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help prepare the fishing industry and management systems for resulting ecological, social and economic changes. Generating projections using multiple climate
scenarios can provide valuable insights for fisheries stakeholders regarding uncertainty arising from future climate data.
2. Using a range of climate projections based on the Intergovernmental Panel on
Climate Change A1B, RCP4.5 and RCP8.5 climate scenarios, we modelled abundance
of eight commercially important bottom dwelling fish species across the Celtic Sea,
English Channel and southern North Sea through the 21st century. This region spans
a faunal boundary between cooler northern waters and warmer southern waters,
where mean sea surface temperatures are projected to rise by 2 to 4°C by 2098.
3. For each species, Generalized Additive Models were trained on spatially explicit
abundance data from six surveys between 2001 and 2010. Annual and seasonal
temperatures were key drivers of species abundance patterns. Models were used
to project species abundance for each decade through to 2090.
4. Projections suggest important future changes in the availability and catchability of
fish species, with projected increases in abundance of red mullet Mullus surmuletus
L., Dover sole Solea solea L., John dory Zeus faber L. and lemon sole Microstomus kitt
L. and decreases in abundance of Atlantic cod Gadus morhua L., anglerfish Lophius
piscatorius L. and megrim Lepidorhombus whiffiagonis L. European plaice Pleuronectes
platessa L. appeared less affected by projected temperature changes. Most projected
abundance responses were comparable among climate projections, but uncertainty
in the rate and magnitude of changes often increased substantially beyond 2040.
5. Synthesis and applications. These results indicate potential risks as well as some
opportunities for demersal fisheries under climate change. These changes will
challenge current management systems, with implications for decisions on target
fishing mortality rates, fishing effort and allowable catches. Increasingly flexible

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2020 The Authors. Journal of Applied Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society
2222

|

	
wileyonlinelibrary.com/journal/jpe

J Appl Ecol. 2020;57:2222–2233.

Journal of Applied Ecology

MALTBY et al.

|

2223

and adaptive approaches that reduce climate impacts on species while also supporting industry adaptation are required.
KEYWORDS

Celtic Sea, climate change, English Channel, fish, fisheries, North Sea, regional projections,
uncertainty

1 | I NTRO D U C TI O N

treatment of, projections during decision-making (Cheung, Frölicher,
et al., 2016; Freer, Partridge, Tarling, Collins, & Genner, 2018; Payne

Climate change has affected the abundance, dynamics and distribution

et al., 2015). Research comparing model approaches and perfor-

of marine fish populations and their associated fisheries, resulting in

mances or using different climate scenarios can help to quantify levels

substantive social and economic consequences (Barange et al., 2018;

of uncertainty arising from these different potential sources (Cheung,

Brander, 2007; Cheung, Dunne, Sarmiento, & Pauly, 2011; Perry, Low,

Frölicher, et al., 2016; Cheung, Jones, et al., 2016; Freer et al., 2018).

Ellis, & Reynolds, 2005). Projections of climate change impacts on ma-

Recent attempts to consider uncertainty within the marine litera-

rine systems provide important insights into future species responses

ture include exploring future long-term responses of individual spe-

to increased temperatures, as well as the future availability, produc-

cies (Gårdmark et al., 2013), habitat suitability (Jones et al., 2013),

tivity and catchability of stocks for dependent fisheries (Barange

ocean marine animal biomass (Lotze et al., 2019) and fisheries catch

et al., 2014; Blanchard et al., 2012; Cheung et al., 2011).

potentials and revenues (Cheung, Jones, et al., 2016; Lam, Cheung,

The north-west European shelf has warmed particularly rapidly

Reygondeau, & Sumaila, 2016). While progress has been made in this

over the last four decades (Hughes et al., 2017). This warming has

area, there remains a significant lack of ecological research exploring

affected the phenology, behaviour, abundances and distributions

the effects of uncertainty arising within and across climate scenar-

of many fish species in these waters (Engelhard, Pinnegar, Kell, &

ios, which could have important consequences for interpretation of

Rijnsdorp, 2011; Pinnegar, Garrett, Simpson, Engelhard, & van der

resulting modelled projections (Freer et al., 2018; Payne et al., 2015).

Kooij, 2017; Poloczanska et al., 2016; Simpson et al., 2011). For spe-

The Celtic Sea, English Channel and southern North Sea sec-

cies with Lusitanian affinities such as red mullet Mullus surmuletus

tions of the European continental shelf comprise a faunal bound-

L., anchovy Engraulis encrasicolus L. and red gurnard Chelidonicthys

ary between cooler northern waters and warmer southern waters

cuculus L., warming temperatures have led to abundance increases

(Hinz, Capasso, Lilley, Frost, & Jenkins, 2011). Sea temperatures in

and range expansion, leading to fishery level effects (Montero-Serra,

this region have warmed 0.17–0.45°C per decade between 1985

Edwards, & Genner, 2015; Pinnegar et al., 2017; Simpson et al., 2011).

and 2014 (Hughes et al., 2017), and climate projections suggest

Boreal species such as Atlantic cod Gadus morhua L., anglerfish Lophius

further sea warming of 2–4°C by 2098 (Tinker, Lowe, Pardarns,

piscatorius L. and European plaice Pleuronectes platessa L., which typi-

Holt, & Barciela, 2016). The region is fished by many countries

cally prefer cooler waters, have in some cases declined in abundance,

including the UK, Ireland, France and the Netherlands, with

shifted their distributions polewards, and/or deepened as they track

major fishing ports based along the coastline including Newlyn,

preferred thermal ranges (Dulvy et al., 2008; Perry et al., 2005; van

Brixham, IJmuiden and Le Havre. Given the significance of this re-

Hal, van Kooten, & Rijnsdorp, 2016).

gion for fisheries (STECF, 2017), and extent of projected climate

Spatially explicit projections capturing the effects of future climate

change within the region (Tinker et al., 2016), we aimed to proj-

change on the abundance and distribution of fish populations under-

ect responses of commercially important species while incorpo-

pin assessments of fisheries consequences. For the Northeast Atlantic

rating climate uncertainty. Specifically, we trained GAMs based

region, Species Distribution Models (SDMs) have generally projected

upon multiple downscaled climate projections for the north-west

further poleward movements and/or deeper distributions of those

European shelf seas alongside extensive fisheries survey data, and

species with preference for cooler waters (Cheung et al., 2011; Jones

used these models with climate projections to estimate changes

et al., 2013). However, a study using Generalized Additive Models

in the abundance of eight demersal fish species through the 21st

(GAMs) suggested that many bottom dwelling (demersal) species in

century.

the North Sea could not move further polewards because they were
constrained by availability of habitat at suitable depth (Rutterford
et al., 2015). Differences between model projections highlight the
need to examine the uncertainty associated with future projections to
guide future model development and decision-making.

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study area

Identifying and disclosing the sources and extent of uncertainty
associated with modelled projections provides insight into their

The region of study included all marine areas from 47–53°N and

strengths and weaknesses and can guide appropriate responses to, and

12°W–3°E, represented in our analyses as 72 1°× 1° sea grid cells.
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(a) Surveys

F I G U R E 1 Study region and
environmental data; (a) survey haul
locations 2001–2010; (b) average depth;
(c) average total fishing effort; (d) wholesediment median grain size
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Collectively, the region spans the English Channel, Celtic Sea, the

model parameters to be explored, which is an important aspect of

Bristol Channel and parts of the southern North Sea (Figure 1).

climate uncertainty often overlooked. The resulting 11 ensemblemember projections represent a range of possible future tempera-

2.2 | Data sources
2.2.1 | Depth, fishing effort and habitat

ture and salinity ranges within a single climate scenario (Figure 2;
see Tinker et al., 2016). The Tinker et al. (2016) projections are the
only set of north-west European shelf sea projections (to date) that
systematically and extensively consider this aspect of climate uncertainty (Tinker & Howes, 2020). These projections' annual and en-

Average depth was calculated for each 1 × 1° grid cell using bathym-

semble mean sea surface temperature and salinity absolute biases

etry data generated by the UK Met Office Hadley Centre (Figure 1b).

were <0.2°C and 0.2 psu when averaged over the shelf compared

Average decadal fishing effort (total hours/year) per 1 × 1° grid cell

to observed data over the same time period and area: (1986–2006:

(Figure 1c) was calculated using data from the European Commission's

Roberts-Jones, Fiedler, & Martin, 2012; 1960–2001: Ingleby &

Scientific, Technical and Economic Committee for Fisheries (STECF)

Huddleston, 2007).

database for the available time period 2003–2013 (STECF, 2014; see

Using this SRES ensemble enabled exploration of aspects of

Table S1). Whole-sediment median grain size for each 1 × 1° grid cell

uncertainty within a single climate scenario through the use of dif-

was generated using data from Wilson, Spiers, Sabatino, and Heath

ferent ensemble-members and examining their relative effects on

(2018; Figure 1d).

projected species responses. A further two climate projections were
obtained to compare uncertainty on projected species responses

2.2.2 | Temperature and salinity

across climate scenarios. These climate projections represented
Relative Concentration Pathway (RCP) 4.5 and RCP 8.5 scenarios,
which were developed from a regional shelf sea model (AMM7) that

In all, 13 climate projections for the region were obtained from

dynamically downscaled long-term simulations of two CMIP5 Global

the UK Met Office Hadley Centre. In total, 11 projections were

Climate Models (HadGEM2-ES and MPI-ESM-LR) for the north-west

generated from a project that dynamically downscaled, using the

European shelf (Hermans et al., 2020).

POLCOMS shelf seas model, an ensemble of perturbed global

For all projections, decadal annual and seasonal (winter: January–

Atmosphere-Ocean climate model projections [based upon the

March; summer: July–September) average sea surface temperatures

Intergovernmental Panel on Climate Change (IPCC) Special Report

(SST; °C), near bottom temperatures (NBT; °C) and near bottom salinity

on Emissions Scenarios (SRES) A1B scenario] for the entire north-

(NBS; psu) were calculated per 1 × 1° grid cell for each decade from

west European shelf seas region (Tinker, Lowe, Holt, Pardaens, &

2001–2090 (2001–2010, 2011–2020, etc.). Across the SRES ensemble,

Wiltshire, 2015; Tinker et al., 2016). Developing an ensemble of pro-

there is a projected increase in annual SST of 3.26°C (southern North

jections allowed uncertainty associated with atmosphere-physics

Sea), 3.13°C (English Channel) and 3.01°C (Celtic Sea) compared with
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F I G U R E 2 Decadal climate trends as projected for the 11 SRES ensemble-members (ens 00–ens 10), the average across the ensemblemembers (black), and the two RCP projections. Y axes are independently scaled. Uncertainty in projections is represented by upper and
lower 1 standard deviation from the mean

1960–1989, and a respective decrease in annual average sea surface

DATRAS online database (http://www.ices.dk/data/data-portals/

salinity of −0.51, −0.08 and −0.11 psu by 2069–2098 compared with

Pages/DATRAS.aspx) and from the UK Centre for Environment,

1960–1989 (Tinker et al., 2016).

Fisheries and Aquaculture Science (Cefas; Figure 1a).
Surveys only partially overlap in space, differ in temporal cov-

2.2.3 | Fish abundance data

erage and use different sampling methods and gears (Table S2).
Consequently, we used data from 2001 to 2010 (2000s) when all
surveys operated. We standardized abundance data to reduce in-

Eight demersal fish species with a range of biogeographic affinities

herent survey biases (see Supporting Information). Species abun-

were selected, based on prior assessment of landing statistics and

dances from individual hauls were converted to a catch per unit of

their social and economic importance to fisheries within the region

effort (CPUE; effort = 1 hr), averaged for each 1 × 1° grid cell and

(Table 1). These were anglerfish, Atlantic cod, Dover sole Solea solea L.,

the whole time series, and fourth root transformed to reduce the

European plaice, John dory Zeus faber L., lemon sole Microstomas kitt

influence of outliers. In all, 62 grid cells with sufficient abundance

L., megrim Lepidorhombus whiffiagonis L. and red mullet. Abundance

data (more than three hauls recorded) were used for further anal-

data were derived from six survey datasets [Cefas Eastern English

ysis. To standardize species CPUE across different survey methods

Channel Survey (EEC), Cefas South Western Beam Trawl Survey

and gears, CPUE was included in a general linear model (CPUE ~ grid

(WESTERN), Cefas Celtic Sea Groundfish Survey (CELTIC), Irish Marine

cell + decade + survey) using r v.3.4.1 (R Core Team, 2017) to gener-

Institute Irish Groundfish Survey (IGFS), IFREMER French Southern

ate standardized least-square mean CPUE estimates for each 1 × 1°

Atlantic Bottom Trawl Survey (EVHOE) and IFREMER French Channel

grid cell using the

Groundfish Survey (FRCGFS)], which were obtained through the ICES

Milliken, 1980; see Tables S3–S5).

lsmeans

package (Lenth, 2016; Searle, Speed, &
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Species

Central
latitude
(°)a

Central
longitude
(°)a

Mean
temperature
(°C)a

Fisheries catch
(2017; tonnes,
wet weight)b

Anglerfish

50.2

−7.1

12.84

22,623c

Atlantic cod

50.8

−5.1

12.36

2,595

Dover sole

50.4

−4.8

12.52

13,267

European plaice

50.9

−5.0

12.37

16,815

John dory

50.1

−6.5

12.88

1,818

Lemon sole

50.8

−4.9

12.37

2,572

Megrimc

50.1

−9.0

13.13

10,081c

Red mullet

50.0

−3.3

12.61

2,430

TA B L E 1 Species current geographical
tendencies, thermal experience and
fisheries commercial catch weights within
the study region

Calculated from survey data analysed in this study.

b

Total catch calculated from EU vessels in 2017 for ICES areas 27.4c, 27.7d, 27.7e, 27.7f, 27.7g,
27.7h and 27.7j (ICES, 2017).
c

Statistics derived from, respectively, all Lophiidae (the dominant species in the area is anglerfish
Lophius piscatorius), and all Lepidorhombus species (the dominant species in the area is the megrim
Lepidorhombus whiffiagonis).

2.2.4 | Generalized additive models

model outputs (832), one final GAM was required to use the same
set of variables across species to allow the effect of different cli-

Eight GAMs were developed; a ‘full’ model incorporating all variables

mate projections to be assessed while keeping all other explanatory

and seven other models developed with different sets of environmen-

variables constant. To identify the model that overall was most opti-

tal variables (Table S6). These were trained on abundance data for

mal across most species–climate combinations, each model statistic

each species for 2001–2010, using all climate projections. Analyses

was included in a general linear model with climate projection and

were conducted using the mgcv package in r (Wood, 2011) and after

species as predictor variables. Least-square means were then gen-

trialling GAMs with different distributions, GAMs were fitted with

erated, using the lsmeans package in r, to determine the model with

a Gaussian distribution and ‘identity’ link function as this provided

the best performance across all species (Table S9; Lenth, 2016).

the best model fit. Abundance data were zero-bounded, and any

The final GAM model was used for each species–climate pro-

resulting modelled abundance values less than zero were replaced

jection combination for each decade separately from 2001–2010

with zero. A smoothing term was applied to all explanatory variables

to 2081–2090 to project future species' abundance. The present

with knots set to k = 5 for smoothing to limit the degrees of free-

spatial pattern of fishing effort was assumed to be constant when

dom and avoid overfitting. Model fit was checked using gam.check

generating future projections. ‘Mean abundance’ projections for

and gam.plot functions. The relatively short time series prevented

each species were also calculated by averaging projections across

further training, and it was not possible to test the ability of GAMs

the 11 SRES ensemble-members and for each RCP projection. The

to robustly project into the future when trained on different lengths

difference in mean abundance between the 2000s (2001–2010)

of time series. However, previous work where equivalent historical

and 2040s (2041–2050) was determined for each species using

fisheries and climate data were used with GAMs to generate future

back-transformed projected fourth rooted abundance data to allow

projections suggest that training with data from a single decade can

comparison of abundances within the timeframe over which there

provide meaningful projections (Rutterford et al., 2015). While some

was strong agreement between climate projections and had greatest

variables were collinear (Table S7), most were under a 0.7 threshold,

relevance from ecological and management perspectives.

and as informed by Dormann et al. (2012), this was not expected to
significantly affect resulting projections due to these relationships
not changing with future projection data, and due to projecting only
within the geographical area on which GAMs were trained.
To identify which model should be considered for generating

3 | R E S U LT S
3.1 | GAM performance

future projections, GAMs were compared and selected based on
a range of model statistics; Akaike Information Criterion (AICc),

Least-square mean analysis identified that for most model statistics

Akaike weights, adjusted R squared, Generalized Cross Validation

Model A, the model with all variables included, provided the optimal

(GCV) scores and strength of correlations between projected and

combination of variables to model patterns of species abundance

observed abundances. The optimal set of variables to include in the

(Figure 3; Table S9). This was the most parsimonious model owing to

final GAM were chosen based on a balance between model sim-

low AICc and GCV scores (Figure 3) and a high mean Pearson correla-

plicity and predictive ability (Table S8). Due to the high number of

tion score of 0.92 between observed and projected abundances across
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F I G U R E 3 Least-square mean model
statistic scores for each trialled model.
Left panel: Akaike Information Criterion
corrected for small samples; Mid panel:
Correlation; Right panel: Generalized
Cross Validation. Bars show standard
errors

AICc

Correlation
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GCV

Full model (A)
No annual temperatures (B)
No seasonal temperatures (C)
No temperatures (D)
No fishing effort (E)
No salinity (F)
No habitat (G)
No depth (H)
0

25

50

75

0.00

Mean AICc ± SE

F I G U R E 4 Projected changes in an
index of abundance (4th rooted CPUE)
from 2000s until 2080s for all species.
Each line represents an SRES or RCP
projection (colour codes follow Figure 2).
Black lines represent the mean across
SRES ensemble-members

0.25

Anglerfish

Index of abundance (4th root CPUE)

0.00 0.05 0.10 0.15 0.20 0.25
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1.2
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2.5
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0
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2.5

2.0

Lemon sole

2.0
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1.0
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Megrim

2.5
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0.5

1.0
2000s
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2060s

2080s

2000s

2020s

2040s

2060s

2080s

all species and climate projections (Table S9). For most species, all vari-

The majority of projections indicated similar declining trends, al-

ables improved model fit, but importantly, model statistics consistently

though RCP-based projections showed less of a decline compared

indicated that temperature was a key driver of species responses; mod-

to the average of SRES-based projections. Increases in red mullet

els that did not include temperature variables, particularly Model D,

were projected with all climate projections up to 2040s, but after this

had some of the highest AICc and GCV scores and often poor fit and/or

point SRES-based projections showed further increases compared to

predictive ability compared to other models (Figure 3; Table S9).

RCP-based projections (Figure 4; Table 2). Dover sole, John dory and
lemon sole increased in mean abundance, but responses projected

3.2 | Projected abundance

with different climate projections were more variable. Projections for
European plaice were relatively stable across all climate scenarios up
to 2040s, but their projected responses differed by 2080s. For most

Region-wide declines in abundance were projected towards the

species, there was greater variability in projected mean abundance

2080s for anglerfish, Atlantic cod and megrim (Figure 4; Table 2).

among climate projections later into the 21st century.

Spatial abundance patterns revealed some variation in the magni3.18 (5.41)

9.42 (20.65)

2.31 (10.11)

1.30 (2.27)

19.30 (18.01)

0.04 (0.10)

MALTBY et al.

50.34 (55.76)

0.82 (0.82)

Mean CPUE
2080s

Journal of Applied Ecology

tude and directionality of projected change for each species (Figure 5a,b;
Figure S3a–h). Almost all of the SRES ensemble-members agreed on
the directionality in abundance change for anglerfish, Atlantic cod and
red mullet across the region, but the magnitude of change differed. For

4.32 (7.81)

5.92 (10.55)

14.91 (31.67)

11.55 (8.96)

10.27 (20.77)

1.08 (1.57)

12.77 (13.87)

1.71 (1.61)

Mean CPUE
2040s

all other species, there was less agreement across ensemble-members
regarding directionality and/or magnitude of change, particularly for
Dover sole, lemon sole and John dory. Comparing SRES- and RCPbased projections revealed differences in the magnitude of change for
some species. For example, Dover sole and John dory showed greater

2.04 (3.40)

5.61 (9.70)

17.34 (27.84)

3.58 (2.86)

10.55 (18.22)

0.92 (1.20)

3.66 (6.54)

2.07 (1.96)

Mean CPUE
2000s

RCP 8.5

increases for RCP-based projections, while for European plaice, megrim
and red mullet SRES-based projections indicated greater increases/
decreases. Spatial abundance changes showed similar directionality
across climate projections for most species with the exceptions of anglerfish and Atlantic cod (Figure 5a,b).

3.65 (6.63)

4.48 (14.45)

12.13 (18.65)

9.52 (9.89)

2.35 (4.78)

0.79 (1.23)

4.63 (6.45)

1.24 (1.15)

Mean CPUE
2080s

Red mullet was projected to show a region-wide increase in
abundance from the 2000s to 2040s, particularly in the English
Channel. Dover sole and John dory were also projected to increase
in most parts of the study area. Anglerfish (with the exception of
RCP 4.5) and megrim were projected to decline across their range,
was projected to decline in the northern extent of the region but
3.98 (7.27)

3.85 (7.22)

16.02 (26.40)

7.80 (19.37)

10.05 (9.05)

0.87 (1.31)

6.03 (7.68)

1.92 (1.76)

Mean CPUE
2040s

with some localized increases for megrim to the west. Lemon sole
increase towards the south. European plaice showed increases to
the east of the region but decreases to the west.

2.02 (3.34)

5.45 (9.29)

17.18 (26.62)

3.63 (2.93)

10.39 (17.37)

0.92 (1.25)

3.55 (5.62)

2.08 (2.03)

Mean CPUE
2000s

RCP 4.5

4 | D I S CU S S I O N
For the first time for this region, we provide projections of species
abundance in response to future warming that are based on multiple
climate projections and use survey information to identify variables

24.34 (33.60)

8.67 (77.13)

15.99 (32.09)

53.78 (153.65)

12.29 (19.65)

0.02 (0.15)

8.54 (13.73)

0.51 (0.79)

Mean CPUE
2080s

influencing these responses. On average, projections towards 2090
suggest increased abundance for warm-water-associated species
(e.g. red mullet and John dory) and declines for those associated
with cooler waters (e.g. Atlantic cod and anglerfish). Projections presented here can help to inform the fishing industry and management

6.80 (10.37)

1.66 (3.81)

11.67 (40.99)

5.53 (6.59)

10.84 (39.81)

0.13 (0.51)

5.15 (7.96)

1.29 (1.55)

Mean CPUE
2040s

systems about the potential social, economic and ecological risks
and opportunities resulting from these changes.
Our projections suggest that fisheries within the region could
benefit from projected increases in Lusitanian species such as Dover
sole, John dory and red mullet. Projected increases and expansions
across the region for John dory and red mullet continue a trend that
1.97 (3.28)

5.43 (8.77)

17.49 (27.33)

3.60 (2.99)

11.12 (23.01)

0.94 (1.45)

3.69 (6.38)

2.08 (2.02)

Mean CPUE
2000s

has been documented since the mid-1990s within the North Sea and
Celtic Sea (Beare et al., 2004; Simpson et al., 2011; ter Hofstede,
Hiddink, & Rijnsdorp, 2010). Such expansions may provide new fishing opportunities, as seen with other species in the region such as
boarfish Capros aper off the south of Ireland (Pinnegar et al., 2013).

Red mullet

Lemon sole

Megrim

depends on factors including fishers' capacity to modify fishing
John dory

European plaice

Atlantic cod

Dover sole

Anglerfish

However, the extent to which these opportunities can be realized

Species

SRES

|

TA B L E 2 Mean CPUE index of abundance (back-transformed CPUE; catch per hour) for each time period and climate projection. Bold numbers represent mean abundance across all
ensemble-members (SRES only) and grid cells. Standard deviation is in brackets
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practices and the development of consumer demand and emergence of export markets (Jennings et al., 2016; Perry, Barange, &
Ommer, 2010; Pinsky & Mantua, 2014). John dory and red mullet
are currently subject to no fishing regulations or quota. A lack of
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F I G U R E 5 (a) Differences in projected
abundance between 2000s and 2040s,
using back-transformed CPUE (catch per
hour) data for anglerfish, Atlantic cod,
Dover sole and European plaice. Left
panel: average projected abundance
across SRES ensemble-members.
Proportion of individual ensemblemembers agreeing in directionality of
projected change is reflected through
closed dots ● (90% or more ensemblemembers agree), open ○ (50%–90%
ensemble-members agree) or no dots
(fewer than 50% ensemble-members
agree) for each grid cell. Mid and right
panel: projected abundance for RCP4.5
and RCP8.5 projections. Grey grid
cells represent no training data and
therefore no projections. (b) Differences
in projected abundance between 2000s
and 2040s, using back-transformed CPUE
(catch per hour) data for John dory, lemon
sole, megrim and red mullet. Full legend
description in (a)
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(a)

(b)

regulation could enable easier access for fishers into these potential

affect them (ICES, 2012; Pinsky & Mantua, 2014). Future manage-

fisheries, but this would also likely risk the long-term sustainability

ment would need to balance facilitating access for fishers while

of these species, which are often data-limited and can have a lack of

also determining appropriate harvesting levels, or Total Allowable

understanding of how stressors such as climate change and fishing

Catches, to ensure long-term sustainability.
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Projected future declines in the boreal species anglerfish,
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fisheries management perspectives (Cheung, Frölicher, et al., 2016;

Atlantic cod and megrim appear to be highly likely given that the

Freer et al., 2018). Using GAMs provided a data-driven, statistical

majority of climate projections indicate declines. The projected

approach, but differences in the design, coverage and duration of

trends add to wider literature demonstrating poleward (northward)

fisheries surveys used limited training data duration and precluded

shifts and/or deepening of these species in response to warming

in-depth testing of GAMs using iteratively partitioned time series.

(Dulvy et al., 2008; Perry et al., 2005; van Hal et al., 2016). Such

However, we have relatively high confidence in our approach for mak-

responses suggest reduced availability of these traditionally valu-

ing projections through to 2040, and potentially beyond, as model

able species for fishers, alongside implications for the composition

statistics and comparisons for the tested time period indicated good

of catches. Many of the fisheries operating within this region are

model fits and there were relatively consistent patterns among climate

multispecies in nature (e.g. Mateo, Pawlowski, & Robert, 2016),

projections. The performance of the approach has been systematically

catching many species simultaneously with the same gears. Species

tested in the North Sea where annual surveys have been conducted

experiencing localized declines will most likely have reduced fishing

in a relatively standardized way since the early 1980s (Rutterford

mortality rates imposed by management systems and thus tradi-

et al., 2015). This study showed that projections using GAMs trained

tionally targeted species could become ‘choke’ species, restricting

on data from the early part of the time series provided relatively re-

the capture of other species that are still abundant or are increas-

liable predictions of distribution and abundance for eight of 10 de-

ing. Flexible, adaptive management systems that enable responsive

mersal species over a period of 30 years. Additional uncertainty about

regulatory action to changing catch compositions and resources

mid- to long-term projections and their consequences may result from

is therefore crucial to allow fishers to adapt to future changes

factors we do not address directly such as changes in interspecific in-

(Holsman et al., 2019; Pinsky & Mantua, 2014).

teractions (e.g. predator–prey dynamics) or fishing activity.

Alterations in future fishing effort or management decisions

Using multiple climate projections provides greater transparency

were not incorporated in our projections, but such changes are

regarding the confidence in resulting modelled projections (Freer

likely (Haynie & Pfeiffer, 2012; Melnychuk, Banobi, & Hilborn,

et al., 2018). An SRES ensemble allowed exploration of the conse-

2014). Projected abundance decreases would likely be linked to re-

quences on projected species responses of climate-model parame-

quirements to reduce fishing mortality and fishing effort to meet

ter uncertainty within a single climate scenario (Tinker et al., 2015,

lower reference points for spawning stock biomass (Brander, 2007;

2016). Resulting uncertainties, captured by the spread of ensemble

Holsman et al., 2019). If abundances increased, the converse

projections, implied that we should have high confidence in the direc-

would occur. Increases in stock distribution owing to distribution–

tion of changes for most species, but the magnitude of change was

abundance relationships (Fisher & Frank, 2004) may also lead to

more uncertain. Agreement among abundance projections was es-

fishing opportunities in new areas and effort spreading more widely,

pecially strong for cold adapted species with narrow thermal ranges,

depending on management restrictions. Future research could ex-

such as anglerfish and megrim, indicating high confidence that the

plore the effects of different distributions of fishing activity and

fishing industry will have to adapt to declining catching opportuni-

mortality for particular vessels and gears, resulting from prescribed

ties. For other species, there was greater variability among projec-

or climate responsive management regimes.

tions that also increased towards 2090, which may be due to these

All parameters included in the full model used have been

species having wider thermal ranges or tolerances. Using different

demonstrated in wider research to affect species abundance

climate scenarios did not result in substantially different species re-

and distributions, such as the role of depth in providing thermal

sponses, with RCP-based projections often within the range of those

relief for species or associations of demersal fish with benthic

produced from the SRES ensemble. There has been little change in

habitat type (Dulvy et al., 2008; Johnson, Jenkins, Hiddink, &

the median temperature (and its uncertainty range) between CMIP3

Hinz, 2013). Crucially however, iterative removal of individual pa-

(generated SRES projections) and CMIP5 (generated RCP projections)

rameters across the model set suggested that the mean effects of

global climate projections (e.g. Kumar, Kodra, & Ganguly, 2014), and

temperature are important in driving species responses. Varying

Tinker et al. (2016) showed that the median of their SRES ensemble

depth and climatic conditions have already shaped marine spe-

is likely to be consistent with an ensemble downscaled from RCP8.5.

cies assemblages within the region (Hinz et al., 2011; ter Hofstede

Consequently, downscaled shelf sea climate projections are relatively

et al., 2010). Given the importance of temperature affecting spe-

similar, helping explain why limited differences between SRES- and

cies responses, incorporating temperature driven effects within

RCP-based species projections were found. Given the uncertainty

projections from stock assessments is crucial for anticipating fu-

in future emission trajectories, projecting species responses using

ture climate effects on stock dynamics and informing management

multiple climate projections provides the opportunity to examine the

decisions to help consider broader ecosystem effects (Sguotti

spread of all possible future outcomes, which are critical for allowing

et al., 2019; Skern-Mauritzen et al., 2015). Yet, for many stocks

fisheries stakeholders to make climate-informed decisions.

within this region, incorporating such environmental variability
within assessments is still lacking.

In summary, our analyses suggest that climate change will continue to modify the abundance and distribution of commercially

Assessing model performance and understanding the uncertainty

important fishes in the Celtic Sea, English Channel and south-

associated with projections is important from both scientific and

ern North Sea. For species likely constrained by the coolest and
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warmest conditions, the projected directions of change in abundance are consistent among climate projections. Results suggest
implications not only for the wider ecosystem (e.g. predator–prey
dynamics or community composition) but also that the fishing
industry and management systems will likely have to adjust their
operations to address changes in availability, catchability and
composition of catches. For declining species, fisheries managers
may need to consider options that can reduce the vulnerability
of stocks to warming temperatures, such as reducing fishing mortality rates or imposing stricter catch limits. For species not currently regulated, as a first step, species may need to be closely
monitored for increasing fishing pressure, with future regulations or measures such as quotas potentially necessary. Fishers
‘on-the-ground’ experiences should be incorporated with scientific information to inform future management decisions to enable
sustainable exploitation while supporting fishers' adaptation to
changes in species' relative abundance.
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