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A B S T R A C T   

The ocean is increasingly used for industry, energy and recreation or protected for conservation, resulting in 
increasing spatial restrictions for fisheries. Simultaneously, producing seafood with a low climate footprint is 
becoming increasingly important. Despite this, the effects of spatial restrictions on the emissions of fishing fleets 
are poorly known. In the Northeast Atlantic, the withdrawal of the United Kingdom from the EU (Brexit) meant 
that the UK regained autonomy in its Exclusive Economic Zone (EEZ). This suddenly imposed a spatial restriction 
for several foreign fishing fleets targeting Northeast Atlantic mackerel (Scomber scombrus). Here, we use this 
natural experiment and open fisheries data to investigate how Brexit affected the performance and emissions of 
the Norwegian mackerel fishery. As the fleet was excluded from fishing grounds in the UK, the catch per fishing 
trip almost halved, while the number of trips per vessel doubled. As a result, fuel use intensity (FUI) more than 
doubled from ~0.08 to ~0.18 L fuel per kg mackerel. We estimate that this shift required an additional 23 
million liters of fuel per year, causing additional fuel costs of ~€18 million annually and emitting an additional 
~72,000 tonnes CO2 per year. The policy change undid ~15 years of improved fuel efficiency in Norwegian 
pelagic fisheries. These findings provide rare empirical evidence on how spatial restrictions can undermine 
progress towards decreasing greenhouse gas emissions in fisheries, highlighting the need to monitor and account 
for emissions in fisheries management and consider these trade-offs in marine spatial management.   

1. Introduction 

Spatial restrictions of capture fisheries are becoming increasingly 
common, both as a tool for improving fisheries sustainability and as an 
effect of the intensifying competition for ocean space. Marine protected 
areas (MPAs) are being implemented as a complementary tool to con
ventional fisheries management, with a recent target set to 30% MPA 
cover by 2030 to address overfishing and biodiversity decline [1]. 
Simultaneously, energy production, mineral mining, and aquaculture 
are expanding into the ocean, adding to other growing activities like 
shipping and recreation [2]. Emerging extractive and use interests in the 
sea are also shaping the evolution of national and international ocean 
jurisdiction [3]. This race for ocean space means that the potential 
displacement of fishing from historical fishing grounds is becoming an 
increasingly important issue (e.g. [4]). Overall, the new spatial ar
rangements for marine sectors bring yet unknown net effects to the 

sustainable use of marine space. 
While new marine spatial restrictions are emerging, producing 

nutritious food with low greenhouse gas emissions is a core sustain
ability challenge. Global demand for seafood is projected to double by 
2050 [5], while emissions must reach net zero in 2050 to reach the 1.5 
◦C target of the Paris Agreement. Marine fisheries emit 180 million 
tonnes of CO2 equivalents annually – mainly from their fossil fuel use [6] 
– but wild-caught seafood can have both low emissions and high 
nutritional value [7]. Fisheries for small pelagic species are particularly 
fuel efficient, typically with a carbon footprint of one tenth of other 
fisheries [6,8,9]. This efficiency is attributable to their high productiv
ity, schooling behavior, and pelagic niche. But since the spatial biology 
and behavior of a fish stock determine where the fish can be caught most 
efficiently, spatial restrictions of fishing fleets may limit fisheries from 
acting optimally [10]. This could have a significant impact on a fishery’s 
performance and in turn on its carbon footprint. 
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Despite these growing concerns, empirical studies that demonstrate 
causal effects of spatial restrictions on fisheries outcomes are scarce 
[10–12]. Theoretical scenario analyses indeed indicate that spatial 
management decisions can impact seafood sustainability [13], but 
controlled experiments at the necessary scale are complicated to 
perform. In real-world settings, the mobility of species and fishing fleets 
often make it difficult to isolate cause and effects [11]. In addition, 
despite the importance of reducing CO2 emissions, emissions are 
generally not tracked and regulated in current fisheries management. 
This hinders evaluating the impact of spatial closures on emissions. 

To overcome these challenges and begin to quantify the potential 
scale of these effects with empirical data, this study makes use of a real- 
world spatial restriction experiment. The withdrawal of the UK from the 
European Union, “Brexit”, meant that the UK no longer was bound to the 
access agreements for third countries in the Common Fisheries Policy 
[14]. Consequently, the Norwegian mackerel fishing fleet lost access to 
UK waters for the 2021 and 2022 fishing seasons. Northeast Atlantic 
(NEA) mackerel is a transboundary pelagic stock that supports one of the 
most important fisheries in the Atlantic, with catches averaging ~1 
million tonnes yr− 1 (~1% of the annual global marine fish catches) in 
the last decade. Norway and the UK catch the largest shares of about 
20% each [15]. The area restrictions imposed under Brexit create a rare 
opportunity to better understand how spatial restrictions and fishing 
fleet displacement affects a pelagic fishing fleet. Here, we used openly 
available sales slip, logbook, and vessel monitoring system (VMS) data 
(https://www.fiskeridir.no/Tall-og-analyse/AApne-data) to investigate 
how Brexit influenced the behavior (spatial distribution, gear type) and 
performance (trip numbers, catch size and quality) of the Norwegian 
mackerel fleet, and to quantify the effect on the fleet’s CO2 emissions. 
We also evaluate alternative potential drivers of change. 

2. Materials and methods 

Open-access logbook, VMS, and sales slip data [16] from 2014 to 
2022 were used to assess multiple performance indicators in the Nor
wegian mackerel fishery. The VMS and logbook data sets were combined 
to estimate fuel use intensity (FUI; liters of fuel used per kg mackerel 
landed), while sales slip data was used to calculate other performance 
indicators (number of trips, catch size, catch month and gear used). 
Previous studies have used reported fuel consumption data to estimate 
FUI in Norwegian fisheries [17–19], but such data are not yet available 
for the two complete years with post-Brexit mackerel regulations to date 
(2021–2022). Therefore, we estimated FUI from logbook and VMS data 
in line with the methodology in Sala et al. [20] and Coello et al. [21]. We 
only included the vessel size group “≥28 m” in the analysis since small 
vessels that fish along the Norwegian coast are unlikely to be directly 
impacted by the access restrictions to the UK EEZ, and vessels <28 m 
catch only <13% of Norwegian mackerel catches (Fig. S1). Performance 
indicators were aggregated by trip, vessel, year, or period (pre-Brexit =
2014–2020, post-Brexit = 2021–2022) depending on purpose. Data 
analysis was performed in RStudio (Posit team, 2023). One-sided 
(larger/smaller) Wilcoxon rank sum tests were used to test differences 
between years. The code for analyses and the processed data sets are 
available in the zenodo repository https://doi.org/10.5281/zenodo. 
8406422. 

2.1. Identifying mackerel fishing trips in logbook and VMS data 

Logbook information is electronically reported by fishers to the 
Norwegian Directorate of Fisheries and covers four different types of 
logbook messages. Departure messages (DEP) report the time and 
location of departure; detailed catch and activity messages (DCA) report 
fishing and steaming activity; arrival messages (POR) report time and 
location of arrival to port; and transshipment messages (TRA) report 
transshipment of catch. We collected all types of logbook messages and 
sorted them by message number to identify individual trips. Vessels 

were identified by their radio call signal. We assumed that each new 
departure message of a given vessel indicated the beginning of a new 
trip. For each vessel and year, all consecutive messages after one de
parture message until the next departure message were assigned the 
same trip ID. 

The time span of each trip (from departure time to last arrival time) 
in the logbook was used to match a logbook trip with the VMS data, thus 
removing idle or non-fishing transportation time from the VMS data set. 
VMS observations that fell just outside of the time span of a trip were 
included in the analysis if they were closer to the start (or end) time of 
the trip than to the previous (or subsequent) VMS observation. Logbook 
trips that had no corresponding VMS observations were excluded from 
the analysis. 

Mackerel trips were then identified using the “main species” (in 
catch and activity messages) and “target species” (in departure mes
sages) indicators in the logbook. All trips with mackerel as main species 
in the catch were included, as well as trips that stated mackerel as target 
species but that caught nothing. Thus, all trips where mackerel was by- 
catch (minor species) were excluded. Trips undertaken for research 
purposes were detected and removed from the data set using the “Ac
tivity” categories and landing sites from the logbook data, and infor
mation about research cruises ([22]; A. Slotte, personal communication 
2023). Further details on the number of trips, trip lengths and number of 
VMS points by trip are shown in Figs. S2, S3, and Table S1, respectively. 

2.2. Fuel use intensity 

Fuel use intensity was estimated at the trip level by estimating the 
fuel consumption of each mackerel trip and dividing it by its mackerel 
catch. We also calculated total annual FUI by summing the fuel con
sumption of each year and dividing it with the annual mackerel catch. 
Fuel consumption, FC [g], was estimated using a similar approach as in 
Sala et al. [20] and Coello et al. [21] and references therein, where FC in 
a mackerel fishing trip i, is 

FCi =
∑jend,i

jstart,i

Pi × SFC × LFi,j × Ti,j 

T is the time span [hours] associated with each VMS position (data 
row), j, in a trip, and FC was calculated by summing over all positions in 
a mackerel fishing trip. Engine power of the vessel in that trip, P [kW], 
was taken from the logbook and VMS data. Specific fuel consumption, 
SFC, was assumed to be 250 [g kWh− 1] for Norway [20]. The load factor 
LF, which represents the fraction of maximum engine power used, was 
calculated for each VMS position, j, as 

LFi,j =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Lmax ×

(
vi,j
di

)3

+
Lmin

Lmax − Lmin

1 +
Lmin

Lmax − Lmin

0.75 when towing gear  

where v is the instantaneous speed of the vessel as given in the VMS data, 
and Lmin = 0.2 and Lmax = 0.9, respectively, are the minimum load when 
idling and maximum load assumed when a vessel operates at design 
speed d [knots]. To reflect the higher fuel consumption when towing 
gear, LF was set to 0.75 in time intervals when a vessel signalled fishing 
with any type of trawl [21]. The design speed is calculated from the 
empirical formula from Sala et al. [20] 

di = 10.4818 + 1.2 × 10− 3Pi − 3.84 × 10− 8P2
i 

We used linear interpolation to fill the gaps in the fuel consumption 
estimates that stemmed from missing instantaneous speeds in the VMS 
data (< 0.2% of data points). 

When estimating the fuel use intensity (FUI; [L kg− 1]) of a trip, fuel 
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associated with non-mackerel bycatch was removed by weighting the FC 
in each trip with the ratio of mackerel catch, Cmac,i, to total catch, Ctot,i. 
Simplifying reduces the calculation as in equation 4. We used the density 
of marine diesel (MDO; 0.8691 g cm− 3) for conversion from mass to 
volume. 

FUImac,i =
FCtot,i

Cmac,i
Ctot,i

Cmac,i
×

1
0.8691 × 1000

=
FCtot,i

Ctot,i
×

1
0.8691 × 1000 

For Fig. 1g, we calculated the mean FUI of each vessel in each year 
(blue or red dots), as well as the median FUI across vessels (open black 
circles). For calculation of the total annual FUI of mackerel, we similarly 
summed the fuel consumption of all trips in each year and divided with 
the total annual catch, resulting in the numbers (pre- and post-Brexit 
averages) presented as black horizontal lines in Fig. 1g. In total, FUI 
estimates were made for n = 7206 mackerel trips, comprising between 
113 and 124 vessels each year, out of which 52 vessels had FUI estimates 
in all nine years 2014–2022 (Table S1, Fig. S4). 

The estimates of fuel consumption hinge on models, with uncertainty 
about the true values of SFC, Lmin, Lmax, and d. For our purposes, this 
approach provides a realistic and consistent estimate of FUI that is 
comparable over the relatively short time span covered. We underline, 
however, that although the values agree well with the range of FUIs 
estimated in other studies (Fig. 1g), the FUI estimates in this study are 
not intended to replace FUI derived from collected and specific fuel 
consumption data (e.g. [17]; [19]). 

2.3. Other performance indicators 

Other performance indicators (trip numbers, catch size, catch month, 
and gear used), were derived from sales slip data 2014–2022. The data 
set was filtered with equivalent criteria as in the FUI analysis. Here, trips 
were defined as observations (rows) from the same vessel with identical 
“Last catch date”, which specified the last fishing day in a trip. Trips 
targeting mackerel were identified by summing the catch by species in 
each trip, retaining in the analysis only trips where mackerel made up 
more than 50% of the total catch. Trips for research purposes were 
removed (Table S2). The final filtered sales slip data set consisted of 
n = 5830 mackerel trips. The smaller sample size compared with the FUI 
sample size is explained mainly by the fact that 1184 of the trips in the 
VMS and logbook data caught nothing, thus not generating sales slips. 
The sales slip data set included between 111 and 130 vessels per year 
(Table S1), with 51 vessels having data from all nine years (Fig. S5). The 
total annual mackerel catches in the filtered sales slip data set were 
between 90% and 100% of the annual mackerel catches in the VMS and 
logbook data depending on the year (Table S1), implying that inferences 
can be drawn across the data sets. 

As an alternative measure, we estimated the catch per unit effort 
(CPUE; tonnes per day) of each trip from the catch, and trip duration in 
the logbook data. To calculate CPUE by area, polygons for the Norwe
gian and British EEZ from the R “terra” package were used in combi
nation with the catch location specified in the logbook. 

2.4. Impacts on costs and emissions 

To assess the impacts of the increased FUI in the Norwegian mackerel 
fishery after Brexit, we estimated the additional annual fuel costs and 
emissions associated with the increased FUI. Additional annual fuel 
consumption, FCadd, was calculated as 

FCadd = ΔFUI × Cmac  

Where ΔFUI = FUIpost-Brexit – FUIpre-Brexit and Cmac is the average annual 
mackerel catch after Brexit. We assumed a fuel price range of €0.5 - 
€1.0 L− 1 [23] to estimate the upper and lower bound of the additional 
fuel costs, and used a conversion factor of 3.17 from L fuel to kg CO2 
equivalents [24]. For comparison with within-Europe air flights, we 

assumed a CO2 emission of 106 kg per return trip between Amsterdam 
Schiphol and London Heathrow airport [25]. 

2.5. Testing alternative drivers of fuels use intensity 

To infer a causal link to Brexit, we evaluated whether alternative 
drivers of FUI had recently changed in this fishery. Other studies have 
found that FUI is lower when fish stock biomass is high (the fish are easy 
to find and catch) or when the total catches are high (the fishery can 
operate efficiently) [17,26,27]. FUI has also been found to correlate 
negatively with fuel price, quota size, and technology level, and posi
tively with fish price [17,26]. We therefore tested the correlation be
tween our total annual FUI and 1) spawning stock biomass of mackerel 
[15], 2) total annual mackerel catch (from sales slips), 3) the sum of 
unilateral quotas (there has not been an agreement on total allowable 
catch since 2008; [15], 4) fuel price [28], and 5) mackerel price (from 
sales slips), using linear regression. Data on the technology level was 
lacking but we find it very unlikely that there was a sudden drop in the 
technology level of the Norwegian mackerel fleet in 2021 and 2022. 

3. Results 

The Norwegian mackerel fishing fleet clearly shifted its spatial dis
tribution after Brexit. VMS vessel trajectories (colored lines) and 
mackerel catches (circles) in Fig. 1a-b show how the ocean-going fleet 
(≥28 m) followed the clockwise migration of mackerel from their 
foraging areas in the Norwegian Sea, south along the Norwegian coast. 
While the fleet continued into British waters during September- 
November in 2014–2020, it never entered the UK’s EEZ due to lack of 
rights after Brexit (2021–2022). As a result, the fleet fished closer to 
home and in a smaller area. The few catches shown within the UK zone 
after Brexit appear there due to the coarse reporting resolution in the 
sales slip data. Note how the winter fishery north of Scotland in 
December-January also ceased for Norwegian vessels after Brexit 
(Fig. 1b, e). 

The sales slips reveal how the exclusion from the British EEZ has 
affected multiple performance indicators for the Norwegian mackerel 
fleet (Fig. 1c-f; Table S1). The average catch per trip almost halved, from 
290 tonnes per trip pre-Brexit to 160 tonnes post-Brexit (Fig. 1c). 
Concomitantly, the average number of trips per vessel and year 
approximately doubled from 4 trips to 10 trips per vessel (Fig. 1d). Small 
catches also made up a larger fraction of the total catch (Fig. 1c; Fig. S6). 
Together, the increased trip number and reduced catch per trip 
demonstrate that more effort was required to catch a given amount of 
mackerel. 

The fishing season shifted earlier in the fall after Brexit, with most 
catches occurring in August-September, compared to September- 
October as was normal before Brexit (Fig. 1e). Norwegian vessels also 
prolonged the season, and fished more in November, but stopped fishing 
north of Scotland in December-January. After Brexit, a larger fraction of 
the catch was taken with pelagic trawl, instead of purse seine (Fig. 1f). 
Purse seine requires less engine power but is only efficient when fish are 
in dense schools, while pelagic trawl requires more engine power but is 
more efficient when fish are more dispersed [29]. We note that the 
Norwegian mackerel quota increased substantially in 2021 and 2022 
[30,31]. Consequently, the total annual mackerel catch of the Norwe
gian fleet (≥ 28 m) increased from an average of 170 000 tonnes yr− 1 

before Brexit (2014–2020) to an average of 240 000 tonnes yr− 1 after 
Brexit (2021-2022; Table S1). 

The lowered performance of the Norwegian mackerel fishery from 
the sales slip data is mirrored in the fuel use intensity (FUI) estimated 
from the VMS and logbook data. Total annual FUI approximately 
doubled from an average of 0.083 L kg− 1 before, to 0.178 L kg− 1 after 
Brexit (Fig. 1g; Table S1). In Fig. S7, the whole range of FUI values is 
shown together with the average median FUI by vessel (which increased 
from 0.076 to 0.15 L kg− 1). The increase in FUI by vessel was 
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Fig. 1. Changes in the Norwegian Northeast Atlantic mackerel fishery after Brexit spatial closures. Panels at the top show the spatial distribution of Norwegian 
mackerel fishing in the period (A) before (blue; 2014–2020) and (B) after (red; 2021–2022) Brexit. Colored lines show VMS tracks of mackerel fishing trips. Marker 
size indicates the average catch per year and grid cell according to sales slips. Large transparent arrows indicate the southward movement of mackerel and the fleet 
over the main fishing season in autumn. Panels in the middle show the consequences for fisheries performance (from sales slip data); (C) the number of trips per 
vessel, (D) the average catch per trip, (E), time of the fishing season and (F) the fraction of catch taken with pelagic trawl instead of purse seine. Finally, (G) shows the 
estimated fuel use intensity by vessel based on the VMS and logbook data. Open black circles show the annual median, and horizontal black lines show the pre- and 
post-Brexit average of the medians except for in G, where the lines denote the total FUI of the fisheries. Note that four outliers are not shown in panel G (see Fig. S7). 
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statistically significant when comparing year 2021 (W = 87,064, p-value 
< 0.0001) and 2022 (W = 99,705, p-value < 0.0001) with all other years 
(Table S1). The efficiency in terms of the catch per unit effort (CPUE; 
here catch per day at sea) also decreased substantially after Brexit. In the 
Norwegian EEZ, where it is possible to compare CPUE before and after 
the spatial restriction, the average CPUE decreased by 56% (66% for 
pelagic trawl, 55% for encircling nets; Fig. S8). 

The increase in FUI has incurred additional monetary costs and CO2 
emissions in the Norwegian mackerel fishery post-Brexit. As the increase 
in fuel use intensity, ΔFUI, is 0.094 L kg− 1 and the Norwegian mackerel 
catch of vessels ≥28 m, Cmac, has been on average 240 000 tonnes yr− 1 

in the post-Brexit period, the additional fuel required due to Brexit was 
~23 million liters annually. This amounts to between €12 to €23 million 
in additional fuel costs per year (see Methods). We underline that 
additional operating costs, including labor and increased maintenance 
and depreciation as the fleet spent more time at sea (Table S1) are not 
considered here. The additional fuel consumption in the two years after 
Brexit generated additional emissions of ~72 000 tonnes CO2 yr− 1 from 
the studied fleet. Since the annual mackerel catch increased significantly 
after Brexit, the total annual fuel consumption and emissions tripled 
(Table S1). 

Alternative drivers beyond the shift in spatial distribution were un
able to explain the sudden increase in FUI in 2021 and 2022. While the 
post-Brexit years did coincide with low spawning stock biomass of NEA 
mackerel, the biomass was even lower in 2020, and there was no sta
tistically significant correlation between our annual FUI and spawning 
stock biomass (Fig. S9a) or total allowable catch (Fig. S9b). Contrary to 
expectations, there was a weakly significant and positive correlation 
between FUI and total mackerel catch (Fig. S9c), but this positive rela
tionship became insignificant when removing the two post-Brexit years. 
For all three variables the two post-Brexit years deviate from the general 
trends (Fig. S9). Fuel prices have been higher than normal in the autumns 
of 2021–2022 [28] which normally should incentivize fuel efficiency, 
and the price of mackerel in 2021 was normal compared with previous 
years (Fig. S10). The COVID-19 pandemic did not have a negative 
impact on Norway’s pelagic fisheries and would have had the largest 
impacts in 2020–2021 [32]. Altogether, this implies that other known 
drivers suggested by the literature (e.g. [26]; [33]; [34]) are unlikely to 
have caused the marked increase in FUI shown here and leaves Brexit as 
the most plausible explanation. 

4. Discussion 

We identified a marked shift in the performance of the Norwegian 
mackerel fishing fleet since Brexit and the resultant new spatial ar
rangements. The large impact on the fleet’s fuel use is best explained by 
the shift in fished area and the biology of the Northeast Atlantic mack
erel stock. The stock spends different parts of its life cycle across the NEA 
[35–38], but after tracking the spring bloom and peak abundance of 
zooplankton in the north [37,39], the mackerel migrate south along the 
Norwegian coast. From August onwards, the mackerel gather in larger 
groups off the Norwegian coast before they migrate to the wintering 
areas east of Shetland [40], where the greatest catches have been taken 
historically [41]. Fishers report that mackerel were abundant in large 
schools in Norwegian waters up to 2018, after which the fish has become 
more dispersed (Roald Oen, personal communication, November 2023). 
Consequently, Norwegian fishers have shifted their effort to the British 
EEZ, harvesting much of their quota by efficient purse seine on these 
dense schools in British waters (see Fig. S8 and S11). When the access to 
the British EEZ was revoked in 2021, these Norwegian vessels were 
displaced to fish on less dense aggregations. This explains why the fleet 
had smaller catches per trip after Brexit, used pelagic trawl more often, 
compensated with more fishing trips, and started the fishing season 
earlier when the mackerel were still within the Norwegian EEZ. The 
impact was large enough that the fleet’s fuel efficiency declined despite 
that fishing activities took place closer to home ports after Brexit. 

Our analysis demonstrates effects of fishing displacement that are 
highly relevant for evaluating trade-offs in marine spatial planning. The 
study offers a rare empirical complement to the largely model-based 
literature on displacement effects on fishing fleets [10], and highlights 
some counterintuitive principles. It demonstrates that shorter distance 
to fishing grounds does not necessarily result in lowered fuel use in
tensity, a finding also supported by Ziegler et al. [42]. It further suggests 
that policies that aim to reduce the efficiency of fishing fleets for the sake 
of protecting the stock can have unwanted side effects in the shape of 
increased emissions. Climate-driven range shifts (e.g. [43]) are likely to 
interact with these principles. For example, if a country’s fleet is pre
vented from following a poleward shifting fish stock, but retains a share 
of the quota, similar mechanisms as the ones demonstrated here may 
cause increased emissions. The shifts in the high-density mackerel areas, 
as noted by the Norwegian fishers, illustrate this issue. 

It is important however to consider the context of the study when 
generalizing the findings. The Norwegian mackerel fishery targets a 
migratory stock and has a high-capacity fleet with high operating mar
gins [44]. This makes it both possible and feasible for the fleet to catch a 
large amount of fish even when it is excluded from the best fishing 
grounds. In addition, the quota system and incomplete transboundary 
management of the NEA mackerel fishery likely makes this fleet’s 
behavior economically rational. An international agreement on how to 
allocate the advised mackerel quota between countries is lacking, and 
quota allocation generally accounts for the recent distribution of catches 
and indicators of regional abundance [45]. This makes it strategically 
beneficial for Norwegian mackerel fishers to catch the quota (or more) in 
Norwegian waters, and may explain why the fleet’s behavior does not 
seem to match simple bio-economic predictions [46]. 

The increase in fuel use intensity (FUI) due to Brexit is strikingly 
large in relation to previously measured changes, and has likely had 
economic consequences beyond those included in our analysis. Fisheries 
management often has diffuse effects on fuel use that are difficult to 
quantify. The increase in FUI after Brexit, however, was almost twice as 
large as the observed progressive reduction in FUI for Norwegian purse 
seiners between 2003 and 2012 (− 0.05 L kg− 1; [17]), suggesting that 
Brexit undid the equivalent of ~15 years of progress towards lower fuel 
use intensity. In further comparison, Kristofersson et al. [26] found a 
30–40% reduction in the FUI of Icelandic demersal fisheries over 20 
years, and Jafarzadeh et al. [17] a 30% reduction in the FUI of Nor
wegian factory trawlers over 10 years. Given that labor costs and fuel 
generally make up the largest shares of variable costs in European 
fisheries, followed by running and repair costs [47], our estimated €12 
to €23 million in additional annual fuel expenses likely cover only a 
fraction of the total additional expenses. We note that Norwegian purse 
seiners and pelagic trawlers experienced a drop in operating margin in 
2021 [48], signaling reduced profitability in fleet segments that targeted 
mackerel in the first post-Brexit year. 

This analysis has focused on Norwegian fisheries, which take ~20% 
of the total NEA mackerel catch. To understand whether Brexit has had a 
negative effect on the FUI of the whole NEA mackerel fishery, per
spectives from other nations are necessary. In the Faroe Islands, the 
mackerel caught per unit fuel was greatly reduced from 2019 to 
2021–2022, following a similar restriction in access to fishing grounds 
[49]. Yet in the Scottish mackerel fisheries, shorter steaming times and 
improved flexibility to follow mackerel migrations have been noted after 
Brexit, thanks to the removal of a requirement for Scottish fishers to 
catch 40% of their quota west of 4◦ (Ian Gatt and Steve Mackinson 2023, 
personal communication). This further highlights the impact of spatial 
restrictions and has likely reduced FUI in UK fleet, potentially mitigating 
some of the additional emissions in the Norwegian and Faroese mackerel 
fisheries but through a different and not mutually exclusive mechanism. 
We note however that this additional change in spatial fisheries re
strictions after Brexit may make it difficult to quantify how the exclusion 
of foreign mackerel vessels from the British EEZ impacted the fuel effi
ciency of the British mackerel fleet. 
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We underline that our method for estimating FUI (VMS-based FUI) is 
different from using directly reported fuel use. Our pre-Brexit estimates 
of FUI are, however, in line with earlier estimates of FUI based on re
ported fuel use for Norwegian mackerel fishing in 2017 (Ziegler et al. 
[19], black square in Fig. 1g) and Norwegian purse seining 2003–2012 
(Jafarzadeh et al. [17], black square along y-axis in Fig. 1g). Yet an 
evaluation of whether VMS-based FUI estimates can replace the reported 
fuel use for analyzing Norwegian fisheries is still needed, and we caution 
readers from using the FUI values obtained here in further analyses 
without considering the differences in methodology and scope. Since 
this study focuses on relative changes, we are confident that the differ
ence in VMS-based FUI can be used for estimation of cost and emission 
changes. An alternative approach would be to apply the relative change 
in VMS-based FUI to a representative, directly reported pre-Brexit FUI 
value. The relevant pre-Brexit FUI data are limited to one observation 
for Norwegian mackerel in year 2017 [19], but using that value 
(0.088 L kg− 1) instead of our modeled pre-Brexit average (0.083 L kg− 1) 
would yield very similar results. 

These findings demonstrate that political and spatial management 
decisions (or lack thereof) can greatly undermine the carbon efficiency 
of a fishery, highlighting the importance of including low emissions as 
an explicit management objective. While effective fisheries management 
may indirectly promote low FUI by increasing stock abundance [26,34], 
the ways by which management decisions can directly impact emissions 
are more rarely discussed (but see e.g., [13]; [50]). Quota shares and 
access agreements for internationally shared marine resources are 
contentious political issues, but when decision-makers try to solve them, 
minimizing greenhouse gas emissions need to become one of the man
agement objectives. For this, it will be necessary to systematically and 
routinely quantify these emissions from fisheries, and model the impact 
of different management decisions (see e.g. [51]). Fuel use data from 
fisheries is collected e.g. in EU fisheries through the Data Collection 
Framework but is not available for research at a high level of detail due 
to confidentiality and/or reported with a significant delay (years) [27], 
while VMS and logbook data are more readily available. Therefore, we 
believe that the VMS-based approach used here shows promise for 
making real-time estimates of fuel use, and to monitor variability, shifts, 
and irregularities. If applied broadly, additional climate consequences of 
other regulations can hopefully be detected and rectified. 

This analysis shows that the international political context can have 
a substantial impact on the emissions of a fishery. Despite its small 
contribution to the UK economy, a key issue in the Brexit campaign was 
“taking back control” of British waters [52], and for NEA mackerel, there 
has been an international conflict about quota allocations since 2008 
[53]. This history of disagreement can explain the political trajectory 
that led UK to revoke the access rights for mackerel fishing, but the 
impact of access rights for fuel use has likely been overlooked. In a 
systems perspective, the additional 72,000 tonnes of CO2 that were 
emitted annually in Norway’s mackerel fishery after Brexit exemplify an 
emission leverage point; a place in the system where a small change of 
rules leads to large changes [54]. More such leverage points in fisheries 
management systems surely remain to be identified. In this case, the 
emission cuts from restoring a bureaucratic regulation about fishing 
access must be easier (and fairer) for governments to achieve than, for 
example, persuading citizens to cut half a million within-Europe flights 
each year, or preventing ~46,000 people from increasing their living 
standard from a low-income to a lower-middle income category (and 
thus get daily access to electricity; [55]). Indeed the UK and Norway 
reached a bilateral agreement in time for the 2023 mackerel season, 
granting Norwegian fishers again access to the autumn fishing grounds 
in the British waters. That governments that are signatories to the Paris 
agreement avoid squandering emissions is especially important at a time 
when there is an urgent need to inspire climate action across society. 
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