlantic-European North West Shelf- Ocean Physics Reanalysis prod-

uct as monthly values of seawater temperature (�C) at the sea floor.

This is an ocean assimilation model (NEMO) with vertical tempera-

tures assimilated using sea surface temperatures (SST) and subsurface

temperatures from satellite and in situ sources (Tonani et al., 2022).

The spatial resolution was 0.111� by 0.067� with a temporal scale of

January 1, 1993 to present. The data were subset by years and con-

verted into rasters, and mean temperatures within quarters were

extracted for trawl stations. These were used to calculate mean tem-

peratures of trawl stations per stock area and the mean weighted bot-

tom temperature.

2.3 | Data processing

The trawl survey data were analyzed to determine the number and

biomass of all cod caught in each haul, which were separated into

F IGURE 1 Map of northwestern Europe showing the study area
of the Celtic Seas ecoregion with ICES divisions labeled. The Irish Sea
is defined as ICES division 7.a. The Celtic Sea is defined here as ICES
divisions 7.e-j, although 7.e and 7.f have limited survey coverage.
West of Scotland is defined by ICES division 6.a.
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adults and juveniles using length at 50% maturity. The swept area

(km2) trawled was estimated for each haul using the distance traveled

per haul and the trawl wing spread. The equations for calculating

trawled distance and swept area are provided in the DATRAS Proce-

dure Document on Swept area calculation algorithms (ICES, 2022g).

The swept areas were then converted into square nautical miles

(Equation 1):

swept area nmi2
� �

¼ swept area km2
� �

�0:2915533496 ð1Þ

Cod density was then estimated from the number and biomass of

fish in each haul divided by the swept area.

2.4 | Density interpolation

Analyses were conducted with the statistical programming language R

(v4.3.0; R Core Team, 2023). Kriging is an interpolation method that

uses a data-derived covariance or variogram model to create an inter-

polation function (Chilès & Delfiner, 2012). The kriging algorithm from

the RGeostats library was applied to the cod densities calculated

from each survey trawl station (kg/nmi2) using a moving neighbor-

hood (Rivoirard et al., 2000). Grids of the sampling area were created

using ICES substatistical rectangles coordinates, subset to the ICES

divisions covered by each year and quarter. With each run, an RGeo-

stats prediction grid was created from a polygon of the bounding box

of the grid objects maximum and minimum coordinates. The trawl

data was subset for each quarter-year step and converted to a data-

base in preparation for kriging. The database geographic projection

was set to the mean latitude and a spherical variogram was applied

for all runs.

2.5 | Centre of gravity analyses

Spatial statistics formulae were calculated according to Petitgas et al.

(2017), which describes each statistic in detail (Table 2).

Centre of gravity (CG) analyses were carried out for the stock

regions of Irish Sea, Celtic Sea, and West of Scotland for each relevant

year and quarter following the framework given in Petitgas et al.

(2017). RGeostats prediction grids and databases of cod density were

created in the same format as for the kriging estimation with database

geographic projections set to the mean latitude. Areas of influence

were calculated for the trawl stations and CGs were calculated sepa-

rately for adult, juvenile, and all cod densities. Additional spatial

parameters calculated were inertia, total biomass, and equivalent area.

Global and local indexes of collation (GICs and LICs) were calculated

between juvenile and adult CGs to examine their overlap. Unweighted

CGs were calculated to represent the mean trawl station position

where all densities were set to 1 so that any influence of changes in

survey design could be evaluated.

2.6 | Mean weighted depth and bottom
temperature

Mean weighted depths and bottom temperature were calculated per

year and quarter using the equation:

P
nt�vt

N
ð2Þ

where t is a given haul (h), nt is the number of fish in haul t, vt is

the depth (m) or bottom temperature (�C) of haul t and N is the total

number of fish caught. These provide the average depth and tempera-

ture where fish are residing, weighted by their density to account for

the quantity as experienced by the fish.

2.7 | Ethics statement

Ethical review and approval were not required for this study because

it did not involve animal experimentation or harm. No animals were

involved in the conduct of this study as the analysis was done on pre-

viously collected data on wild-caught fish that were sampled on ICES

TABLE 1 Table detailing the survey coverage of the study area.

Sea Quarter Survey Years Number of hauls Number of fish

West of Scotland 1 SWC-IBTS Q1 1985- 1848 8239

West of Scotland 4 SWC-IBTS Q4, IE-IGFS 1990- 2288 5923

Irish Sea 1 NIGFS Q1, IE-IGFS, SWC-IBTS Q1 1996- 999 4540

Irish Sea 4 NIGFS Q4, SWC-IBTS Q4 1997- 932 1903

Celtic Sea 4 IE-IGFS, EVHOE, SWC-IBTS Q4 1990- 3142 3324

West of Ireland 3 SP-PORC 2001- 947 75

West of Ireland 4 IE-IGFS 2003- 818 165

Note: Quarter refers to a 3-month period of the year, i.e. January–March is quarter 1.

Abbreviations: EVHOE, French Southern Atlantic Bottom Trawl Survey; IE-IGFS, Irish Groundfish Survey; NIGFS, Northern Irish Groundfish Survey; SP-

PORC, Spanish Porcupine Bottom Trawl Survey; Q1, quarter 1; Q4, quarter 4; SWC-IBTS, Scottish West Coast International Bottom Trawl Survey.
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F IGURE 2 Maps of the Celtic Seas showing the interpolated cod density (kg/nmi2) in 2-year intervals from 1997 to 2021 in quarter 4. The
color scale ranges from 0 to over 5930 kg/nmi2.
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coordinated international fishing trawl surveys, data that are freely

available from the online database DATRAS (https://datras.ices.dk).

3 | RESULTS

3.1 | Cod distributions

Within the Irish Sea and Celtic Sea, cod densities decreased over time

and were limited to smaller areas (Figure 2). The complete time series

of maps 1985:2021 for Q1 and Q4 are given in Figures S1 and S2.

High densities of cod were typically found off the southern Irish coast

in the Celtic Sea (51�N, 8�W) and off the eastern Irish coast in the

Irish Sea (53�N, 6�W). Aggregations of cod densities in the West of

Scotland were spatially consistent in the time series but were increas-

ingly concentrated at high densities at its northeastern boundary from

2015. The density of cod at the Irish Sea's management boundaries

decreased over time, with lower densities across the Irish Sea's north-

ern and southern borders after 2015. Cod in the Celtic Sea were

increasingly separate from the Irish Sea, with higher densities drifting

west to its center since 2014.

3.2 | Centers of gravity

In the West of Scotland, CGs of recent years shifted further north and

east, particularly in Q1 (Figure 3). The cod CGs in the Irish Sea differed

between quarters: in Q1 CGs were clustered on the Isle of Man, with

the most recent CGs towards the southwest, while the CGs in Q3 and

Q4 had a greater vertical spread extending below the Isle of Man,

with more recent Q4 CGs in the south. The Celtic Sea CGs were cen-

trally clustered at the boundaries of 7.g, 7.h, and 7.f, with the most

recent CGs to the west. In 7.j there were five CGs further west than

the remainder, which was due to uneven survey coverage of the

Celtic Sea in those divisions. These points were removed when exam-

ining CG trends.

3.3 | GIC and LIC scores of adult and juvenile
distributions

The GIC and LIC scores between adult and juvenile cod distributions

showed no trend over time, except for Irish Sea Q4 in which LIC

decreased significantly over time (linear regression, at a rate of 0.02

(±0.008) per year, R2 = 0.21, p < 0.05, F(1,18) = 6.05). Mean GIC

scores ranged higher than LIC (Table 3), and both statistics were high-

est in the West of Scotland and Irish Sea Q1 and lowest in the

Celtic Sea.

3.4 | CG trends over time

The West of Scotland stock significantly increased in latitude and lon-

gitude over time in both quarters (Figure 4), indicating that the distri-

bution of cod there moved north and east, towards the North Sea.

The Celtic Sea CGs significantly shifted west with a noticeable shift of

1�W occurring after 2013. CGs in the Irish Sea showed a southwest-

ern shift, with significant decreases in longitude and latitude over time

(Figure 4). The results for CG trends with adult and juvenile cod sepa-

rate are presented in Figures S5–S9, showing equivalent trends to

those of all cod combined described here.

The unweighted survey CGs demonstrate to what extent shifts in

cod distributions were caused by changes in the distribution of trawl

stations (Figure S4). These were relatively constant over time, except

for some 1� deviations in the Q4 West of Scotland surveys around

1994 and 2010. The northeastern shifts in West of Scotland cod and

western shifts in Irish Sea and Celtic Sea cod occurred while their

unweighted lines were relatively constant. In contrast, the southern

shift of Irish Sea cod follows the southern shift in the unweighted CG.

Only West of Scotland Q4 showed a relationship between time

and the mean weighted depths of the center of gravity, with an

increase of 0.86 m (± 0.416) per year (linear regression R2 = 0.126,

F = 4.32, df = 1,30, p < 0.05). The remaining areas and quarters

remained at consistent mean weighted depths throughout the time

series. Celtic Sea Q4 and West of Scotland Q1 had mean weighted

depths around 100 m, and both Irish Sea quarters were consistently

shallower, around 50 m (Figure 5). The West of Scotland shows the

widest range in mean weighted depth (�60–190 m), followed by the

Irish Sea (�30–100 m), with the Celtic Sea having the narrowest range

(�90–120 m).

TABLE 2 Descriptions of applied spatial statistics taken from
Petitgas et al. (2017)

Spatial statistic Description

Centre of gravity The mean position of individuals within a

population. Estimated from the summation of

sample values zi, weighted by areas of

influence si at locations xi

Inertia The mean square distance of an individual to the

CG, i.e. the variance of the CG

Area of influence The area surrounding a sample location that lies

closer to it than other samples

Positive area The area occupied by all non-zero fish densities,

calculated from the summation of the areas of

influence around the samples

Equivalent area The area occupied by the population if all

individuals were distributed with equal

density, ranging from 0 to the positive area

Global Index of

Collocation

A measure of the spatial overlap between two

populations, estimated from their inertia and

difference in CGs. It ranges from 0 (no overlap)

to 1 (complete overlap)

Local Index of

Collocation

The co-occurrence of observations from two

populations at the same locations. It ranges

from 0 to 1 from zero to complete overlap in

observations

Abbreviation: CG, center of gravity.
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Both Irish Sea quarters showed significant increases in mean

weighted bottom temperature at the centers of gravity over time,

increasing at a rate of 0.023�C (±0.0103�C) per year in Q1

(R2 = 0.173, F = 4.826, df = 1,23, p < 0.05) and 0.022�C (±0.009�C)

per year in Q4 (R2 = 0.218, F = 5.578, df = 1,20, p < 0.05). This rep-

resents an increase across 1997–2021 of +0.53�C from 11.83 to

12.36�C in Q1 and +0.57�C from 7.29 to 7.86�C in Q4. In the Celtic

Sea and West of Scotland there were no evident trends, ranging

between 10 and 12�C in Q1 and 7–9�C in Q4 (Figure 5).

In the West of Scotland, the equivalent area of the stock signifi-

cantly decreased over time in both quarters, decreasing from 17,000

to 7000 nmi2 from 1985 to 2021 (Figure 6). There was no trend in the

Celtic Sea and Irish Sea during Q1, with the long-term mean being

around 1000 and 4000 nmi2 respectively. For Irish Sea during Q4, the

equivalent area decreased significantly from 4000 to 2000 nmi2.

4 | DISCUSSION

The distribution maps and center of gravity analyses suggest that

there was no clear evidence of shifts in the distribution of the Irish

Sea and Celtic Sea cod stocks away from their management areas.

However, the distribution of the West of Scotland cod stock moved

to the northeast, with high densities occurring along the border with

the North Sea stock in recent years. There appears to have been a

westerly shift in Celtic Sea cod between 2013 and 2014, with subse-

quent years having centers of gravity and density hotpots positioned

towards the boundaries of 7.g, 7.h, and 7.h (Figure 2). The Irish Sea

cod stock has also shifted slightly west, but the southern shift in distri-

bution is less convincing due to changes in the distribution of the

trawl stations over time. The Irish Sea and Celtic Sea CGs typically fol-

low the latitudes of the unweighted CGs, while their shifts west in

longitude occur over relatively constant unweighted longitudes, which

is evidence of a directional shift in distribution. This shows that a

southern shift of Irish Sea cod is less evident but does provide support

F IGURE 3 Maps of the western
British Isles showing the positions of
the centers of gravity as points over
time for the West of Scotland (6.a),
Irish Sea (7.a) and Celtic Sea (7.f-j) for
quarter 1 (a) and quarter 4 (b). Points
are colored according to year, from
purple to yellow.

TABLE 3 Mean and standard error of Global Index of Collocation
(GIC) and Local Index of Collocation (LIC) scores between adult and

juvenile distributions.

Sea Quarter GIC LIC

West of Scotland 1 0.82 ± 0.029 0.53 ± 0.043

4 0.82 ± 0.024 0.40 ± 0.045

Irish Sea 1 0.86 ± 0.025 0.40 ± 0.045

4 0.72 ± 0.049 0.34 ± 0.070

Celtic Sea 4 0.66 ± 0.037 0.25 ± 0.035

Note: Quarter refers to a 3-month period of the year, i.e. January–March

is quarter 1.
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for the western shift of both stocks within their management areas.

The deviation from unweighted CGs is particularly evident in the

West of Scotland CGs, which increased in latitude from 2005 while

the unweighted CGs were relatively constant. This provides more

confidence for the evident northeastern shift in the center of gravity

of the West of Scotland cod.

The findings for the Irish Sea and West of Scotland follow the

same directional trends as suggested by Baudron et al. (2020), who

found northeastern shifts for cod from the SWC-IBTS, and a south-

western shift of cod from the NIGFS. However, our findings differ

due to our collation of surveys for calculating indices by stock area

(Irish Sea, Celtic Sea, and West of Scotland). This is comparable for

the Irish Sea and West of Scotland due to the NIGFS and SWC-IBTS

being relatively equivalent to our defined stock areas. For the Celtic

Sea, a western shift was reported in Baudron et al. (2020) which

found southwestern and southeastern shifts from the IE-IGFS and

EVHOE. However, the IE-IGFS coverage extends across the west of

Ireland to the west of Scotland so the trends are less comparable,

although the western shift has been identified here. Our findings also

differ in that we present yearly changes in CG that produce the

overall trends and show to what extent CG shifts are due to shifts in

survey distribution. This has allowed for an assessment of more likely

distribution shifts at a finer temporal scale.

In the West of Scotland there tends to be at least two distinct

hotspots of cod, one towards its southeastern boundary with the Irish

Sea, and another towards its northeastern boundary with the North

Sea. This reflects that there is thought to be at least two or three sub-

populations of cod in the West of Scotland divided primarily into off-

shore and inshore groupings, with an additional Clyde subpopulation

(ICES, 2021b, 2022i). The northern offshore distribution of cod has

typically had higher densities than the southern onshore distribution,

with the difference widening over the last 10 years as the stock distri-

bution has shifted (Figure 2). This suggests that the change in distribu-

tion is linked to the differing population dynamics of the northern and

southern ends of the West of Scotland cod distribution. Individuals

may not have moved northeast, but the higher densities of northern

cod have shifted the center of gravity northeast.

These high cod densities towards the northeast also suggest that

the cod distribution is increasingly linked to the cod stock in the North

Sea. This is supported by density maps including the northern region

of the North Sea (4.a), which show that since 2008 there has been fre-

quent spill-over of high cod densities around the 4� longitude man-

agement boundary with the West of Scotland (Figure S3). This also

explains the northeastern CG shifts in the West of Scotland, as the

CGs are influenced by these high-density areas around the 4� border.

These results suggest that northerly cod in the West of Scotland may

F IGURE 4 Plots showing the longitude (top) and latitude (bottom) of centers of gravity (CGs) over time for the West of Scotland (left), Celtic
Sea (center), and Irish Sea (right). Points are open black circles for quarter 1 (Q1) and filled gray circles for quarter 4 (Q4). A solid line indicates a
significant relationship of CG latitude/longitude � year.
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be an extension of cod in area 4.a rather than a component of 6.a.

This has been considered in recent discussions on stock identity in the

region and led to the recommendation to include West of Scotland

cod in the North Sea assessments as of 2023 (ICES, 2023a). In addi-

tion, the inshore and offshore stocks show high genetic affinity with

cod across the North Sea and are distinct to those in the Firth of

Clyde, which are more closely linked to cod in the Irish Sea and Celtic

Sea (Heath et al., 2014; Wright, 2012). Historic tagging data has

shown movements of northern West of Scotland cod across 4�

towards Shetland and Moray, and recent spatial distribution has sug-

gested a shift of older North Sea cod to the West of Scotland

(ICES, 2020; Wright et al., 2006). This genetic and telemetry evidence

demonstrates that the two regions are highly connected, which fur-

ther explains the northeastern shift of West of Scotland cod observed

here. However, the evidence discussed here cannot not determine

whether these northern cod in West of Scotland are a recovering sub-

population that has shifted northeast or has shifted westwards from

the North Sea.

The distribution of cod around the border between the Irish Sea

and Celtic Sea looks to have decreased over time, with the higher

densities tending to be more centrally distributed within their stock

areas from 2015. This suggests that the distribution of cod between

the two areas is less contiguous than in previous years, which could

be due to the changes in their spatial range. Although the estimated

equivalent area was highly varied over time (Figure 6), the decreasing

trends in the Irish Sea and West of Scotland demonstrate that the

stocks are increasingly found in smaller areas. In the Celtic Sea, where

the trend was not significant, the equivalent area remains noticeable

lower within the last 5 years compared to the series average

(Figure 6). Alongside the lack of lateral shifts in the center of gravity,

these findings suggest that there is reduced mixing between the Irish

Sea and Celtic Sea cod at the population level. This appears to con-

trast with current suggestions to merge the Irish Sea and Celtic Sea

cod stocks based on their genetic similarity and tagging studies that

show movement across the management boundary (Heath

et al., 2014; Lundy et al., 2022; Neat et al., 2014). However, Irish Sea

and Celtic Sea cod may yet be a single stock but are two subpopula-

tions that remain connected by individuals moving between them.

Further studies into the stock identity of cod in the Irish Sea and

Celtic Sea will provide greater information on their connectivity.

Across the Celtic Seas, sea temperature does not always trend

with latitude due to the variation in bathymetry, for example the Irish

Sea is shallower and thus warmer than the more oceanic Celtic Sea.

We have therefore presented the mean weighted depths of each cod

stock alongside their CG latitudes. It is expected that with rising sea

temperatures, cod and other demersal fish will shift towards northern

F IGURE 5 Plots showing the mean weighted depth in meters (top) and mean weighted bottom temperature in degrees Celsius (bottom) of
centers of gravity over time for the West of Scotland (left), Celtic Sea (center), and Irish Sea (right). Points are open black circles for quarter
1 (Q1) and filled gray circles for quarter 4 (Q4). A solid line indicates a significant relationship of mean weighted depth/bottom
temperature � year.
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and deeper waters (Brander et al., 2003; Nye et al., 2009; Perry

et al., 2005; Rose, 2005), as observed in the North Sea (Dulvy

et al., 2008; Engelhard et al., 2014). However, this was not evident

here for cod in the Celtic Seas which have not shifted into deeper

waters. Although cod in the West of Scotland have shifted north-

wards, their mean weighted depths have decreased over time

(Figure 5). If increased temperatures have influenced this distribution

shift it appears that the stock has tracked residency to their preferred

temperatures as their mean weighted bottom temperature has stayed

consistent over the time series (Figure 5). This may also be the case

for Celtic Sea cod with their western shift, which showed no changes

in mean weighted depth or bottom temperature over time (Figure 5).

The Irish Sea presents a different case as it showed no changes in

mean weighted depth but increases in both quarters of mean

weighted bottom temperature (Figure 5), which were equivalent to

increases over 0.5�C from 1997 to 2021. These increases occurred

while there was no trend in the mean (unweighted) temperatures at

the trawl stations (Figure S10), which might indicate that cod in the

Irish Sea are increasingly found in warmer waters within the stock

area than the average rate of warming for the area.

However, the lack of increasing temperature trends is unsurpris-

ing given the limited change in bottom temperature seen in the Celtic

Seas over the period of this study as mean annual bottom tempera-

ture in both quarters has trended lower since 2005 (Figure S11). A

similar trend is evident in Ikpewe et al. (2021), which presents sea bot-

tom temperature in the West of Scotland between 1985 and 2016,

where bottom temperature increased between 1994 and 2005 but

then declined until 2015. SSTs in the Celtic Seas have also trended

lower since 2008 (ICES, 2022f), although mean decadal SST increased

0.1–0.25�C per decade across the region from 1982 to 2021 (Cornes

et al., 2023). This demonstrates the limited scope of this study to ana-

lyze the effects of temperature on the distribution of Celtic Sea cod

as sea temperature changed little over the period of the trawl surveys

(1997–2021). An updated reanalysis of this dataset in future may

allow for a greater exploration of temperature impacts on cod distri-

butions as temperatures rise with climate projections (Cornes

et al., 2023).

From the spatial statistics analyzed here, the patterns of cod dis-

tributions in the Celtic Seas over time do not provide further explana-

tions for the continued decline of these stocks. The decreasing trends

of the equivalent area demonstrate that their ranges are shrinking,

which is in line with density-dependent spatial occupation (Atkinson

et al., 1997), but this is not associated with notable outward distribu-

tion shifts. The West of Scotland cod are the exception, where the

stock recovery for the area may be impaired by a distribution shift

into the North Sea. Although the North Sea cod stock has not recov-

ered either, higher biomass trends since 2010 in the northwest North

Sea suggest some localized rebuilding may be occurring (ICES, 2020,

2022d). The recent high densities of cod in the northern West of

Scotland and overlap across the 4� boundary demonstrates that these

connected subpopulations of cod are in a better state than their

southern components.

Another hindrance to the recovery of cod stocks in the Celtic

Seas may be the impact of predation by seals. In the West of Scotland,

predation by gray seals (Halichoerus grypus) is estimated to be an

important component of mortality on cod (Cook et al., 2015). Dietary

studies of gray seals in 2002 and 2010 estimated consumption of cod

in the West of Scotland to be 8824 and 7632 t, equivalent to 77%

and 181% of estimates of total stock biomass (Hammond &

Wilson, 2016). Although West of Scotland gray seal population

growth has been stable since the mid-1990s, with around 15,000

pups born each year (Russell et al., 2019), their predation rates on cod

have been found to increase with declining cod biomass. Therefore,

despite not increasing in size, the current gray seal population has

likely impaired the recovery of West of Scotland following its collapse

under fishing pressure (Cook & Trijoulet, 2016). However, this

F IGURE 6 Plots showing the equivalent area (nmi2) over time for the West of Scotland (WoS, left), Celtic Sea (center), and Irish Sea (right).

Points are open black circles for quarter 1 (Q1) and filled gray circles for quarter 4 (Q4). A solid line indicates a significant relationship of
equivalent area � year.
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negative relationship between seal predation and cod biomass sug-

gests that if cod biomass recovers from reduced fishing pressure, the

impact of seal predation will be lower. Therefore, unless cod biomass

continues to decline, mortalities from seal predation should not put

the cod stock at further risk.

As gray seals are also common throughout Irish waters (Russell

et al., 2017) and cod are prevalent in their diet across the UK (Brown

et al., 2012), predation by gray seals could have similarly been impair-

ing the recovery of Irish and Celtic Sea stocks following their col-

lapses. However, the gray seal population in Irish waters is less than

5% of the UK population and tagged gray seals have been shown to

have low spatial overlap with the offshore whitefish fishery in the

Celtic Sea (Cronin et al., 2014, 2016), so their impact may be lower.

Moreover, predation by gray seals and harbor seals (Phoca vitulina

vitulina) on the southwest Celtic Sea trawl fisheries was found to have

negligible impacts on the SSB of commercial fishes, including cod,

compared to fishing pressure (Houle et al., 2016). Therefore, seal pre-

dation likely may have a weaker influence on the recovery of cod in

the Irish Sea and Celtic Sea than in the West of Scotland.

As zero catch is advised for cod in the Celtic Seas, bycatch in

mixed fisheries remains the sole fishing pressure on the stocks

(ICES, 2022h). In the West of Scotland, 90% of cod landings come

from finfish fisheries, with less than 1% landed by Nephrops fisheries,

whereas in the Irish Sea the finfish and Nephrops fisheries contribu-

tions to cod landings are more equivalent at 33% and 37% to cod

landings (, 2022a; ICES, 2022b). However, landings do not reflect true

catches as the Nephrops fleet can discard large amounts of cod and

discard estimates are very imprecise, particularly for the Nephrops

fleet (Fernandes et al., 2011). Without reducing catch limits for mixed

fisheries, cod landings are typically minimized through technical mea-

sures to improve the selectivity of fishing gear (Catchpole &

Revill, 2008; Kennelly & Broadhurst, 2021; O'Neill & Mutch, 2017),

although these are ineffective (EFCA, 2019) and uptake of new gear

designs by fishers can be poor (Calderwood et al., 2021; Eayrs &

Pol, 2019). Catch avoidance is also achieved through spatial and tem-

poral closures of fishing grounds in the Celtic Seas (ICES, 2022h), but

also through voluntary avoidance by fishers (Calderwood et al., 2021),

although due to the burrowing behavior of Nephrops norvegicus in

muddy subsrate, Nephrops fishing grounds are more spatially

restricted so fishing options are more limited (Johnson et al., 2013).

However, despite landing and bycatch reductions SSB outlooks

remain poor for the Celtic Seas cod stocks, which suggests that cur-

rent catches are too high to promote stock recovery.

Despite the decline of the Celtic Seas cod stocks since the 1980s,

this study shows that there has been little change in their distributions

that may explain this. West of Scotland cod are shifting distribution

northwards, which supports the revised stock definition with northern

North Sea cod. The Irish Sea and Celtic Sea cod stocks are neither

shifting northwards nor into deeper waters, suggesting that they are

maintaining residency within the defined stock areas. It is possible

that warming is not yet limiting their distribution, but this may soon

change as spawning season temperatures approach the thermal limit

for reproduction (Kjesbu et al., 2023). This highlights the need for

further research to understand the causes of the distribution changes

described here for Celtic Seas cod. Nonetheless, it remains evident

that high fishing pressure, despite restrictions, is the main factor

impairing recovery of cod stocks in the Celtic Seas.
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