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1. Introduction

Global change is putting increasing pressure on marine ecosystems, and it is essential to understand
its effects to anticipate impacts on the exploited resources (Brander, 2010 ; IPCC, 2023). Among its key
drivers, the gradual warming of the oceans plays a crucial role. This steady rise in temperature, docu-
mented over the last few decades, has led to significant changes in marine and coastal ecosystems,
directly affecting the physiology of marine species, most of which are ectothermic (Portner and Farrell,
2008; Doney et al., 2012; IPCC, 2023). Its influence affects many biological processes such as reproduc-
tion, growth, spatial distribution and feeding behaviour (Pértner and Farrell, 2008). It can also disrupt
species interactions, modify benthic habitats and alter the availability of trophic resources (Portner
and Farrell, 2008; Doney et al., 2012). These changes, often cumulative, exert increasing ecological
pressure on marine populations, particularly those already exploited by fisheries (Brander, 2010). Ma-
rine species now face both gradual but persistent changes in environmental conditions and short-lived
extreme events such as marine heatwaves (MHWSs). MHWs refer to short-term ocean temperature
anomalies that are exceptionally warm compared to the expected conditions for a specific location
and time. They are commonly defined as periods when sea temperatures exceed the 90th percentile
of the historical mean for at least five consecutive days (Hobday et al., 2016). These events can cause
additional stress and amplify the effects of long-term trends such as changes in community assem-
blages in favour of tropical species or a decline in the size of older individuals (Thompson et al., 2022;
Grunditz, 2025). Understanding the impact of long-term increases in temperatures and MHW:s caused
by climate change is a key step in assessing the resilience of marine species (Doney et al., 2012).

The case study of my master internship is the common whelk (Buccinum undatum), a benthic proso-
branch gastropod of major commercial importance in Europe, primarily exploited in the UK and France,
which together account for 75 % of world landings (FAO, 2022). In France, the fishery is mainly con-
centrated in the English Channel, where in 2021 it ranked 10 nationally in terms of volume and value
and 2™ in terms of value (and 3™ in volume) in the Channel-North Sea region (SIH, 2022). Although
stock structure has not been extensively investigated in this region, two stocks are commonly distin-
guished: the Western English Channel (WEC) and the Eastern English Channel (EEC). The Western stock,
which has been exploited since the 1950s, currently represents over half of French whelk landings (SIH,
2024).

In this area, whelk is exclusively caught with plastic pots (bell or cylinder type) (Appendix.1), baited
mainly with small dogfish, edible crabs or spider crabs (Santarelli Chaurand, 1985). The vessels, usually
crewed by two or three fishers and equipped with a hydraulic winch, deploy an average of 400 pots
per boat, arranged in lines of 20 to 100 units and hauled out every 24 to 48 hours (Hegron-mace et al.,
2017).

Since the 1990s, growth in Asian markets led to an increase in fishing effort, with landings rising from
around 4,000 tonnes in 1983 to nearly 10,000 tonnes in the 1990s (Fahy et al., 2000; SIH, 2024). This
level remained stable for over two decades, but since 2016 catches have fallen sharply, dropping herto
just 3,000 tonnes in 2024 (SIH, 2024). This abrupt decline raises serious concerns about the sustaina-
bility of the stock and the fisheries that depend on it.

Meanwhile, the average price per kilogram has risen, particularly after 2016, from less than €2 per kg



to more than €4.50 per kg in 2023, offsetting the loss of volume for fishermen and maintaining the
economic viability of the fishery (Appendix.2). However, a recent drop in prices, partly attributed to
the increase in foreign imports (CRPMEM, 2024), is now raising serious concern among local fishermen,
who face growing market instability.

Since the 2000s, several management measures have gradually been implemented to limit overfishing:
minimum landing size (45 mm), daily quotas, a limit on the number of pots, seasonal closures, a licens-
ing system and specific sorting grids (Appendix.3). Despite these measures, the number of active ves-
sels in the WEC declined by 20% between 2009 and 2021, mainly due to the reduction in catches (CRP-
MEM, 2024). In October 2024, the Granville Bay whelk fishery lost its MSC certification, highlighting
the urgent need of strengthening the sustainable management of this key resource in the region.

Whelk populations in the English Channel lie near the southern edge of the species' distribution range
(AgquaMaps, 2019) and, in the context of climate change, face both gradual increase in temperatures
and marine heatwaves. Previous studies have suggested close links between temperature and key
components of the whelk’s life cycle (reproduction, growth, mortality) (Smith et al., 2013; Hegron-
mace et al., 2017; Borsetti et al., 2021). Hence, shifting ocean conditions in the WEC may contribute
to stock depletion, which coincides with the sharp decline in landings observed in recent years. In
whelks, a eurythermal species but sensitive to rapid temperature changes (Smith et al., 2013), such
conditions may also lead to reduced activity, reduced feeding and reduced catchability, as has been
suggested following the hot summers observed in the region (Nielsen, 1974; Brander, 2010). The com-
bined effect of gradual water warming (Doney et al., 2012) and the rising frequency of MHWs could
therefore exert significant ecological pressure on this historically heavily exploited population, affect-
ing both its survival and long-term resilience.

In the face of these environmental and socio-economic challenges, there is an urgent need to better
understand how thermal variability, in particular rising temperatures and MHWs activity, affects the
life cycle of whelks and the sustainability of the WEC fishery. The implementation of effective manage-
ment strategies adapted to a changing climate is an increasing priority.

This is the context for the CCLIMB-UP project (Changement CLImatique en Manche : les effets sur le
BUlot et son exPloitation). The main hypothesis is that climate change is altering temperature dynam-
ics in the English Channel through both long-term warming trend and increased MHWs frequency,
which affects the productivity of whelk stocks in the WEC and EEC, and therefore has an impact on the
fisheries that depend on them. The objectives of this project are:
o Toidentify how temperature has changed over space and time in whelk habitats over the past
decades.
e To explore how temperature affects key processes, focusing on growth and reproduction, us-
ing field studies and controlled experiments.
e To assess the sustainability of whelk stocks in the context of climate change and the fisheries
that rely on them.

My Master's 2 internship aligns with axes 1 and 2 of this project, which, respectively examine the ef-
fects of changing environmental conditions on whelk biology in the English Channel, and then whelk
stock dynamics, with the aim of assessing stock health and fishery sustainability.



During this internship, two main hypotheses were explored to better understand the links between
seasonal temperature variability and whelk stock dynamics in WEC.

The first hypothesis is that high summer surface temperatures in WEC, especially when combined with
MHWSs may induce thermal stress in individuals. This stress could lead to higher mortality rates and, in
turn, a short-term decrease in stock abundance.

The second hypothesis looks at the delayed effects of winter conditions in WEC on recruitment. Unu-
sually warm winter, particularly if MHWSs also occur, could disrupt key biological processes related to
reproduction, reducing recruitment success. These disruptions could result in a decline in stock abun-
dance observed three to five years later.

This task is particularly challenging because whelk is classified as a data-limited stock (DLS) (Hegron-
Mace et al., 2017). These stocks are characterised by a lack of data on abundance and population dy-
namics, making traditional fisheries assessment models ineffective (Cope, 2024). However, as Cope
(2024) points out, “we have to do something better than nothing”.

For DLS, a number of specific assessment models have been developed (Cope, 2024). These ap-
proaches need to be identified, compared and adapted to the data available for the WEC whelk stock.
The aim is to propose relevant assessment methods that can be used to inform effective management
measures, to ensure the long-term viability of this resource.

This master’s thesis focuses on five key analytical components:

Characterization of the whelk fishery in the Western English Channel (WEC).

Analysis of seasonal and interannual thermal variability in the WEC and whelk habitats, includ-
ing the detection and quantification of marine heatwaves (MHWSs) in terms of average inten-
sity, maximum intensity, frequency, and duration.

3. Development of a standardized landing-per-unit-effort (LPUE) index using declarative data on
landings and fishing activity. This index will serve as a proxy for whelk abundance, supporting
analyses of population dynamics and stock assessment.

4. Investigation of the relationship between long-term seasonal thermal trends, extreme events,
and interannual variations in abundance using the constructed LPUE index.

5. Review of stock assessment methods suitable for data-limited (DLS) stocks, with a focus on
approaches compatible with the available WEC whelk data. Selected methods are tested and
compared, and, where appropriate, environmental variables identified earlier are incorpo-
rated into the models. The objective is to contribute to the development of a robust method-
ological framework that can support targeted and effective management measures to ensure
the long-term sustainability of the stock.

This integrated approach, combining environmental, fisheries and biological data, aims to improve our
understanding of the climate-related pressures on whelk population dynamics and provide concrete
insights to improve the sustainable management of this resource.



2. Materials and methods
2.1. Life cycle of the common whelk (Buccinum undatum)

The whelk is a gonochorous benthic species whose life cycle is closely linked to the thermal conditions
of its habitat (Kideys et al., 1993). Reproduction begins in autumn (October-November), when water
temperatures start to decline, and spawning occurs in winter, between December and January (Kideys
et al., 1993). Females lay between 500 and 2,000 eggs per capsule, although hatchability remains low
(around 1%) (Smith and Thatje, 2013). Larger females generally produce more eggs, highlighting the
importance of body size for reproductive output (Valentinsson, 2002).

They hatch between April and early May, after 3 to 5 months of intracapsular development. Unlike
other molluscs, the whelk does not have a pelagic larval stage: juveniles develop within the capsule
and feed on eggs (adelphophagy), which increases their probability of survival but makes them highly
dependent on favourable benthic local conditions (Smith and Thatje, 2013).

Common whelks grow relatively rapidly during the first few years of life. Sexual maturity is generally
reached between 3 and 4 years of age, with a mature size (Lso) estimated at 53 mm in the western
Cotentin (Heude-Berthelin et al., 2011). Latitude has a positive effect on size at maturity: whelks living
at higher latitudes generally reach maturity later than those at lower latitudes, suggesting an effect of
temperature on this biological parameter (Haig et al., 2015). Other studies have shown a similar effect
on the asymptotic size (Lee) of populations (Emmerson et al., 2020).

The whelk is a eurythermal species, able to tolerate temperatures ranging from 0 and 22°C (Kideys et
al., 1993). However, it remains sensitive to rapid thermal variations, which can disrupt its growth, re-
production or distribution (Smith et al., 2013). A temperature threshold of around 9-10°C has been
estimated to trigger reproduction (Kideys et al., 1993). In summer, high temperatures (around 18 °C)
can induce a “biological pause”, marked by reduced activity and feeding, increased mortality and re-
duced catchability (Nielsen, 1974). Fishermen report that whelks bury themselves in the sediment in
search of a thermal refuge, although this observation, frequently reported, lacks empirical verification.

2.2 Study Area

The study area is the southern part of the WEC, with a focus on the Normandy-Brittany Gulf, which is
the historical fishing ground for the WEC whelk stock (Figure 1). This geographic area is defined by the
northern coast of Brittany and the western part of the Cotentin Peninsula (Santarelli Chaurand, 1985).
The hydrological dynamics are dominated by strong tidal currents that constantly mix the water col-
umn. This intense vertical mixing prevents the formation of a stable thermocline and significantly limits
the amplitude of seasonal variations in surface and bottom temperatures (Santarelli Chaurand, 1985).
The Gulf of Normandy-Brittany is very heterogeneous in terms of sediments (Figure 1). The seabed
consists of a diverse mix of substrates, including sand, fine sand, silt, mud, gravel, pebbles and rocky
outcrops (Figure 1). This complex distribution is the result of the intense hydrodynamic dynamics of
the area.



30 o -

48.5°N 4

- - Fine sand - Mud - Rock . Silt
Depth (m_)1 50 -100 50 0 . Gravel . Pebbles D Sand

Source: NOAA ETOPO1 bathymetry via marmap Source: Global Sediment Map 2021

Figure 1. Bathymetric and sedimentological characteristics of the Gulf of Normandy-Brittany (NOAA ETOPOI,
2025; Global Sediment Map, 2021).

2.3. Whelk habitat proxy in the WEC

To investigate the spatial distribution of whelk habitats in the WEC, we use fishing activity as a proxy.
By analysing vessel trajectories, we aim to infer areas of ecological relevance based on targeted whelk
fishing grounds.

2.3.1. Vessel tracking data

This study is based on two main sources of vessel tracking data used to characterise the spatial and
temporal activity of fleets targeting whelk in the WEC: the Vessel Monitoring System (VMS) and the
Automatic Identification System (AIS). These systems were used to reconstruct vessel trajectories to
provide a detailed representation of whelk fishing areas.

2.3.1.1 VMS data

Since 2010, European fishing vessels over 12 meters long are required by EU regulations to be
equipped with a Vessel Monitoring System (VMS) (Council Regulation (EC) No 1224/2009). In France,
data from these vessels are collected and stored by Ifremer’s Fisheries Information System (Systeme
d’Information Halieutique, SIH), under the responsibility of the Directorate of Maritime Fisheries and
Aquaculture (DPMA). The VMS data include the date, time, and location of vessels, recorded every
hour. Ifremer uses this information to estimate fishing effort. While fishing activity was previously
identified using a speed threshold (with vessels considered to be fishing if their average speed was
below 4.5 knots), the current approach relies on an algorithm that detects distinct speed distributions
rather than a fixed cutoff.

The VMS data used in this study cover the period 2001-2022. They include 86 vessels that reported at
least one VMS position and landed whelk in the WEC, out of a total of 363 vessels targeting this species
between 2001 and 2022. Although the frequency of positioning is lower than for AIS, VMS covers a
larger number of vessels. Over the period, these data represent 6.46% of whelk landings, mainly con-
centrated at the end of the time series.



2.3.1.2 AlSdata

The Automatic Identification System (AlS), introduced by the International Maritime Organisation
(IMO), enhances maritime safety and prevents ship collisions (IMO, 1974). This system system auto-
matically broadcasts vessel position, course and speed at high frequency (generally every 2 to 5
minutes) via FM radio. In France, AIS has been mandatory since 2019 for vessels over 15m in length
and for certain vessels between 10 and 15m operating in densely trafficked maritime areas. These
data are provided by CEREMA (Center for studies and expertise on risks, the environment, mobility
and planning).

The AIS data used cover the period 2016-2023 and include 33 vessels targeting whelk in the WEC, out
of the 194 vessels operating in the area during this period. They represent 4.5% of whelk landings over
this period. These data cover a small number of vessels but provide a high resolution of their trajecto-
ries.

2.3.2. Data processing and filtering

The VMS and AIS datasets were pre-processed by Anna Mazaleyrat (postdoctoral researcher at
Ifremer, Port-en-Bessin). This pre-processing involved removing inconsistent data points, such as po-
sitions on land or unrealistically high speeds. After cleaning, the data were converted to parquet for-
mat to make processing easier.

The datasets were then combined using information from the SACROIS database (Systeme d'Acquisi-
tion et de CROisement d'Informations Statistiques), an algorithm that merges several data sources,
including landing declarations, to identify fishing activity by species. This allowed us to isolate the ves-
sels that had landed whelks in the WEC.

2.3.2.1. Calculation of speed and assignment of status

For both datasets, vessel speeds targeting whelks were recalculated to correct inconsistencies that
persisted despite pre-processing in the initial speeds derived from VMS and AlS data, thereby ensuring
data quality. Speed was recalculated as the ratio of the geographical distance between two consecu-
tive GPS points to the time elapsed, converted to knots. A status was assigned to each point: points
associated with a speed < 3 knots were considered to correspond to fishing activity (trap hauling),
those with a speed > 3 knots were considered to be in transit.

For the VMS data, a double filter was applied: the first based on the status declared by the fisherman
(fishing), and the second based on the recalculated speed. Only points meeting both criteria were re-
tained as representative of the whelk fishery. For the AIS data, which include a non-mandatory de-
clared status, the filter was based on speed only.

2.3.2.2. Temporal filtering

Vessels fishing whelks with pots often hold multiple licenses and target different species throughout
the year, mainly crustaceans and cuttlefish. Therefore, during a fishing trip, they do not focus solely on
whelks. To isolate the specific whelk fishing activity, a time filter was applied: only the months corre-
sponding to the peak whelk fishing season, identified from landing data in the SACROIS database, were
kept. This period covers February to June.

Integrating VMS and AIS data, combined with temporal and behavioural filters, facilitates the identifi-
cation of whelk fishing areas in the WEC, despite the partial coverage of the fleet. This method provides



a proxy for whelk habitat. While each year was analysed individually (Appendix. 4 and 5), results were
aggregated due to the absence of significant shifts in fishing ground over the considered period.

2.4. Characterizing whelk fisheries in the WEC

This section presents the historical dynamics of whelk fisheries in WEC, with a focus on trends in land-
ings and fishing effort over time. Data from multiple sources, including French and Jersey fisheries
statistics, were compiled and analysed to provide a broad and consistent overview of the fishery from
1973 to 2024.

2.4.1. Historical catch from 1973 to 2024

Data were compiled from national French databases (including 'Maritime fisheries statistics' data-
base, the Normandy Regional Marine Fisheries Committee and SACROIS) and from the Government of
Jersey'’s official landing statistics. These complementary sources help document the evolution of whelk
landings over the past five decades, and provide context for understanding current trends in the WEC
fishery.

2.4.1.1. The SACROIS database - Landing data between 2000 and 2024

The data used in this study come mainly from the SACROIS database (Systéeme d'Acquisition et de
CROisement d'Informations Statistiques), developed and managed by IFREMER. This database cen-
tralises information on professional fishing activities in France from administrative, scientific and re-
porting sources. It aims to provide consolidated, qualified and consistent data on the activity of fishing
vessels registered in the Community Fishing Fleet File (FPC) (Demaneche et al., 2023).

SACROIS is based on the collection and cross-referencing of several, sometimes conflicting, data
sources to produce reference information. The main sources used include fishing logbooks declared
by vessel owners and skippers, auction sales data, wholesale receipts and vessel monitoring system
(VMS) data (Demaneche et al., 2023). This information is supplemented by direct observations and
trade surveys carried out by IFREMER. Thanks to a matching and validation algorithm, SACROIS does
not directly correct the data, but selects the best available information to provide a consolidated and
reliable summary (Demaneche et al., 2023).

The SACROIS database (2000-2024) was used as the main source for French whelk landings in the WEC.
Several filtering and correction steps were applied to ensure data quality, including reallocation of
misreported landings between WEC and EEC and removal of aberrant values. A detailed description of
these procedures is provided in Appendix 6.

2.4.1.2. Historical landing data - period 1973-1999
Before the SACROIS database existed, historical whelk landings in the WEC were reconstructed by ag-
gregating data from multiple sources. French landings between 1973 and 1999 were integrated from
the 'Maritime fisheries statistics' database for the period 1973-1983, covering the maritime districts of
Cherbourg, Saint-Malo and Saint-Brieuc. For the period 1984-1999, the data come from the Normandy
Regional Marine Fisheries Committee, with data provided by Marie-Laure Cochard as part of the
Bestclim project (Hegron-mace et al., 2017).

2.4.1.3. Landing data from Jersey - period 1997-2022
Whelk landing data for Jersey between 1997 and 2022 were compiled from two sources: Morel and



Bossy (2004) for the years 1997-2001, and official online statistics for 2002-2022. Some inconsistencies
were detected in the reports for the years 2000, suggesting possible retrospective corrections.

2.4.2. Variations of the fishery landing whelk over space and time

During the SACROIS period, from 2000 to 2024, the number of vessels, total landings, and annual fish-
ing trips were quantified to assess temporal and spatial fishing dynamics. Particular attention was paid
to spatial landing data by ICES statistical rectangles to highlight geographic variation. Vessel character-
istics, such as average size and engine power, were also tracked annually to better understand the
evolving profile of the whelk fishing fleet.

For the earlier period, prior to the year 2000, the analysis focused exclusively on the time series of
French whelk landings in the WEC.

2.5. LPUE indices from French fleets

2.5.1. Rationale for using LPUE as an indicator of whelk abundance

Estimates of whelk abundance in the WEC area are based on several indicators, notably landings per
unit of effort (LPUE). This method is widely used in fisheries science to estimate the relative abundance
of an exploited population by assuming a relationship between reported landings relative to effort and
stock density (Maunder and Punt, 2004). It is particularly relevant in cases where no dedicated scien-
tific survey is conducted, which prevents the estimation of abundance indices from standardized, fish-
eries-independent survey. The analysis of changes in LPUE over time makes it possible to detect po-
tential signs of stock decline and adjust management accordingly.

As shown in the work of Mauder and Punt (2004), the relationship between catch/landing rate (CPUE,
or LPUE in the case of landings data) and stock abundance is described by the equa-
tion:

L:= q*E+*D: - Rt or Ct = g*Et*D:

where E is the fishing effort, D is the average density of the exploited stock, q is the catchability coef-
ficient (which depends on the efficiency of the fishing gear), and R represents the discards The sub-

script t denotes the relation for year t. It follows from this relationship that:

LPUEt= Lt/Et=q*Dt- Rt/Et or CPUEt= Ct/Et= q*Dt

2.5.2. Landing and effort data

LPUE was calculated from catch data in the SACROIS database (trip level). To ensure consistency and
limit bias, a reference fleet was established. This fleet corresponds to a subset of vessels showing co-
herent activity in terms of gear use, fishing area, temporal coverage, and regularity over time, and was
defined by applying several filters related to gear, fishing area, seasonality, activity regularity, crew
size, and outlier values (see detailed description in Appendix 7). Fishing effort is reported in SACROIS
through vessel activity, but this information is not consistent for pot fisheries. Therefore, effort was
approximated using crew size derived from the SIH vessel activity calendar. After filtering and merging
effort with catch data, 29.3% of the initial landings were retained for LPUE estimation, corresponding
to 95,494 trips out of an initial 334,229.



2.5.3. Standardisation of LPUE through Generalized Additive Modelling (GAM)

LPUE is used as an index of abundance but must be interpreted with caution, as whelk availability
depends on environmental conditions (e.g., temperature, seabed type) and catchability varies with
gear efficiency and fishing strategies. To reduce these biases, LPUE was standardized to separate struc-
tural effects from abundance trends (Maunder and Punt, 2004). Standardization focused on two major
sources of variability: seasonality (month) and inter-vessel differences.

The model was fitted using a Generalized Additive Model (GAM, mgcv package in R; Wood, 2017),
which can capture potential non-linear relationships (Venables and Dichmont, 2004). However, no
non-linear effects were detected, so the final model corresponds to a Generalized Linear Mixed Model
(GLMM), including a random vessel effect to account for inter-vessel variability and avoid biases linked
to performance or fishing strategy. Fishing effort was included as an offset to standardize landings,
ensuring correct estimation of covariate effects on abundance. A logarithmic transformation of land-
ings was applied to stabilize variance and reduce the influence of extreme values. Year was included
as a covariate to extract the underlying temporal trend independently of seasonal and vessel effects.

Several probability distributions (lognormal, gamma, Tweedie) were tested, and the model fit was eval-
uated using the Akaike Information Criterion (AIC) (Appendix. 8). Residual and variance diagnostics
confirmed the robustness of the fit (Appendix. 9). Based on the selected model, an annual abundance
index was constructed by generating predictions under standardized conditions (constant effort, mean
vessel effect, inclusion of all months). Predictions were made on the log scale and back-transformed
to the natural scale using the exponential function, with Laurent’s correction applied to limit transfor-
mation bias (Appendix. 10).

Monthly predictions were then aggregated by year to produce a time series of annual LPUE indices,
accompanied by confidence intervals. In parallel, raw LPUE values were obtained by simple annual
averaging of observations. Comparing standardized and raw LPUE values allows assessment of how
the model influences the detection of temporal trends by isolating the effects of fishing effort, season-
ality, and vessel identity.

2.6. Analysis of SST and MHWs in the WEC

To assess the potential influence of temperature on the dynamics of the whelk, we first examined
trends in sea surface temperature (SST) and MHWs across the entire WEC, and then more specifically
within the estimated habitat of the whelk in the WEC (see Section 2.3). The analysis is based on surface
temperatures, as reliable and homogeneous bottom temperature data are scarce in this region. Given
the shallow depth of the WEC and the significant vertical mixing, it is reasonable to assume that surface
thermal dynamics are representative of, or at least correlated with, those observed at depth (see sec-
tion 2.2).

Surface temperature therefore constitutes an accessible and relevant indicator for evaluating thermal
constraints that may affect benthic species such as the whelk. The aim here is to identify long-term
thermal trends as well as seasonal anomalies that could influence the species’ physiology, behaviour,
or distribution.



Summer is defined as the period from July to September, with June excluded due to generally moder-
ate temperatures. This temporal framework is based on ecophysiological considerations: ocean heat
accumulation typically peaks in September (Agoumi, 1982). Including July, August, and September thus
better captures the potential impact of the year’s most extreme heat events. Other seasons were de-
fined consistently to allow comparisons throughout the annual cycle.

2.6.1. Temperature data

The sea surface temperature (SST) data used in this study come from the OISST database developed
by NOAA (Reynolds et al., 2007). Version 2 provides daily estimates since 1982 at a 0.25° (~25 km)
resolution. OISST combines multiple sources through optimum interpolation to ensure consistency and
reduce errors: infrared satellite data (AVHRR), limited by cloud cover; microwave data (AMSR-E,
AMSR2, WindSat), which penetrate clouds but are less reliable near coasts; and in situ observations
from buoys and ships, used to correct satellite biases (Reynolds et al., 2007). Climatology and model-
ling are applied to fill gaps, while a 7-day temporal smoothing reduces noise and highlights background
trends. This methodology makes OISST a reference for monitoring ocean warming, detecting marine
heatwaves (MHWs), and assessing the impacts of temperature variability on marine ecosystems (Reyn-
olds et al., 2007; Smale et al., 2019; Simon et al., 2023)

2.6.2. SST data processing

OISST data between 1983 and 2024 were downloaded from the NOAA server (https://down-
loads.psl.noaa.gov//Datasets/noaa.oisst.v2.highres/sst.day.mean.nc) to analyse daily thermal varia-
tions in the WEC (Reynolds et al., 2007).

The first step was to select data covering ICES fishing area 7e, which corresponds to the WEC, based
on the coordinates defined for the French whelk fishery. The analysis focused on ICES statistical subdi-
visions 26E7, 26E8 and 27E8 (Figure 2), which were identified from VMS, AIS and SACROIS data as being
linked to the estimation of whelk habitat.

The analysis steps included calculating seasonal and annual averages of SST to observe long-term ther-
mal trends. In addition, monthly averages were computed for three reference periods (1983-1988,
2000-2004, and 2019-2024) in order to highlight potential shifts in seasonal thermal regimes over time
and to better capture changes in the intensity and timing of warming across decades.

For each analysis of the annual and seasonal averages examined over time, two types of models were
fitted and compared: a simple linear model and a second-degree polynomial model. Based on the anal-
ysis of residuals and the AIC criterion (Appendix. 11 and 12), the simple linear model was preferred.
These models aimed to determine whether there was a significant increase in temperature, both an-
nually and seasonally, and to identify which seasons showed the steepest slopes, indicating the most
pronounced warming.
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Figure 2. ICES whelk fishing area in the WEC and and the spatial extent of the ICES division 7E (WEC).

2.6.3. Detection and characterization of MHWs

2.6.3.1. Detrending data

The long-term temperature trend in SST was removed prior to the detection of MHWs (MHWs), in
order to more effectively isolate short-term extreme anomalies from gradual ocean warming. This ap-
proach is based on several recommendations from the literature (Laufkotter et al., 2020; Xu et al.,
2022), which emphasize the importance of clearly distinguishing between these two distinct thermal
phenomena. Following the shifting baseline definition, MHWs are understood as transient, extremely
warm temperature events that are anomalous relative to the expected conditions for a given location
and time, based on a recent and evolving climatological reference period (Amaya et al., 2023).
Removing the long-term trend helps avoid collinearity between mean SST and MHW metrics, which
could otherwise bias the interpretation of their respective impacts (Hobday et al., 2016; Smale et al.,
2019). Indeed, while long-term warming may increase the statistical likelihood of MHW occurrence,
this does not necessarily imply that such events are truly more frequent or intense (Laufkotter et al.,
2020). This methodological choice allows for a clearer separation between the acute, short-lived im-
pacts of MHWSs and the chronic, progressive effects of long-term warming, in line with the proposed
framework for assessing total heat exposure, that is, the combined influence of both long-term tem-
perature trends and extreme thermal events on marine ecosystems (Amaya et al., 2023).

Daily SST data were detrended over the period 2000-2024 prior to MHW detection. A relatively short
baseline period was chosen (shorter than the conventional 30-year climatology), thereby enhancing
the ability to detect recent anomalies and ensuring consistency when linking thermal extremes to po-
tential ecological responses. This also reduces potential biases associated with longer climatology,
which can obscure recent shifts in oceanographic regimes (Farchadi et al., 2025).

The 2000-2024 reference period was also selected to match the temporal coverage of LPUE, making it
a suitable compromise between a short climatological window and the need to assess the potential
impact of thermal events on species abundance.

2.6.3.2. MHW detection
For the entire study area, the daily SST time series were first fitted using the model that best captured
seasonal and interannual variability (see Appendix 13 for model selection details).
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The residuals from this fit were then used to detect MHWSs, by applying a moving threshold defined as
the 90th percentile of the residual distribution. Following Hobday et al. (2016), a marine heatwave is
defined as at least five consecutive days above this threshold, a criterion chosen to exclude short spikes
detection was performed using the R package heatwaveR (Schlegel and Smit, 2018). Events were char-
acterized based on several metrics: annual and seasonal mean intensity, annual and seasonal cumula-
tive duration, and annual and seasonal mean maximum intensity.

2.7. Thermal stress thresholds and summer impacts on whelk stock dynam-

ICS
To investigate the potential influence of temperature on stock abundance, two complementary ap-
proaches were implemented. Although methodologically distinct, they share the same overarching
objective: understanding how long-term warming and MHWs might affect the exploited whelk popu-
lation.
The first approach (Section 2.7.1) is exploratory and qualitative. It draws on the literature to identify
biologically relevant thermal thresholds for whelks, applied separately to winter and summer temper-
ature conditions.
The second approach (Section 2.7.2) is based on a statistical analysis focused on summer conditions.
This method aims to quantify the potential effect of mean summer temperature and the occurrence
of MHWs on the stock, using generalized additive models (GAMs).

2.7.1. Qualitative biological approach

As a first approach, the study relied on the literature to identify relevant biological thresholds for
whelk. For winter, a threshold of 9.5 °C was selected, corresponding to the temperature range (9 to
10 °C) at which spawning is triggered in this species (Kideys et al., 1993). For summer, a threshold of
18 °C was used, which is the temperature above which whelks cease all activity (Nielsen, 1974). The
OISST data, available at daily resolution, were used to calculate the percentage of summer and winter
days during which SST was above or below these biological thresholds, in order to assess the evolution
of potential thermal stress experienced by the species in its habitat.

2.7.2. Quantitative statistical approach

In parallel, the second approach is based on a statistical analysis focused on summer conditions, under
the hypothesis that high summer temperatures and the occurrence of MHWs directly increase mortal-
ity in the species. Mean summer temperatures and the presence of MHWs were lagged by one year to
account for the fact that LPUE is calculated over the period from February to June (see section 2.5.2).
This allowed for testing the potential delayed effect of summer environmental conditions on the ex-
ploited stock. The mortality induced in year n is therefore expected to be reflected in the abundance
observed in year n+1. The data used for this analysis included time series of LPUE between 2000 and
2024 (see section 2.5), mean summer temperatures (see section 2.6.2), and binary variables indicating
the presence of summer MHWs (see Section 2.6.3.2).

log(E[Y:]) = BO + B1*MHW?:.1 + f(temp_summert.1), Yi~N(pt,02) Eqg. 1

where:
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e log(E[Y:]) = Logarithm of the expected LPUE in year t; this is the response modelled in the GAM
with a log link function, ensuring positivity of the predictions.

e B0 = Intercept term, representing the baseline log-mean LPUE when no MHW is present and
temperature is at the reference level.

e B1*MHW,. = Linear effect of the presence of a marine heatwave (MHW) during the previous
summer (year t-1); MHW is a binary variable (0 = absent, 1 = present).

e f(temp_summer.:) = Smooth function capturing the potentially nonlinear effect of mean sum-
mer temperature in year t-1.

e  Yt~N(u, 0?) = Assumes that LPUE follows a normal distribution (N) with mean p; and constant
variance o°.

A series of GAM models were tested to quantify the effect of summer temperature (in year n-1) and
the presence of a MHW (in year n-1) on stock abundance (in year n). One example of these models
uses a Gaussian distribution, where the logarithm of the expected LPUE value is modelled as a function
of temperature and the presence of a MHW (see Eg. 1). Other model configurations using different
probability distributions (Gamma, Tweedie) were also tested and are presented in Appendix 29.
These models were compared using the Akaike Information Criterion (AIC) to identify the most parsi-
monious model. The normality of the residuals was assessed using the Shapiro-Wilk test, supple-
mented by visual inspection of theoretical quantiles (Q-Q plot) (Appendix. 15). The homogeneity of
variance was also checked using residuals versus fitted plots to ensure consistency across the range of
fitted values.

2.8. Stock assessment

Full analytical stock assessments (SS3 or VPA) are not possible for whelk in the Western English Chan-
nel due to major data limitations: biological sampling is both limited and inconsistent over time, and
key life-history parameters, such as growth, maturity, or natural mortality remain highly uncertain or
unknown. This prevents robust estimation of parameters in integrated models. In the absence of reli-
able data, the assumptions required for analytical models would be too strong, leading to unreliable
results. Therefore, adapted methods are essential alternatives to support management in such data-
limited contexts.

2.8.1. Biological database

As part of several research projects conducted between 2009 and 2025, including Gestion durable des
pécheries, BULOCLIM, BESTCLIM, ESHANO, MECANOR, COGECO and CCLIMB UP, whelks were sampled
in the WEC during targeted sampling campaigns. These campaigns were carried out by various stake-
holders, including the SMEL (Syndicat Mixte Mer-Littoral), the CRPMEM (Comité Régional des Péches
et des Elevages Marins) of Normandy and IFREMER. Data collection campaigns did not take place in
certain years during this period, specifically 2010, 2012, 2014, 2016, 2020 and 2024. In years where
data was available, the number of individuals measured generally ranged between 9,000 and 18,500.
Notable exceptions occurred in 2017 and 2019, when only 2,948 and 1,832 individuals were sampled
respectively due to reduced sampling effort.

Sampling campaigns were conducted aboard commercial whelk fishing vessels using baited pots as
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fishing gear. To maximise the representativeness of the size structure of the exploited stock, size-sort-
ing grids, which are typically used in commercial fishing, were not applied. This approach allowed all
size classes to be retained in the sample.

Despite some variations in sampling protocols between projects, biometric data were standardised to
ensure comparability. A total of 122,013 individuals were measured to determine the height of their
shells, 74,936 were weighed with their shells, and 61,767 were measured to determine the width of
their shells.

2.8.2. Biological data requirement

The selectivity estimates enable the size composition of individuals retained or discarded by the sorting
grid® to be reconstructed using a dataset. This allows fishing gear selectivity to be integrated into sub-
sequent analyses, particularly for estimating:

e The exploited size distributions.

e The modal size of the catch, as well as the length at first capture (Lc).

This approach supports the DLS (Data-Limited Stock Assessment) methods developed by ICES, which
rely on the size structure of the commercially retained fraction. By reconstructing this fraction based
on gear selectivity, these methods can be applied even in the absence of size data from landings, since
catches are sorted directly on board.

From 2021 to 2025, selectivity measurements were conducted aboard commercial vessels targeting
whelk in the WEC, using a regulatory sorting grid with 22 mm mesh size. During these surveys, all indi-
viduals captured regardless of size were systematically tested against the grid. For each individual, it
was recorded whether it passed through the grid (rejected fraction) or was retained above it (retained
fraction). Each specimen was measured for shell height (mm) and classified according to its position
relative to the grid.

These data were used to model the probability of retention as a function of shell height using a logistic
regression model (binomial distribution) (Millar, 1992). The model was fitted using the glm() function
in R (Myers et al., 2012), specifying the binary response variable (retained/rejected) and shell height
as the explanatory variable. The model takes the following form:

logit(pi)=a*Hi + b Eq. 2

where:
e piis the probability that individual is retained,
e Hiis the height of the individual i (in mm),
e bistheintercept
e aisthe slope coefficient associated with Hi

From these coefficients, the characteristic points of the selectivity curve are derived:

e Slso (size at 50% retention probability): SLso = —a/B

1 The sorting of caught individuals must be carried out on board vessels in French waters using a grid that separates individ-
uals based on their width. For individuals measuring 45 mm in height, the estimated width is 20.3 mm. To ensure compliance
with the minimum legal size, the spacing between the grid bars is set at 22 mm (Guide des especes,2024)
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e  Slos (size at 95% retention probability): SLgs = (log (0,95/ (1-0,95)) —-a) /B

The logistic curve is fitted using the predict() function applied to a sequence of sizes.
In order to quantify the size structure of individuals actually retained or rejected by the sorting grid
used in commercial fishing, the estimated selectivity function (see previous section) is applied to all
collected biological data.

For this, each individual observation is assigned a retention probability (pi) based on its size, obtained
from the logistic selectivity model (Eq.2). This probability is averaged by size class (rounded down to
the nearest millimetre) to ensure consistency between the model resolution and that of the observa-
tions. Individuals are probabilistically split according to their potential status relative to the sorting
grid:

e Afraction is considered retained with a weight equal to pi,

e Afraction is considered discarded with a weight equal to 1 - pi.

2.8.3. Stock assessment status

Two approaches, LBl and SPiCT, were chosen because they are well suited to data-limited situations,
allowing useful diagnostics even with incomplete information. They are complementary: LBI, based on
commercial size distributions obtained from whelks sampled across various projects and adjusted for
gear selectivity, quickly provides indicators of relative status (fishing pressure, biomass) using simple
ratios (Lmax5%, Pmega, Lmean...) to assess sustainability. SPiCT, on the other hand, uses time series
of catches (SACROIS) and abundance indices (LPUE) calculated to model biomass dynamics over time,
providing estimates of absolute and relative biomass, productivity, and associated uncertainty. To-
gether, these approaches allow cross-validation of information to strengthen the diagnosis, explore
different stock dimensions, and test the coherence of results, fitting into a progressive framework of
increasing model complexity recommended for managing stocks under data-limited conditions.

2.8.3.1. Length-Based Indicator (LBI)

2.8.3.1.1. Method description

In this context, the Length-Based Indicators (LBI) recommended by ICES (2018) provide a standardized
framework for assessing stock status based on the size composition of landings. The ICES technical
guidelines present key indicators (Lmean, Lmax5%, Lc, L95%) along with their reference ratios, which
allow the evaluation of aspects related to conservation, yield optimization, and exploitation at maxi-
mum sustainable yield (MSY) levels (Table 1).

2.8.3.1.2. Asymptotic length (Loo)

To parameterize these indicators, the asymptotic length (Lee or Linf) used in this analysis comes from
the BESTCLIM project, where it was estimated from a limited dataset (n = 39 individuals), leading to
considerable uncertainty. This uncertainty is accounted for in the analysis by incorporating the lower
and upper bounds of Lee, as recommended by ICES (2018).

2.8.3.1.3. Optimal length (Lopt)
The optimal length (Lopt), Which corresponds to the ideal size to maximize yield per recruit, is defined
as the length at the inflection point of the von Bertalanffy growth curve, that is the point beyond which
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individuals stop growing rapidly and the energy invested in somatic growth decreases significantly.
Lopt is calculated using the relationship Lot = 2/3 X Leo. The proxy Le-m, which represents the length at
which fishing mortality (F) equals natural mortality (M), is estimated using the formula Ly = 0.75 x Lc
+0.25 x Leo, assuming a M/K ratio of 1.5, as proposed by ICES (2018). This reference length serves as
a proxy for maximum sustainable yield (MSY).

2.8.3.1.4. Maturity length (Lmat)

Maturity length (Lmat), or the length at which 50% of the whelk population in the WEC is mature, was
estimated at 50 mm in the BESTCLIM project and at 53 mm in the study by Heude-Berthelin et al.
(2011). This uncertainty in maturity size will also be considered in the analyses.

Table 1. Length-based indicators used for the assessment of data-limited stocks (status 3 and 4) (ICES, 2018).

Mean length of larg- Conservation (large
Lmaxs% Linf Lmaxs%/l-inf >0.8 .
est 5% individuals)

Proportion of individ-

uals above Lopt + 10% Conservation (large
Pmega 0.3-0.4 Pmega >0.3
(Lopt is estimated from individuals)
Linf)

25th percentile of Conservation (im-

Lasy . Lmat I-25%/|-mat >1
length distribution matures)
Mean length of indi- . .
Lmean . Lopt = 2/3 Linf Lmean/Lopt >1 0ptlma| y|e|d
viduals > Lc
Mean length of indi-  Lr=m=0.75Lc +
Lmean . Lmean/ LF:M >1 MSY
viduals > Lc 0.25 Lins

2.8.3.2. Surplus Production in Continuous Time (SPiCT)

To assess the status of the whelk stock in the WEC in a context of limited data, we used the SPiCT
(Stochastic Production model in Continuous Time) model (Pedersen and Berg, 2017). SPiCT is a sto-
chastic continuous-time surplus production model that allows the growth of exploitable biomass to be
represented while explicitly incorporating process and observation errors (Pedersen and Berg, 2017).
The model follows a complete state space structure, in which stock biomass (B;) and instantaneous
fishing mortality (F;) are modelled as latent processes, estimated from time series of commercial
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catches (C;) (from SACROIS, for example) and abundance indices such as LPUE (l;). Biomass dynamics
are expressed by a stochastic differential equation:

dB: = m [(Bt/K) - (Bt/K)"] dt - F:Bidt + 0gB:dW: Eq. 3
where:
e Kis the carrying capacity,
e m maximum sustainable yield (MSY),
e nthe shape parameter of the production curve,
e 0ptheintensity of random variability (process error).
e W;the Brownian motion.

SPiCT models the dynamics of fishing itself, allowing fishing mortality to be treated as a random pro-
cess with its own variability (oF), with the possibility of incorporating seasonal patterns via cyclic
splines or coupled stochastic differential equations (Eq. 3) (Pedersen and Berg, 2017).

SPiCT provides stock condition diagnostics as well as management benchmarks (which LBlIs do not pro-
vide) in situations where traditional approaches (VPA, age-structured models) are not applicable.

The dataset includes 25 years of catch observations and 25 years of abundance indices (LPUE) between
2000 and 2024. The model was implemented in the R environment using the SPiCT library. The param-
eters were estimated by maximising the likelihood, with confidence intervals (95%) calculated using
the Laplace approximation (Kristensen et al., 2016). The model was solved numerically in continuous
time with an integration step of 1/16 year (0.0625 years) using a Euler scheme.

Model adequacy and statistical assumptions were evaluated using OSA residual diagnostics (One-Step-
Ahead residuals). Residual autocorrelation was tested with the ACF and Ljung-Box test, bias was as-
sessed through prediction error trends, and normality was examined with the Shapiro-Wilk test and
Q-Q plots. A sensitivity analysis with 10 random initializations confirmed numerical stability.

A retrospective analysis, progressively excluding the last four years, was used to evaluate stability of
biomass and fishing mortality estimates. Mohn’s rho was computed to quantify retrospective bias,
with |p| < 0.2 considered acceptable (Hurtado-Ferro et al., 2015).

A prior for the intrinsic growth rate (r) was specified as log(r) ~ N(log(0.57), 0.32), constraining r to
biologically plausible values (0.3-1.1). This choice reflects the available biological knowledge on whelks,
a slow-growing benthic species, and allows extreme and implausible values to be excluded. It is also
consistent with estimates reported in a Canadian study (Barrett, 2023) and in the SealifeBase database
(www.Sealifebase.org), where r was estimated at about 0.57 for whelk. The shape parameter n was
fixed at 2, following Schaefer’s model formulation, commonly applied in data-limited situations to en-
sure identifiability and a symmetrical production curve (Schaefer, 1991).

3. Results
3.1. Characteristics of the fishery

Analysis of the density of VMS and AlIS positions recorded by 119 vessels targeting whelks and operat-
ing in the WEC between 2012 and 2023 shows a high concentration of fishing activity in ICES statistical
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rectangles 26E8, 26E7, and 27ES, identified as the main whelk fishing areas (Figure 3A). This distribu-
tion highlights the relative spatial stability of fishing effort, concentrated to the south and west of the
Cotentin Peninsula and to the east of the Bay of Saint-Brieuc (Figure 3A). In contrast, peripheral areas
display a much lower density of points, probably reflecting lower fishing intensity or potentially lower
resource availability. This is particularly evident in statistical rectangles 27E7, 28E7, and 28E8, where
few or no VMS or AlS positions were recorded over the study period (Figure 3A). The spatial origin of
whelk landings, aggregated at the ICES subarea level, confirms that most landings originate from rec-
tangles 26E8, 26E7, and 27E8, with negligible contributions from adjacent subareas (Figure 3B). The
statistical rectangles identified as the main fishing grounds will therefore serve as a proxy for the ex-
ploited whelk habitat, providing a geographical reference for subsequent analyses.
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Figure 3. Aggregated spatial distribution of VMS and AlS positions of whelk fishing vessels operating in the WEC
between 2001 and 2023 (A) and ICES Subareas of origin for whelk landings, 2000 to 2024 (lighter squares = higher
landings) (B).

Landings of common whelk in the WEC show a sharply contrasting dynamic between 1973 and 2023
(Figure 4). Between 1973 and 1991, landings gradually increased from less than 2,500 tonnes to around
7,000 tonnes (Figure 4). This growth accelerated in the early 1990s, reaching a peak of around 14,000
tonnes in 2004, doubling production in 13 years (Figure 4). A downward trend began in 2005 (Figure
4). There was an initial decline between 2005 and 2011, followed by a period of relative stability, with
landings fluctuating between 9,000 and 11,000 tonnes until 2017 (Figure 4). From 2018 onwards, land-
ings fall sharply from over 10,000 tonnes to less than 3,000 tonnes in 2023, a reduction of almost 70%

in six years (Figure 4).
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Figure 4. Annual Landings of whelk in the WEC from 1974 to 2023 (Violet = Brittany and Normandy; Red = Nor-
mandy only; Marron = Normandy and Jersey; Green = Brittany, Normandy and Jersey (SACROIS data) ; Blue =
Brittany, Normandy (SACROIS data)).

Landings of common whelk show a marked seasonal variation, with recurring peaks and troughs over
the months (Figure 5A). Catches of common whelk tend to peak between March and June. During this
period, monthly landings often exceed 1,500 tonnes, with peaks of 2,000 tonnes in some years (Figure
SA).

The months from July to September show a decline in landings, with values often below 1,000 tons
(Figure 5A). The months from October to February show a gradual recovery in catches, with volumes
generally fluctuating between 500 and 1,500 tons (Figure 5A). This period indicates a recovery in fishing
activity after the season of low catches, which also varies greatly from year to year (Figure 5A). There
has been a dip in January since 2007, when the whelk fishing starting being closed during this month
(Figure 5A). The seasonal nature of whelk catches is highlighted by large catches in spring and smaller
catches in summer. A comparison between 2000-2006 and 2018-2024 reveals a shift in the monthly
distribution of whelk catches (Figure 5B). From February to July, the share of annual catches increases
in the recent period, while it declines from August to December (Figure 5B). These changes suggest a
shift toward more seasonal fishing, likely reflecting adaptation to resource availability, especially in
summer.
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Figure 5. Monthly landings of whelks in the WEC from 2000 to 2024, with each color representing a different year
(A). Percentage of monthly landings of WEC whelks (excluding January due to fishery closure since 2007) for two
periods, 2000-2006 (red) and 2018—-2024 (blue) (B).

Whelk fishing expanded in the early 2000s, with vessel numbers rising to 211 in 2007 (+16.6% vs. 2000)
and trips peaking at 17,373 in 2006 (+94.7%) (Figures 6A, 6B and Appendix. 16). Fishing activity re-
mained relatively stable until 2018, despite occasional declines such as n 2009 and 2012. Between
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2018 and 2024, vessel numbers dropped from 187 to 103 (-44.9%) and trips from 16,275 to 8,213 (-
49.5%), marking a clear reduction in fishing effort, possibly reflecting changes in resource abundance.
The relationship between two proxies of fishing effort measured by the number of vessels and trips
targeting whelks and annual landings over the period 2000-2024. The number of vessels shows a sig-
nificant, positive correlation with total landings (R? = 0.60; p < 0.001) (Figure 6A). In contrast, the num-
ber of trips does not exhibit a statistically significant relationship with landings (Figure 6B). As sug-
gested previously, since 2018, both vessel and trip numbers have declined alongside landings, suggest-
ing reduced fishing effort potentially induced by a potential decrease in resource abundance.
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Figure 6. Relationship of annual number of vessels (A) and trips (B) to annual landings (the line indicates a signif-
icant relationship at the conventional threshold of 5%).

3.2. Proxy of abundance: LPUE

This section presents the temporal evolution of total landings and the fishing effort of the reference
fleet over the period 2000-2024, based on SACROIS data and data from the “Calendrier d’activité”. The
evolution of the number of fishers (Figure 7A) and landings in tonnes (Figure 7B) between 2000 and
2024 shows distinct trends. The number of fishers rose from around 8,000 in 2000 to a first peak of
approximately 12,500 in 2004 (increase of 56.3%), before stabilizing at about 10,000 until 2015 (Figure
7A). A second increase occurred between 2016 and 2018, reaching again about 12,500 fishers (increase
of 25% compared to 2015), followed by a steady decline to around 9,000 in 2024 (decrease of 28%
compared to 2018) (Figure 7A). Landings increased rapidly from 2,500 tonnes in 2000 to a peak of
roughly 4,000 tonnes in 2004 (increase of 60%), then remained between 2,500 and 3,000 tonnes until
2015. A recovery is visible between 2016 and 2018 with values close to 3,500 tonnes (increase of 25%
compared to 2015), but the trend then sharply reversed, with landings dropping to about 1,500 tonnes
in 2024 (decrease of 57% compared to 2018) (Figure 7B). This recent divergence, with a faster drop in
landings than in the number of fishers, suggests a decline in the fishery’s productivity in recent years.
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Figure 7. Annual fishing effort (in number of fishers) (A) and annual landings (in tons) (B) of the reference fleet
targeting whelk in the WEC.

The standardised LPUE, derived from the previously described effort and landings data, shows a grad-
ual decline over the whole period (Figure 8). It falls by more than 40%, from around 264.61
kg/fisher/trip in 2000 to less than 154.8 kg/fishers/trip in 2024 (Figure 8). A notable drop of 26.8% is
observed between 2022 and 2023. The raw LPUE, which does not take structural effects into account,
follows a similar trajectory but remains consistently higher, highlighting potential biases related to
random effects linked to the month and the vessel (Figure 8).

An initial period of decline is observed between 2000 and 2006, followed by a period of relative stabil-
ity between 2007 and 2019, characterised by moderate inter-annual variations (Figure 8). From 2020
onwards, both indicators decrease sharply, reaching their lowest level in 2024 (around 154
kg/fisher/trip) (Figure 8). This gradual, sharp deterioration in standardised LPUE indicates a significant
decline in the abundance of whelks in the WEC, independent of changes in the structure of fishing
effort. These results highlight the need to pay particular attention to stock dynamics and status before
environmental effects become visible in landings.
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Figure 8. Annual Landings Per Unit Effort (LPUE) of whelk in WEC (brown = Not standardized; red = standardized;
red shaded area = 95% confidence intervals).

3.3. Sea Surface Temperature and MHWSs dynamics in the whelk habitat area

3.3.1. Sea surface Temperature (SST)

The average annual SST in the proxy of the habitat of the whelk in the WEC (ICES rectangles 26E8, 26E7
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and 27E8) shows a significant upward trend over the period 1983-2024 (Figure 9A). The linear regres-
sion fitted to these data shows a significantly positive slope, estimated at 0.0357 + 0.0048 °C/year (p-
value < 0.001, R? = 0.581) (Figure 9A). The analysis highlights a gradual increase in temperatures, with
a rise of approximately 1.46°C over 41 years (Figure 9A). Monthly temperature trends show great con-
sistency over time: the hottest months (July to September) and the coldest months (February and
March) remain the same regardless of the period considered (Figure 9B). During the early period (1983-
1988), February and March were characterised by significantly lower temperatures than January, indi-
cating stronger winter cooling in the past.

20+ B

\

C 0 NS D O QD
T @ R @ P PR P

Figure 9. Annual mean SST (°C) from 1983 to 2024 (A) and monthly SST climatology averaged over three periods
(red = 1983 to 1988, green = 2000 to 2004, blue = 2019 to 2024) (B) in the whelk habitat.

Average SST show a significant upward trend over the period studied (1983-2022) for all seasons (Fig-
ure 10). Linear regression analyses show statistically significant seasonal increases in average temper-
atures (Figure 10). In winter, the mean temperature increased by 0.031°C per year (p-value < 0.001; R?
=0.28), indicating the lowest seasonal increase in SST, corresponding to an overall warming of +1.25°C
since 1983 (Figure 10). In summer, this increase reaches 0.036°C per year (p-value < 0.001; R = 0.51),
corresponding to a total SST increase of +1.42°C (Figure 10). Spring displays the most pronounced
warming trend, with a significant increase of 0.041°C/year (p-value < 0.001; R? = 0.45), amounting to a
total increase of about +1.65°C (Figure 10). Autumn shows a significant increase of 0.035°C/year (p-
value < 0.001; R? = 0.48), corresponding to a total increase of about +1.39°C (Figure 11).

Autumn Spring

Figure 10. Seasonal trends in annual average SST from 1983 to 2020 in the whelk habitat of the WEC (blue line =
linear trend; grey band = 95% confidence interval).
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3.3.2. Summer MHWs (MHWs)

An analysis of summer MHWs, adjusted for the long-term trend, shows a major change since 2014,
with events becoming increasingly frequent and prolonged, 8 years with at least one MHW have been
recorded over the past 11 years. This reflects an increased recurrence of warm anomalies even in the
absence of average warming (Figure 11). The three characteristics (duration, average intensity and
maximum intensity) defining summer MHWSs do not show a clear interannual trend.

The year 2003 stands out as an exceptional summer MHW, with a cumulative annual duration of more
than 60 days (Figure 11A), an average intensity of more than 1.1°C above the climatological threshold
(90™ percentile) (Figure 11B), and an average annual maximum intensity of around 1.5°C (Figure 11C).
This event far exceeds the other years in the dataset. Outside 2003 (and 2017, which was intense but
short-lived), events typically last between 5 and 20 days and show temperature anomalies averaging
around 0.9-1.0°C, with maximum intensities between 1.1°C and 1.3°C (Figure 11C).

It should be noted that the effects of MHWSs occur in addition to long-term warming. For instance, the
average summer temperature in 2017 was around 17.5°C (Figure 11). This was exacerbated by a ma-
rine heatwave that summer, with an average intensity of 1.2°C (Figure 11B) and peaking at almost
1.7°C (Figure 11C). Consequently, marine organisms, including whelks, were exposed to temperatures
of around 18.7°C for nearly 10 days.
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Figure 11. Annual duration (days) (A), average intensity (°C) (B), and maximum average intensity (°C) (C) of
MHWs identified in the WEC whelk habitat (Color intensity represents the relative strength of heatwaves, with
darker shades indicating more sever.

3.3.3. Daily SST and Biological threshold

This exploratory and qualitative approach relies on the literature to identify biologically rele-
vant thermal thresholds for whelks, distinguishing between winter and summer conditions,
with the aim of linking temperature variability to stock abundance. The proportion of days below
9.5°C, the threshold identified as triggering whelk spawning, has fallen sharply, from over 40% in the
1980s to 2011 (with occasional lower years such as 1990 and 2007), to a systematic downward trend
after 2011, reaching less than 10% in 2022 and 2024 (Figure 12). This contraction of the cold period

suggests a significant reduction in the potential breeding window?.

2 Reminder: whelks spawn between 9 and 10 °C.
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At the same time, the frequency of days above the 18°C threshold, beyond which whelks enter physi-
ological inactivity, has increased sharply (Figure 12). Whereas this threshold was sometimes never

reached before 2000, it now systematically affects up to more than 50% of annual days in years after
2018 (except for 2021, when it is less than 25%) (Figure 12).
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Figure 12. Percentage of days of the year above the threshold of 18°C and 9.5°C in the whelk habitat zone (red =
above threshold; blue = below threshold).

3.3.4. Statistical approach focuses on summer conditions

This approach is based on a statistical analysis of summer conditions, aiming to quantify the potential
effect of mean summer temperature and/or summer MHWSs on the WEC whelk stock, by testing dif-
ferent types of GAMs.The analysis revealed a threshold relationship between summer thermal condi-
tions in year t-1 and the abundance of the WEC whelk stock in year t.

3.3.4.1 Screening nonlinearities

The GAMs models tested, including mean summer temperature (year t-1), the presence of summer
MHWs (year t-1), and their interaction, showed that only mean summer temperature (t-1) had a sig-
nificant relationship with stock abundance in the following year (p-value < 0.05). This result was con-
sistent regardless of the probability distribution used, with the significant effect always being non-
linear. Among the models tested, the one assuming a log-Gaussian distribution provided the best fit to
the data (Appendix. 14). This model explains 62.3% of the deviance and has an adjusted R? of 0.565.
The response curve of the GAM model indicates a decrease in the standardised abundance of whelks
with increasing summer temperature (in year t-1) (Figure 13). The binary variable describing the pres-
ence of MHWs in year n-1 does not significantly explain the interannual variation in abundance. Nei-
ther alone nor in interaction with temperature does it improve the model fit.

3.3.4.2. Identification of summer threshold

A specific threshold was identified at 18.02 °C based on the second derivative analysis of the response
curve derived from 200 predicted data points) (Figure 13). This threshold indicates a turning point
where the relationship between summer temperature and stock abundance decreased markedly, sug-
gesting an intensified biological response beyond this value.
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Figure 13. Effect of the annual mean summer temperature of year n-1 on the LPUE (threshold identified = dotted
lines).

3.5. Stock assessment

3.5.1. Length-Based Indicators

To assess the exploitation status and sustainability of the whelk stock in the Western English Channel,
four categories of length-based indicators (LBIs) were examined: conservation of large individuals
(Pmega and Lmax5%/Linf), conservation of juveniles (L25/Lmat), optimal yield (Lmean/Lopt), and sus-
tainability in relation to fishing mortality (Lmean/LF=M). The analysis is based on individual length data
collected between 2009 and 2025 in the Western English Channel. Retention probabilities derived
from the selectivity of the sorting grid were applied in order to isolate the commercial fraction of the
landings. Details on the estimation of selectivity parameters (SLso, SLgs, Lc) and the fitting procedure
are provided in (see section 2.8.2; Appendix 17,18, 19 and 20).

3.5.1.1. Stock Status in 2025

Table 2. Summary table of LBIs for 2025 with indications of status compared to reference points for ICES length-
based method. The colour red indicates that the condition is below the expected value, orange indicates an un-
certain condition, and green indicates that the conditions are met.

Conservation

Conservation

Conservation

[0.9-1.07]

Indicator Optimal yield MSY
(large) (large) (immatures)
Pmega (%) Lmax5%/Linf L25/Lmat Lmean/Lopt Lmean/LF=M
Expected value >0.3 >0.8 >1 aprrox. 1 >1
2025 (mean value) - 0.83 0.98
[low-upp] [0.04-0.38] [0.77-0.91]

Among the conservation indicators in 2025, the L25/Lmat ratio is relatively high (0.95), but still slightly
below the threshold of 1, suggesting that a non-negligible proportion of the catch consists of immature

individuals (Table 3). The narrow confidence interval [0.92-0.98]° supports the reliability of this esti-

mate (Table 3).

3 The confidence interval presented in Section 3.5.1 reflects the uncertainty surrounding of the parameter Linf,.
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When it comes to large individuals, the results are more contrasted. The Lmax5%/Linf ratio, which
reflects the presence of the largest individuals in the stock, reaches 0.83, above the 0.8 threshold,
suggesting some degree of preservation of large individuals (Table 3). In contrast, the proportion of
very large individuals (Pmega) is particularly low (0.16), well below the recommended threshold of 0.3,
with a confidence interval [0.04-0.38] indicating high variability but an overall unfavourable status (Ta-
ble 2).

This divergence between the two indicators related to large individuals prevents a clear conclusion
about the status of the largest fraction of the stock, highlighting the need to interpret these indicators
jointly and with caution. Finally, the exploitation-related ratios Lmean/Lopt (0.98) and Lmean/LF=M
(0.96) are close to the sustainability thresholds (~1), suggesting that the stock is currently being ex-
ploited at levels approaching, but not fully reaching, optimal and sustainable yield.

3.5.1.2. Conservation (large individuals)

The proportion of mega-spawners (Pmega) consistently remained below the 30% threshold recom-
mended to ensure stock resilience, with maxima < 20% and minima < 10% in 2013 and 2023 (Figure
14A). After a progressive increase between 2013 and 2019, Pmega declined again from 2020 onwards,
reaching a second minimum in 2023. The wide confidence intervals reflect strong interannual uncer-
tainty. These low values suggest an alteration of the demographic structure, likely reducing the repro-
ductive potential of the stock. The ratio between the mean length of the 5% largest individuals and Loe
ranged between 0.79 and 0.85 (Figure 14B). With the exception of 2023 (0.79), all years reached or
exceeded the 0.8 threshold recommended by ICES, indicating an overall conservation status broadly
consistent with sustainable exploitation.

T

Figure 14. Annual proportion of megaspawners (A) and Lmax5/Linf (B) over the time series (2009 to 2025) with
the threshold recommended by ICES (dotted lines) and confidence intervals (error bars)

Overall, the two indicators showed similar dynamics: marked minima in 2013 and 2023, and an in-
crease between 2014 and 2019. Pmega appears to be the most conservative indicator, consistently
below the threshold, while the ratio of the 5% largest individuals is the most permissive, generally
above 0.8. However, the variability of the confidence intervals highlights the importance of integrating
uncertainty into the assessment of large size classes.

3.5.1.3. Conservation (immatures)

Between 2009 and 2025, L25/Lmat ratios consistently remained below the sustainability threshold of
1, regardless of whether Lmat was set at 50 mm (0.96-0.99) or 53 mm (0.90-0.93) (Figure 15). This

26



indicates that part of the catch consists of immature individuals. Interannual variability was low, with
a decline from 2009 to 2013, stabilization and slight increase until 2021, followed by a drop in 2022
and a rebound in 2023. The temporal pattern mirrors that of large-individual indicators, with aligned
minima in 2013 and higher values in 2019-2021, but with a narrower range of variation (Figure 15).
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Figure 15. Annual L25/Lmat ratios over the time series (2009-2025), with ICES recommended threshold values
indicated by dotted lines. (Light purple = Lmat set at 50 mm and dark purple = Lmat set at 53 mm).

3.5.1.4. Optimal yield and MSY

The Lmean/Lopt ratio shows some variability between 2009 and 2025, with values ranging from 0.93
to 0.99 (Figure 16A). All annual mean estimates remain below the threshold value of 1 recommended
by ICES (2018). Most values are close or very close to 1, suggesting that the average size of individuals
in the catch is near the theoretical optimum that maximizes yield per recruit (Figure 16A). The confi-
dence intervals reflect notable interannual uncertainty, and for all years, there is a possibility that the
true ratio may exceed the threshold of 1 (Figure 16A).
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Figure 16. Annual ratios of Lmean/Lopt (A) and Lmean/LF=M (B) over the full time series (2009-2025), with ICES
recommended threshold values indicated by dotted lines and confidence intervals shown as error bars.
Similarly, the annual Lmean/LF=M ratios are consistently below the reference value of 1, except in
2009 when the upper bound of the confidence interval slightly exceeds this threshold (Figure 16B).
These results suggest that the stock has been exploited at levels below those compatible with sustain-
able fishing during the study period. The confidence intervals for this indicator reflect less variability
around the mean for Lmean/Lopt, suggesting that the value of Linf has a greater influence on this ratio.
The temporal dynamics of both ratios (Lmean/Lopt and Lmean/LF=M) from 2009 to 2025 resemble
those observed for indicators of large-size class conservation (Pmega and Lmean5%/Le=) and for small-
size classes (L25/Lmat). All indicators show a similar trend: an initial decline between 2009 and 2013,
a gradual increase until 2021, followed by another decline reaching a second minimum in 2023, and a
recovery in 2025.
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3.5.2. Surplus Production in Continuous Time (SPiCT)

The SACROIS database and standardized abundance index (LPUE) were used. For the catch-based
model, residuals show significant autocorrelation (p = 0.0116; Appendix. 21), but no bias (p = 0.2065;
Appendix. 21), and follow an approximately normal distribution (p = 0.0599; Appendix. 21). The auto-
correlation indicates that the residuals are not independent, reflecting a temporal structure not ex-
plained by the model, likely originating from recent years. The model based on the abundance index
yields better results: no autocorrelation (p = 0.9549; Appendix. 21), no bias (p = 0.5923; Appendix. 21),
a distribution close to normal (p = 0.2233), and no retrospective pattern detected (Mohn’s rho < 0.2;
Appendix. 22). Sensitivity tests also confirm the robustness of the model: all 10 runs converged with
stable estimates (Appendix. 23). Uncertainty remains moderate: B/BMSY = 0.66 [0.33-1.30] and
F/FMSY = 0.54 [0.28-1.04]. In 2025, biomass is therefore on average 34% below BMSY, while fishing
mortality remains 46% below FMSY (Appendix. 24). This indicates that, although the stock is currently
below the biomass level corresponding to maximum sustainable yield, it is not subject to excessive
fishing pressure.

Catches have declined since the mid-2000s (Figure 17A). The SPiCT model estimates an average MSY
of 8,350 tons (95% Cl: 6,370-10,950). From 2000-2019, catches were mostly above this level, indicating
overexploitation. Since 2020, they have fallen below MSY, suggesting potentially sustainable levels.
Between 2008-2021, catches lie within the MSY uncertainty range, making exploitation status unclear.
Before 2008, caches exceeded MSY; after 2021, they are clearly below it (Figure 17A). The evolution of
the F/FMSY ratio refines the interpretation of exploitation trends (Figure 17B). From 2000 to 2019, this
ratio remained mostly above 1, reflecting fishing mortality exceeding the sustainability level, con-
sistent with catches above MSY (Figure 18B). In 2005, the ratio peaked at around 1.5, indicating par-
ticularly high fishing pressure that year (Figure 17B). From 2018 onwards, a gradual decline in the ratio
was observed. In 2024, it is estimated at 0.54 [0.28-1.04], suggesting that fishing pressure is likely to
be below the sustainability threshold, although the credibility interval does not rule out the possibility
of it being exceeded (Figure 17B).
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Figure 17. Evolution of catches (B) and F/FMSY (B) over the 2000 to 2024 time series with the average value of
MSY (solid line) and 95% Cls (grey band)

Between 2000 and 2005, the B/BMSY ratio ranged between 1.3 and 1.4, clearly above the sustainability
threshold, indicating that biomass was well above the level required to achieve maximum sustainable
yield (Figure 18A). From 2006 to 2020, the ratio remained slightly above 1, suggesting stocks were
maintained just over the BMSY level. From 2018 onwards, a marked decrease is observed, reflecting a
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gradual decline in biomass. In 2024, the ratio is estimated at 0.66 [0.33-1.30], indicating that the stock
is likely below the level needed to produce the maximum sustainable yield (Figure 18A).

The Kobe plot (Figure 18B) illustrates the joint evolution of fishing mortality (F) and biomass (B) in
relation to their respective sustainability levels. The stock is mainly in the upper yellow zone, with
biomass close to BMSY but mortality above FMSY (Figure 18B). A gradual decrease in biomass is ob-
served, leading the stock into the red zone at certain times, reflecting a situation of overfishing and
depleted biomass (Figure 18B). A reduction in fishing mortality is visible, moving the stock towards the
lower yellow zone. At the end of 2024, it is in this zone, indicating mortality below FMSY, but biomass
still below BMSY (Figure 18B).
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Figure 18. Trends in B/BMSY (2000-2024, solid line = MSY, blue band = 95% Cl) (A) and Kobe plot showing the
joint dynamics of F/FMSY and B/BMSY with associated uncertainty (grey envelope) for the WEC whelk stock (B).

4. Discussion
4.1 Understanding whelk stock decline: the role of fishing and shifting ocean
conditions

The results indicate a concerning state of the whelk (Buccinum undatum) stock in the WEC. A decline
in abundance of around 41% has been observed since 2000, including a 27% drop between 2022 and
2023. The reduction in catches, estimated at around 70% over the past six years, likely linked to the
decline in abundance, has led to a decrease in fishing effort. This dynamic suggests at least a twofold
reduction in fishing mortality, consistent with SPiCT model estimates via the F/FMSY ratio.

Over the past six years, fishing mortality has declined, yet whelk stock abundance continues to de-
crease suggesting a possible delayed effect from historically intense exploitation in addition to a very
likely warming effect (discussed hereafter). This ongoing decline may be, in part, due to the sensitivity
of whelk to overfishing. Whelk exhibits biological traits that heighten its vulnerability: low fecundity,
late maturation, limited interpopulation migration, and strong spatial variability in life-history param-
eters (Shelmerdine et al., 2007; Ashfaq et al., 2019). Between 1993 and 2018, landing exceeded the
average CMSY estimated by the SPiCT model (8,350 tonnes), peaking at nearly 15,000 tonnes in 2004.
However, data for the 1984-2000 only includes landings from Normand fishers (with the addition of
Jersey landings from 1996 to 2000). Since Breton fishers also operate in this area, it is highly likely that
landings during this period are underestimated, suggesting that the CMSY threshold was exceeded well
before 1993. This surge in exploitation is linked to the growth of the Asian market in the 1990s, which
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drove high demand for whelks (Fahy et al., 2000). A decline in landings and fishing mortality was rec-
orded after 2004, possibly in response to management measures implemented to limit fishing effort
(Appendix. 3). Between 2005 and 2018, estimates from the SPiCT model suggest that landings, bio-
mass, and fishing mortality were close to the maximum sustainable yield (MSY). Over the 2009-2025
period, LBl indicators reveal an alarming conservation status for large individuals, despite substantial
uncertainty (discussed later). These individuals play a key role in stock renewal, as their size is positively
correlated with their spawning capacity (Valentinsson, 2002). The status of immature individuals is also
degraded, regardless of uncertainty over the size at maturity. The proportion of immatures landed
remains high. Landing individuals before their first reproduction undermines the species’ reproductive
potential.

Concurrently, a gradual increase of approximately 1.5 °Cin sea surface temperature has been observed
since 1983 in the whelk’s habitat in the WEC. This warming may extend inactivity period and shorten
spawning windows, directly impacting recruitment (Figure 13). In some whelk populations, rising tem-
peratures correlates with reduced egg production per spawn (Hegron-mace et al., 2017), lower hatch-
ing success, and accelerated intracapsular larval development (Smith et al., 2013)

However, the transferability of these thermal thresholds to the WEC stock remains uncertain, as this
population may have developed adaptations to the higher thermal conditions of this region. Nonethe-
less results show that the average summer temperature of the previous year may play a significant
role in shaping whelk abundance, particularly under the emerging thermal regime now characterizing
the area. The analysis reveals that higher summer temperatures are associated with a marked decrease
in abundance, particularly beyond the critical threshold of 18.02 °C, highlighting the importance of
integrating delayed effects of environmental conditions into stock assessments. This finding corrobo-
rates the previously identified threshold for the Danish stock (Nielsen, 1974). The lengthening of the
inactivity period could indicate prolonged thermal stress. Under such conditions, it is well established
that the species allocates an increasing share of its energy to physiological maintenance (Alfonso et
al., 2021), at the expense of movement and feeding (Brett, 1956).

The seasonality of whelk landings suggests a reduction in feeding activity, with individuals being less
frequently caught in pots during the summer. According to fishers, this lower catchability is due to
whelks burrowing to seek a thermal refuge, a behaviour already observed in other molluscs (Block et
al., 2013). Moreover, the monthly distribution of landings has shifted between 2000-2006 and 2018-
2024, with summer months now representing a smaller proportion of total landings. Fishers report
catching far fewer whelks in summer than in the past, leading them to adjust their fishing strategies in
response to a less available and physiologically constrained resource. Similar thermal effects on feed-
ing and activity have been observed in other species, such as sockeye salmon (Oncorhynchus nerka)
above 21.1 °C (Donaldson and Foster, 1941), Atlantic cod (Gadus morhua) (Castonguay and Cyr, 1998),
and European seabass (Dicentrarchus labrax) (Koumoundouros et al., 2002), where high temperatures
reduce locomotor activity, increase stress, and limit homeostatic capacities, potentially increasing
mortality (Kroeker et al., 2014; Genin et al., 2020). Comparable effects have been reported in gilthead
seabream (Sparus aurata) exposed to high temperatures: pronounced oxidative stress affects vital or-
gans such as the liver and muscles through increased antioxidant enzyme activity, impairing survival,
growth, and the ability to move in search of food (Madeira et al., 2016).
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The whelk, a boreal ectothermic species located at the southern edge of its distribution range, is ex-
posed to extreme thermal conditions. Under the emerging thermal conditions, these factors can alter
its metabolism and, particularly in recent years, contribute to reduced productivity. Studies on Ameri-
can and Irish Sea populations have shown that increasing temperatures influence growth: it tends to
be stimulated in early life stages but becomes detrimental in older individuals (Emmerson et al., 2020;
Borsetti et al., 2021).

However, the seasonality observed in whelk landings may not be explained solely by a reduction in
locomotor activity linked to temperature, but also by more subtle effects on feeding behaviour. By
analogy with other species, temperature can influence gustatory receptivity, as in the grass carp (Cte-
nopharyngodon idella) and the stellate sturgeon (Acipenser stellatus), where the sensitivity of taste
receptors to various amino acids varies with temperature, contributing to seasonal changes in diet
(Kasumyan and Dgving, 2003). It can also alter feeding frequency and rhythm, as observed in Atlantic
salmon (Salmo salar), which feeds mainly during the day at temperatures above 6 °C but switches to
predominantly nocturnal feeding below this threshold (Fraser et al., 1995), or even influence the cir-
cadian rhythm of locomotion, as in zebrafish (Danio rerio) (Hurd et al., 1998). If such mechanisms occur
in whelks, they could affect the efficiency of daytime pot fisheries using bait during the summer period,
thereby contributing to seasonal variations in catches.

In the statistical framework developed in this study, no effect of summer MHWs, as defined in this
study (initially defined in Hobday et al. (2016)), was detected on the proxy of the stock abundance.
These events, recurrent since 2014, occur abruptly and may elude the sensitivity of the statistical meth-
ods used in this study. It is also possible that the long-term summer trend has already exceeded the
species’ tolerance thresholds, making any additional effect from such extremes marginal. In contrast,
a long winter marine heatwave could reduce the reproductive window, thereby affecting reproductive
potential. A similar spring event could accelerate larval development or enhance predator activity,
potentially impacting recruitment success (Smith et al., 2013).

Other environmental and biological factors may also contribute to the decline in productivity of the
WEC whelk. While temperature increase is recognized as a major driver, global change also leads to
ocean acidification. This acidification reduces the availability of calcium carbonate, making it more dif-
ficult for calcareous-shelled species to form solid structures, thereby increasing their vulnerability
(Kroeker et al., 2014).

The WEC whelk stock is showing signs of concerning decline, likely resulting from the combined effects
of fishing pressure and climate change, whose relative influence varies over time. This dual pressure is
particularly worrisome because fishing and climate change interact in shaping fishery productivity:
overexploitation reduces biodiversity and alters the demographic and spatial structure of populations,
thereby increasing their sensitivity to climate change (Brander, 2007). Climate change can affect stock
productivity through both direct and indirect mechanisms. Direct effects include impacts on reproduc-
tion, growth, and survival (Smith et al., 2013; Hegron-mace et al., 2017; Borsetti et al., 2021), while
indirect effects operate via changes in net primary production or predation pressure (Brander, 2007).
In this context, reducing fishing mortality remains an important management lever, even if the species
is no longer considered overexploited according to the MSY estimated by SPiCT. However, given po-
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tential changes in productivity under current environmental conditions, the reference points them-
selves, including MSY, may need to be re-evaluated. This would allow management to account for
observed changes in stock productivity, interannual variability, and extreme climate events (Brander,
2007; Serpetti et al., 2017).

4.2 Limits and Ways Forward

Some limitations apply to this study, notably concerning the estimation of the biological parameters
that are critical for reducing uncertainties in the in the stock assessment approaches developed herein,
and for advancing the development of additional assessment models in the future.

The size at maturity (Lmat) of the WEC whelk remains uncertain. The BestClim project estimated it at
50 mm (Hegron-mace et al., 2017), while C. Heude-Bertelin (2011) reported a higher value of 53 mm.
This uncertainty is compounded by the fact that most individuals are sampled in April-May, when fe-
males have just spawned. It is then difficult to distinguish individuals in sexual rest characterized by
regressed reproductive organs following spawning, from those that are not yet reached sexual ma-
turity. New estimates of size at maturity, produced within the framework of the CCLIMBUP project, by
targeting the end of gametogenesis in autumn and supported by both qualitative and quantitative
histological analyses of reproductive effort, are expected to significantly reduce current uncertainty.
Growth dynamics and associated biological parameters remain also a major source of uncertainty in
the assessment of the WEC whelk stock. Existing estimates of the length-age relationship, such as those
derived from the BestClim project (Hegron-mace et al., 2017), are based on a limited sample size (n =
39), making key parameters like Linf particularly uncertain. This limitation hampers the development
of robust stock assessment models, especially those requiring growth parameters or age structured
approaches. To address this gap, the CCLIMBUP project is undertaking a more comprehensive analysis
based on statolith readings (calcified structures used to age whelks; Hollyman, 2017) from 140 females
and 140 males. This approach will enable the construction of a more precise and reliable length-age
relationship, while also investigating the influence of environmental conditions on growth through
fine-scale analysis of annual increments (Borsetti et al., 2021).

In addition, the LPUE should be interpreted with caution due to inherent uncertainties associated with
the fishing effort. Using the number of fishers onboard as a proxy for fishing effort rather than the
number of pots deployed - unavailable in our database - introduces potential bias. Although regula-
tions stipulate that the maximum number of pots permitted onboard is proportional to crew size, it
cannot be assumed that all whelk vessels consistently utilize the full quota of pots allowed. This varia-
bility introduces potential bias in estimating actual fishing effort and, consequently, in the LPUE. In this
study, efforts were made to control catchability, however variation in catchability is another source of
uncertainty. Despite the application of several filtering steps aimed at accounting for known sources
of variation (Appendix. 7), catchability remains influenced by factors such as environmental conditions,
gear efficiency, and fisher behaviour. These uncontrolled elements introduce residual variability.

In the WEC, whelk habitat is approximated using the fishing grounds identified from georeferenced
data of commercial fishing vessels. These data suggest areas of higher whelk density, but they are
influenced by fishing strategies (Dowling et al., 2015), by constraints related to cohabitation with other
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fleets such as the scallop fleet, since fishers avoid setting strings in areas where dredges operate to
prevent gear damage, and by logistical limitations, as most vessels are under 12 m in length. Further-
more, a significant proportion of the fleet lacks VMS or AlS coverage, as legislation does not require it
(Shelmerdine, 2015). As a result, this study provides only a partial picture of the activities of the whelk
fleet, a common challenge in such studies (Shepperson et al., 2018). Moreover, these smaller vessels
cannot venture far offshore as they lack the fuel capacity for trips exceeding one day while remaining
economically viable. Thus, even though the species is coastal, there may be individuals further off-
shore, as a new offshore whelk license has recently been introduced to compensate for declining land-
ings (CRPMEM, 2024). Future work should integrate these georeferenced data with scientific surveys
from minimally exploited zones to refine habitat estimates.

Since this is a coastal species, the use of a satellite product with a resolution of around 25 km, such as
OISST, introduces uncertainty in local temperature estimates, which may limit the description of fine-
scale thermal dynamics. A limitation of this study is that the dynamics may not be fully captured with
the datasets currently used. The resolution of commonly used products such as OISST may smooth the
intensity and location of coastal thermal fronts. Higher-resolution satellite datasets such as MUR (~1
km global daily SST) can better represent these features. For instance, off Pisco (Peru), the seasonal
SST cycle measured with MUR shows a greater amplitude than in lower-resolution datasets, highlight-
ing the added value of high-resolution products (Vazquez-Cuervo et al., 2013).

An important limitation of this study lies in the very definition of a marine heatwave, which currently
relies solely on a scientific consensus. When considering the impact on a species’ biology, it becomes
necessary to rethink this definition, as it is presently based on exceeding the 90th percentile tempera-
ture for at least five consecutive days (Hobday et al., 2016). However, nothing prevents us from think-
ing that the impact on an ectothermic species might only be felt after ten days, or when the mean
exceeds the 95th percentile. It is certain that the species has its own “definition” of a heatwave, which
is not necessarily the one set out in the literature (Hobday et al., 2016). Other fundamental questions
such as the ideal period over which to calculate the climatological mean, or whether to remove the
trend and how to do so, are subject to ongoing debate in the literature (Farchadi et al., 2025). All of
this may also explain why no signal was retained for the abundance of the WEC whelk stock, as AIC did
not support the inclusion of summer MHWs presence.

4.3 Perspectives

A first line of research will aim to improve the understanding of stock abundance dynamics. The ongo-
ing standardisation of CPUE data collected by SMEL will provide a key tool to refine the temporal mon-
itoring of the resource. These data, gathered between 2009 and 2025 within the framework of several
projects (Gestion durable des pécheries, BULOCLIM, BESTCLIM, ESHANO, MECANOR, COGECO and
CCLIMB UP) and by different stakeholders (SMEL, CRPMEM, IFREMER), constitute a solid but still in-
complete basis to characterise stock dynamics. In addition, the integration of data from Jersey would
provide an opportunity to expand the spatial scale of the analysis and to strengthen the robustness of
the identified trends.

A second line of research will focus on improving knowledge of the link between seawater temperature
and the species’ biology. Controlled-environment experiments will expose different size classes to
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thermal gradients, with and without marine heatwaves (MHWs), in order to assess the effects of tem-
perature on key processes such as maturity, behaviour (burrowing, inactivity), spawning, and mortal-
ity. These simulations will provide critical insights into the potential impacts of long-term warming and
MHWs on English Channel whelk populations.

In parallel, growth will be investigated through statolith analysis. Examining a balanced sample of fe-
males and males will allow the establishment of a robust length-age relationship, while also assessing
the influence of environmental conditions on growth via the fine-scale study of annual increments.
This approach will help clarify the variability of growth trajectories and their ecological drivers.
Moreover, an integrative perspective on the species’ physiology will be developed. A de novo tran-
scriptomic approach, made necessary by the absence of a reference genome, will allow the identifica-
tion of metabolic pathways and physiological functions affected by thermal stress. This will provide a
comprehensive view of the underlying biological mechanisms, bridging individual and population level
responses and contributing to a better understanding of the consequences of climate change on whelk
stocks.

Controlled experiments conducted within the CCLIMB UP project will provide essential insights to help
define a species-specific concept of marine heatwaves for the whelk in WEC. These experiments will
make it possible to test absolute and seasonal thermo-physiological thresholds (around 18 °C in sum-
mer, section 3.3.4.2 ; 9-10°C in winter, Kideys et al., 1993) in relation to different biological phases.
They will also help clarify which durations and intensities of exposure are truly relevant (beyond the
current scientific consensus on MHW definition) still uncertain but crucial for tailoring this concept to
the species’ ecology and for better understanding its influence on stock abundance.

Incorporating environmental conditions into the stock assessment of the western English Channel
whelk represents a promising avenue in the context of climate change, particularly given the increase
in marine heatwaves (MHWSs) observed since 2014-2016. Two main approaches can be considered.

A first, more pragmatic and readily applicable option relies on indirect approaches. These consist in
estimating productivity and biological reference points as time-varying rather than constant parame-
ters. Following the framework developed for surplus production models such as SPiCT, this can be
achieved by introducing temporal dynamics of productivity (r) and carrying capacity (K) (Mildenberger
et al., 2025). Applied to whelk, this would allow a comparison of two contrasting periods (2000-2015
vs. 2016-2024), the latter corresponding to a regime shift associated with more frequent MHWs. Such
an approach would lead to dynamic reference points (BMSY, FMSY) that are more representative of
recent environmental conditions. Complementarily, length-based indicators (LBIs) could be extended
to incorporate parameters known to vary with temperature, such as size at maturity and growth.

A second, more ambitious but also more demanding option involves direct approaches. These aim to
establish explicit links between environmental variables and key biological processes such as recruit-
ment or natural mortality. In line with previous work demonstrating the influence of the Mid-Atlantic
cold pool on yellowtail flounder recruitment (Miller et al., 2016), similar models could be developed
for whelk by incorporating co-variates such as SST anomalies or MHW indices into age- or size-struc-
tured models. This would make it possible to quantify directly the effect of thermal stress on recruit-
ment success. However, such an approach requires two essential conditions: the development of an
age- or size-structured model for whelk, and the establishment of a statistically robust link between
environmental variables and biological parameters.
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The findings of this study highlight the sensitivity of the whelk to thermal variability and its vulnerability
to marine heatwaves, raising important questions for the future management of the fishery under
climate change. One first avenue concerns the revision of the minimum landing size (MLS). The thresh-
old currently set by the European Union at 45 mm, unchanged since 1983, appears inconsistent with
biological knowledge, as several studies (Heude-Berthelin et al., 2011; Haig et al., 2015; Hegron-mace
et al., 2017) indicate that the size at first maturity often exceeds this value. This implies that some
individuals are harvested before reproducing at least once. Although undersized whelks are sorted
using selective grids and mostly returned to the sea, post-release survival rates remain unknown. If
survival is low, this practice could jeopardise recruitment. In this context, an increase in MLS would
represent a precautionary approach, but further research on reproductive biology and discard survival
is required before such a regulatory change can be implemented.

A second perspective lies in the introduction of catch quotas. The evidence for time-varying produc-
tivity of the stock suggests that static management rules may not be sufficient. Quotas defined in re-
lation to biological reference points that account for interannual variability in productivity could pro-
vide a more adaptive framework. This would allow harvest levels to be adjusted according to both the
state of the stock and the environmental conditions of the previous year, thus aligning management
with the principles of adaptive fisheries governance.

From a spatial standpoint, the heterogeneous nature of coastal thermal dynamics in the Western Eng-
lish Channel points to the possibility of localised closures. Some areas may be disproportionately af-
fected by marine heatwaves, and restricting fishing in these zones could help preserve critical habitats.
This requires a finer understanding of spatial dynamics, which could be achieved by combining scien-
tific survey data with high-resolution satellite products such as MUR (1 km). Such integration would
enable the mapping of realistic habitats suitable for this benthic species and the identification of pri-
ority conservation areas.

Temporal closures could also be envisaged, especially during the summer months when marine heat-
waves are most frequent and physiological stress for whelks is likely to be greatest. These closures
could be permanent for certain months or activated adaptively in years when heatwaves occur. In the
longer term, if robust links between temperature and population indicators such as CPUE, recruitment,
or growth are established, environmental variables could be incorporated into short-term forecasting
models. This would make it possible to set annual quotas based not only on stock dynamics but also
on expected environmental conditions, bringing the fishery closer to a truly adaptive management
system.

Taken together, these advances, coupled with a better understanding of productivity changes linked
to climate change, will pave the way for the implementation of more comprehensive and fuller analyt-
ical stock assessment models capable of integrating directly or indirectly environmental effects. These
tools will enable the proposal of adaptive, realistic, and effective management plans that reconcile
ecological sustainability with the socio-economic viability of the WEC whelk fishery.
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APPENDIX

Appendix 1. Example of a whelk fisher setting up his longline with traps and Whelk pots fixed to a concrete
plate used as ballast (Brutel-Philip et al., 2014)
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Appendix 2. Annual mean price (euros/kg) over time series 2000 to 2024 (SACROIS)
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Appendix 3. History of regulatory management plans concerning the whelk stock in the WEC (CRPMEM).
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Appendix 4. VMS data of vessels landing whelk in the WEC for each year
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Appendix 5. AlS data of vessels landing whelk in the WEC for each year

Appendix 6. Description, Filtering, and Correction of Whelk Landings Data in the Western English Channel (SA-
CROIS, 2000-2024)

In SACROIS, each line represents a trip/species/place of activity, including the trip identifier, the vessel
ID number, the dates of departure and return, the time spent at sea, the type of fishing activity, the
gear used, the locations of the ports of departure and return, the ICES statistical area of activity, the
volume and price of landings, and the characteristics of the vessel. The data cover the period from
2000 to 2024. A first filtering step was applied to retain only whelk landings in the WEC under French
flag, to obtain a first estimate of French landings.

Some errors remain due to the overlap of ICES statistical squares between the WEC and EEC areas,
leading to inconsistencies in the recording of landings. For example, whelk caught in WEC have some-
times been attributed to stock EEC and vice versa. In order to correct these errors, ports of departure
were used as a criterion, as whelk fishermen operate on a daily basis and do not go round the Cotentin
to fish. After correction, 12.72% of the landings originally recorded in the EEC were reallocated to the
WEC, while 0.17% of the landings from the WEC were reallocated to the EEC as a proportion of the
total gross landings from the WEC.

Preliminary analysis of the landings data indicated that anomalous data were reported in 2011 from a
vessel that landed more than 1,200 tonnes of whelk for some fishing trips, which represent highly
aberrant values for a 12m whelk vessel. These data were therefore deleted. They represented 1.14%
of the total landing in the WEC. These data are therefore considered to be our raw whelk landings data
for the WEC.
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Appendix 7. Definition and Filtering of the Reference Fleet for the Whelk Fishery (SACROIS, 2000-2024)

In this study, LPUE was calculated using catch data extracted from the SACROIS database (see section
2.4). These data are available at the fishing trip level.

In order to obtain the most reliable LPUE proxy, it was necessary to filter the landings data by creating
a reference fleet that reflected the real conditions of the fishery:

- Only vessels using fishing pots specifically targeting whelk were selected, representing 99.28%
of landings. This choice makes it possible to exclude other trips with different fishing practices
and catchability of the resource, thus ensuring the homogeneity of the data and avoiding bias.

- Secondly, only the 3 statistical squares confirmed by AIS and VMS data, and associated with
the highest whelk landings, were retained. This approach minimizes area-related bias while
ensuring the best possible representation of the fishery. This filtering resulted in the loss of
35.57% of the landings but ensures that the remaining data are consistent and reliable for
analysis.

- Only trips conducted between February and June were retained to avoid catchability bias as-
sociated with whelk inactivity during warmer months (Hegron-Macé et al., 2017). January was
excluded due to a fishery closure in 2007, which could introduce artificial temporal bias. This
seasonal filtering resulted in a 46.83% reduction of the remaining dataset, with 34.01% of total
landings ultimately retained.

- Toimprove the reliability of LPUE estimates, only vessel-year combinations with fishing activity
in at least four months between February and June were retained. This criterion ensures that
selected vessels exhibit consistent effort during the core fishing season, reducing bias from
irregular or opportunistic fishing behavior. This step resulted in a 5.47% reduction of the da-
taset at this stage. In total, 32.15% of the original landings were retained following this filtering
step.

- Unrealistic catch values were excluded by removing observations above the 99th annual per-
centile. This threshold helps eliminate outliers while preserving the core distribution, thus im-
proving the robustness of LPUE estimates. This step resulted in a loss of 7.48% of the data. In
total, 29.75% of the initial landings were retained after this filtering.

To obtain a consistent measure of fishing effort, absent from SACROIS data for vessels using pots, the
vessel activity calendar was used in this study. This calendar, produced annually by the SIH through an
exhaustive reconstruction of vessel activity, covers all vessels registered in the national fleet register
(FPC). It provides monthly information on whether each vessel was active, the metiers practiced (i.e.,
gear-species-area combinations), the main home port, the average number of crew members onboard,
and the number of sea or fishing days.

Fishing effort was approximated using the crew size, based on the assumption that the maximum num-

43



ber of pots authorized on board is directly linked to the number of crew members. This approach en-
ables a standardized and coherent estimation of fishing effort, especially in cases where trip-level data
are unavailable or insufficient for vessels using pots. A filter was applied to exclude trips reporting
more than four crew members on board. Such a crew size is considered unrealistic for vessels targeting
whelk with pots and likely reflects data entry errors or anomalies. Moreover, beyond four crew mem-
bers, the number of pots allowed on board is no longer strictly proportional to crew size, thus weak-
ening its use as a proxy for fishing effort. The dataset was therefore restricted to trips with four or
fewer crew members, in line with typical vessel configurations in the whelk fishery. This step improves
the consistency and reliability of the effort indicator. As a result, 0.43% of landings were lost at this
step.

Effort data were merged with the catch data based on id number of vessel and month-year. Some data
were lost due to missing effort information for certain trips (2.76% of landings) were lost at this step.
At the end, 29.26% of the total initial landings were retained.

Model AlIC
Tweedie 112 584
Gamma 114 781

Log (gaussian) 115723

Appendix 8. AIC of GAM models according to the tested probability distributions
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Appendix 9. Diagnostic plots of the selected Tweedie GAM model used to construct the LPUE.
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Y =exp (y + 0.5*c?)
Where :
e Y= estimate of the mean on the response scale,

e y=prediction on the link scale (log),
e o =standard error of the prediction on the link scale.

Appendix 10. Laurent's Correction

df AIC
model_poly2 4 43.06938
model_Im 3 41.09521

Appendix 11. AIC of the linear model and the second-degree polynomial model for mean_temp ~ year.
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Appendix 12. Diagnostic plots of the linear model for mean_temp ~ year.
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Appendix 13. Model selection for detrended MHW detection
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df

AIC

Model with presence
summer MHWs +
temp_summer

(log(gauss))

Model without pres-
ence MHWs +
temp_summer

(log(gauss))

Model with presence
MHWs + temp_sum-
mer (Gamma)

Model without pres-
ence MHWs +
temp_summer
(Gamma)

6.18

5.80

6.07

5.59

220.48

218.52

224.26

222.36

Model with presence
MHWs + temp_sum-
mer (Tweedie)

Model without pres-
ence MHWs +
temp_summer
(Tweedie)

7.13

6.69

224.44

222.45

Model with presence
MHWs + temp_sum-
mer + interac-
tion(log(gauss))

Model with presence
MHWs + temp_sum-
mer + interaction
(Gamma)

Model with presence
MHWs + temp_sum-
mer + interaction
(Tweedie)

6.18

6.07

7.13

220.48

224.26

224.44

Appendix 14. AIC of GAM models tested

a7



QQ plot of residuals Residuals vs linear predictor
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Appendix 15. Diagnostic plot of the best GAM model (LPUEt ~ summer_tempt-1)
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Appendix 16. Annual number of vessels (A) and fishing trips (B) landing whelks in the Western English Channel

(2000-2025)
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Appendix 17. Measurement of shell width of a whelk. Photo credit: Author.

Appendix 18. Measurement of shell height of a whelk. Photo credit: Author.
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Appendix 19. Whelk Retention Curve in the Western English Channel (2021-2025), Sorting Grid 22 mm
Retention probabilities were applied using a logistic model fitted to the selectivity of the sorting grid,
in order to isolate only the commercial fraction of the landings (see appendix).

Regarding selectivity, which was estimated using the current regulatory sorting grid (22 mm) between
2021 and 2025, the results show a strong relationship between individual size and the probability of

being retained by the grid (p-value < 2e-16). The SLso (size at which 50% of individuals are retained) is
estimated at 50.61 mm, while the SLgs is 56.82 mm.
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Appendix 20. Size-frequency distribution of whelk before (left) and after (right) applying the retention selectivity
of the sorting grid (Lc indicated by the red dashed line)

According to ICES recommendations (2018), the length at first capture (Lc) is estimated here at 50 mm,
corresponding to the size class where half of the maximum number of individuals is observed in the
retained (commercial) fraction (see appendix). This Lc value is a key parameter used to calculate Lopt
and the other length-based indicators.
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Appendix 21. OSA Residual Diagnostics from the SPiCT Model: Catch and Biomass Index
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Appendix 22. SPiCT Retrospective Analysis - Diagnostics of Biomass and Fishing Mortality Estimates
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Appendix 23. Stability analysis of parameter estimates in the SPiCT model based on resampling trials.
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Fixed parameters

Model parameter estimates w 95% CI

alpha
beta
r

rc
rold

sdb
sdf
sdi

1.
1
3
3
3
8
1.
4
1
1
1
sdc 1

astimate
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- 400000e-06
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Appendix 24. SPiCT Model Parameter Estimates, Reference Points, and Predictions



Occupation Distribution by Percentage (Traps FR) per Quarter
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Appendix 25. Percentages of Occurrences of Metiers Using Pot Gear for Whelk Landings per Quarter (SACROIS,
2000-2024)
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Distribution of Professions by Quarter (Above 0.5%)
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Appendix 26. Percentages of Occurrences of Metiers with Whelk Landings per Quarter Above 0.5% (SACROIS,
2000-2024)

Appendix 27. Morphometric Relationships of Whelk (Buccinum undatum) in the Western English Channel
These morphometric data form a fundamental basis for describing the growth dynamics of the whelk
stock in the WEC. They are particularly useful for predicting unmeasured traits (e.g., shell width or
weight from height), for parameterizing selectivity models, and for improving the biological realism of
stock assessment models.

Width-Height relationship

To characterise the relationship between shell height and shell width in whelks from the WEC, a linear
regression model was fitted to individual-level data. The model follows the general form:

Wi=aH+b +¢
where:
o Wi is the width of the whelk (in mm),
. H is its shell height (in mm),
o a is the slope coefficient (variation in width per unit of height),
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. b is the intercept,
. € is the random error term, assumed to be normally distributed as N(0, o?)

The model fitting was performed using the Im() function in R software (R Core Team, 2025). This mor-
phometric relationship is used to predict shell width from shell height, particularly in selectivity anal-
yses based on size distributions.

Weight-Height relationship

The relationship between weight (in g) and shell height (in mm) in whelks from the WEC was modelled
using an allometric function of the form:

We=a*Hb +¢
where:
. We is the weight of the whelk (in g),
o H is its shell height (in mm),
o a is the scaling coefficient,
o b is the allometric exponent,
o € is the random error term, assumed to be normally distributed as N(0, ¢2)

This non-linear model, which has a typical structure for biological mass-length relationships, assumes
cubic growth when b = 3. The model was fitted using the nls() function in R (R Core Team, 2025), with
initial parameter values set to a =0.01 and b = 3, consistent with the assumption of isometric growth.
The model was applied to the full dataset for which both weight and shell height were measured sim-
ultaneously, with the objective of predicting weight from shell height.
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A27. The relationship between weight (in g) and width (in mm) as a function of height (in mm).
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The linear model fitted on a total of 61,767 individuals reveals a significant relationship between shell
height and width (p-value < 2e-16). The equation of the model is as follows:

Wi=0,62+0,43*H

Both model coefficients are significantly different from zero (p-value < 2e-16), indicating that shell
height strongly contributes to the prediction of shell width. The slope coefficient (0.426) reflects an
average increase of 0.426 mm in width for each additional millimeter of height. The model shows a
high coefficient of determination (R? = 0.959), indicating that 95.9% of the variance in width is ex-
plained by height. The standard error of the residuals is estimated at 1.26 mm, indicating a good fit to
the data.

The nonlinear weight-height relationship model was successfully fitted to a total of 74,935 individuals.
The equation of the model is as follows:

We =1,22x10-4 * H3

Both estimated parameters are significant (p-value < 2e-16), reflecting a robust relationship between
shell height and weight. The exponent b = 3.00 indicates a near-perfect cubic relationship between
whelk height and weight, which is consistent with biological expectations for isometric growth in vol-
ume. The standard error of the residuals is estimated at 1.80 g, reflecting a precise fit of the model to
the data.
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Appendix 28. Distribution of height of whelk shells in the WEC by year
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The size structure of whelk in the WEC, observed between 2009 and 2025, shows a generally multi-
modal distribution, reflecting the presence of several cohorts. A main mode between 50 and 60 mm is
observed in most years. In 2019, the distribution differs, with a marked concentration around 30 mm.

Appendix 29. Models of LPUE and environmental drivers across distributions

log(LPUE:) ~ temp_summer t.1

log(LPUE:) ~ temp_summer 1

log(LPUE:) ~ temp_summer .1
log(LPUE:) ~ presence_MHWs:.1 + temp_summer +1
log(LPUE:) ~ presence_MHWs:.1 + temp_summer +1
log(LPUE:) ~ presence_MHWs:.1 + temp_summer +1

log(LPUE:) ~ presence_MHWs:.1 + s(temp_summer +1) + ti(presence_MHWst.1, temp_sum-
mer 1)

log(LPUE:) ~ presence_MHWs:.1 + s(temp_summer +1) + ti(presence_MHWs.1, temp_sum-
mert.1)

log(LPUE:) ~ presence_MHWs:.1 + s(temp_summer +1) + ti(presence_MHWs.1, temp_sum-
mert.1)
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