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The English Channel has the highest long-finned squid landings in the Northeast
Atlantic, making squid one of the most valuable resources exploited by demersal
fisheries operating in this area. This resource consists of two short-lived long-
finned squid species: Loligo forbesii and L. vulgaris, which have a similar
appearance (they are not distinguished by fishers) but differ in the timing of
their life cycle: in L. forbesii, the recruitment peak occurs in July while in L.
vulgaris recruitment peak occurs in November. The abundance and distribution
of cephalopod species, such as Loligo spp., depends on favourable
environmental conditions to support growth, reproduction and successful
recruitment. This study investigated the role of several environmental variables
(bottom temperature, salinity, current velocity, phosphate and chlorophyll
concentrations) on recruitment biomass (in July for L. forbesii and November
for L. vulgaris), as based on environmental data for pre-recruitment period from
the Copernicus Marine Service and commercial catches of French bottom
trawlers during the recruitment period over the years 2000 to 2021. To
account for non-linear relationship between environmental descriptors and
the biological response, General Additive Models (GAM) were fitted to the data.
Separate models were obtained to forecast L. vulgaris and L. forbesii biomass
indices during their respective recruitment periods. These models explain a high
percentage of variation in biomass indices (65.8% for L. forbesii and 56.7% for L.
vulgaris) and may be suitable to forecast the abundance (in terms of biomass) and
spatial distribution of the resource. Such forecasts are desirable tools to guide
fishery managers. Since these models can be fitted shortly before the start of the
fishing season, their routine implementation would take place in real-time fishery
management (as promoted by fishery scientists dealing with short-lived species).
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1 Introduction

Due to their particular ecological characteristics (short life-
span, semelparity and rapid growth), squid are set apart from many
other commercial exploited species. Their population dynamics
display high variability because abundance and fishing yields
depend almost entirely on recruitment success of the annual
cohort (Caddy, 1983; Pierce and Guerra, 1994; Arkhipkin et al.,
2015; Doubleday et al., 2016: Moustahfid et al., 2021).

In short-lived animals such as squid, recruitment is highly driven
by environmental factors through influences on adult fecundity, egg
quality, hatching success, and growth and mortality of paralarvae and
juveniles (Caddy, 1983; Fogarty, 1989; Dawe et al., 2007; Pierce et al.,
2008, 2010; Rodhouse et al., 2014; Bruggeman et al., 2022; Suca et al.,
2022). A better understanding of the environmental influences on
recruitment and hence interannual variability would enable pre-
recruitment predictions of likely stock size in the coming season
(Arkhipkin et al., 2015; Moustahfid et al., 2021).

The English Channel has the highest long-finned squid landings
of any area in the Northeast Atlantic, making it an important fishing
ground for squid for both French and UK trawlers (ICES, 2020).
This resource consists of two short-lived long-finned squid species
(not distinguished by fishers): veined squid Loligo forbesii and
European squid Loligo vulgaris (Royer, 2002). Loligo forbesii is
distributed from North European waters as far north as the Faroe
Islands to Northwest Africa and the Mediterranean Sea (Holme,
1974). Loligo vulgaris shares the southern part of this range and
predominates in Atlantic waters of the Iberian Peninsula and in the
Mediterranean (Guerra and Rocha, 1994; Moreno et al., 2002),
while being almost completely absent from Scottish waters (Pierce
et al,, 1994b, 1998). Loligo forbesii usually spawns in slightly deeper
waters than does L. vulgaris, usually between 10 and 150 m
(occasionally at 300-500 m, and even as deep as ~700m; Lordan
and Casey, 1999); L. vulgaris spawns mostly in water depths of
under 50 m (Jereb et al., 2015).

Despite the fact that the two species are not reported separately
in landings, we are able to study recruitment peaks separately
because the two species differ in the timing of their life cycle.
Sampling of squid landings at Port-en-Bessin fish market (1993-
today; Royer, 2002; ICES, 2016 and ICES, 2020) shows that young L.
forbesii individuals appear in June, when L. vulgaris are rare (less
than 1%), with the highest number of recruits (the smallest fished
animals) seen in July. Loligo vulgaris individuals gradually appear in
the nets from September onwards, with recruits (the smallest
animals) reaching over 80% of the animals sampled from
landings in November. These observations have enabled us to
consider two distinct recruitment peaks to study the two species
separately: in July for L. forbesii and November for L. vulgaris.

Life cycle and growth are relatively poorly understood mainly
because of the similarity of the young forms of the two co-occuring
species (Jereb et al., 2015). In the English Channel, spawning seems
to occur around seven months before the recruitment of new
cohort; around December for L. forbesii and around April for L.
vulgaris when the individuals are at their largest (Challier et al,
2005; Laptikhovsky et al., 2022) suggesting that females are ready to
lay their eggs just before dying. In Loligo species, embryonic
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development lasts from a few weeks to a few months (Villanueva
etal,, 2003). For L. forbesii, the egg development spans 68 to 75 days
at 12.5°C (Segawa et al., 1988), while for L. vulgaris, it ranges from
45-70 days at 12-14°C (Mangold-Wirz, 1963; Boletzky, 1979). This
is followed by 2-3 months of life as planktonic paralarvae (Craig,
2001). Due to the variability of reproductive and growth
parameters, the pre-recruitment period (4, 5, 6 and 7 months
before recruitment) seems to be the most sensitive period in
terms of influencing recruitment.

In short-lived species such as cephalopods, in which
environmental factors play a crucial role in recruitment and hence
in determining annual abundance, the implementation of stock
assessment is generally difficult (Pierce and Guerra, 1994; Guerra
et al,, 2010; Arkhipkin et al.,, 2021; Moustahfid et al., 2021). Because
population size varies seasonally, depending on when it is measured it
may or may not be an accurate indicator of recruitment the following
year (Caddy, 1983; Boyle, 2002; Pierce and Boyle, 2003). Information
about the potential size of the exploitable stock will only become
available shortly before recruitment (Roa-Ureta and Arkhipkin,
2007). Based on the high sensitivity of cephalopod abundance to
environmental conditions and the fact that there is often only one
cohort per year, squid abundance could arguably be predicted from
environmental conditions alone (Pierce and Guerra, 1994; Pierce
et al,, 2008; Arkhipkin et al., 2021).

Currently, no quotas apply to squid fishing in the English
Channel. Under the Common Fisheries Policy of the European
Union (EU-CFP) no assessment programs have been established for
assessing cephalopod stocks in European waters. Most stock
assessment methods are applied retrospectively, which is of
limited value in such short-lived species with weak stock-
recruitment relationships (e.g. Caddy, 1983) while real-time
assessment requires intensive (and expensive) monitoring and
must be accompanied by in-season management (Arkhipkin
et al, 2021). Therefore, forecasting offers the most plausible
option to inform management of this resource, as is becoming
increasingly necessary in the context of increasing anthropogenic
pressures (e.g., climate change, overfishing).

The objective of the present study was to investigate how
recruitment biomass indices (in July for L. forbesii and in
November for L. vulgaris) were influenced by environmental
variables during the pre-recruitment period in the English Channel,
using Generalised Additive Models (GAM) with time-lagged effects.
The models not only quantified environmental effects during the pre-
recruitment period but also provided predictions of biomass
distribution and recruitment strength for the two species that could
assist managers in advising on the exploitation of the resources.

2 Materials and methods
2.1 English Channel data sources
2.1.1 Recruitment biomass indices
For biomass indices, we used landings (kg) per unit effort (hours

of trawling) (LPUE) from 2000 to 2021 for all French bottom otter
trawls (OTB) in each ICES statistical rectangle of the English
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Channel. These data were collected from national databases
(Systéeme d’Information Halieutique-SIH) managed by Ifremer.

We applied a vector autoregressive spatio-temporal (VAST)
model implemented using the R package “VAST” (https://
github.com/James-Thorson-NOAA/VAST) (Thorson, 2019) to
standardize LPUE by month from 2000 to 2021 (264 months in
total) and by rectangle. The advantage of using this delta-glm model
is that it accounts for both the probability of encounter and the
(positive) catch rate when squid are encountered and allows the
integration of co-variables that influence biomass or catches (e.g.
vessel power). The computation of biomass indices is similar to
what is explained in the preprint by Marcout et al. (2024).

As the two loliginid species differ in the timing of their life cycles
(Royer, 2002; Laptikhovsky et al., 2022), biomass indices in July are
considered for L. forbesii recruitment peak and biomass indices in
November are considered for L. vulgaris recruitment peak (Figure 1;
Robin and Boucaud-Camou, 1995; Royer, 2002; Challier
et al,, 2005).

2.1.2 Environmental data

Ten candidate variables were extracted from EU’s Copernicus
Marine Environment Monitoring Service (CMEMS) (https://
marine.copernicus.cu/) as monthly means (Table 1): sea bottom
temperature (bottomT), sea surface salinity (so), eastward sea water
velocity (uo), northward sea water velocity (vo), net primary
production (nppv), molar concentration of nitrate (no3), molar
concentration of phosphate (po4) and concentration of chlorophyll
a (chl).

The spatial resolution of the model for grid data was 0.111° x
0.067° (approximately 7 km horizontal resolution). We linked each
geographical coordinate to an ICES rectangle and computed the
average value of each variable per rectangle and per month.

To understand the spatial distributions of the resource and their
associated environmental conditions, longitude and latitude of each
ICES rectangle (geographical coordinate of its barycenter) were
selected as spatial factors. Including these spatial factors enhances
the predictive power of ecological models by accounting for
unmeasured or unobserved processes (Legendre, 1993; Brodie
et al,, 2020). By focusing on latitude and longitude rather than
other abiotic factor such as depth, our model captures a broader
range of processes and enhance predictive accuracy through the
direct incorporation of spatial dynamics (Aratjo et al., 2019).

10.3389/fmars.2024.1433071

To identify the relationships between recruitment biomass
indices (in July for L. forbesii and November for L. vulgaris) and
hydro-climatic parameters during the pre-recruitment period
(which corresponds to the egg incubation and juvenile stages), we
have selected environmental factors 4, 5, 6 and 7 months before the
recruitment for each of the two species.

2.2 Data analysis

2.2.1 Recruitment peak patterns

To confirm the consistent seasonal recruitment pattern for both
species as suggested by Royer et al. (2002), we examined the month
preceding and following the recruitment peak for both species to
determine if there are any annual recruitment discrepancies. For
both species, we assessed the correlations between the recruitment
biomass index and the biomass indices from the preceding and
subsequent months over the period from 2000 to 2021. Normality
was checked with Shapiro-Wilk normality test. If the data followed
a normal distribution and were homoscedastic, Pearson’s
correlation test were conducted otherwise Spearman’s correlation
test were conducted.

2.2.2 GAM fitting procedures

Because we cannot assume linear relationships between biomass
indices and explanatory variables, Generalized Additive Models
(GAM) were used (Hastie and Tibshirani, 1990; Lehmann et al.,
2002; Murase et al., 2009).

Before fitting a model to the data, we examined monthly time
series of environmental predictors on the whole English Channel
from 2000 and 2021 to identify relationships among these
predictors. values of the Variance Inflation Factor (VIF) were
were used to explore multicollinearity of variables during the pre-
recruitment period (4, 5, 6 and 7 months before the recruitment for
each of the two species). Variables with a VIF value greater than 10
are considered highly correlated and were removed (Neter et al.,
1996; Chatterjee et al., 2000; Han et al., 2022).

In total, 8 models were fitted (Table 2).

The general form of GAM models used in the analysis assuming
a Gaussian distribution has the following structure:

log (BI) ~  s(x1) + s(x2) + --- +s(lat, lon)

07-2000

FIGURE 1

.
oo oo
.

11-2000

Squid biomass indices in the English Channel in 2000 for L. forbesii recruitment in July (A) and for L. vulgaris recruitment in November (B) for each
ICES statistical rectangle. Maps for other years (2001-2021) can be found in the Supplementary Material (Appendix 1).
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TABLE 1 Summary of the candidate variables included in this study and
detailed hypotheses relating them to recruitment success.
Variable Unit
name

Variable
acronym

Hypotheses

bottomT Sea °C
bottom

Temperature can affect which
habitat are suitable for
temperature cephalopod species (Rodhouse
et al., 2014). It is also a major
factor in cephalopod
reproduction and may impact
adult fecundity, egg quality,
growth and survival of
paralarvae and juveniles
(Caddy, 1983; Fogarty, 1989;
Dawe et al., 2007; Pierce et al.,
2008, 2010; Rodhouse et al.,
2014; Bruggeman et al., 2022;
Suca et al., 2022).

S0 Sea PSU
surface salinity

Through its role in
osmoregulation, salinity affects
spawning and physiological
processes like sperm activation,
egg fertilization and embryo
development (Boeuf and
Payan, 2001).

uo Eastward sea m.s’ Currents are essential for
nutrient distribution and the
dispersal of early life stage
(Fuiman, 2002; Kim et al.,
2015). Currents transport
paralarvae, eggs and juveniles
over long distance affecting
their connectivity, settlement
and the distribution of food
supplies (Vayghan et al., 2024).

water velocity

vo Northward sea = m.s’
water velocity

nppv Net mgm~j! Food availability is crucial for
primary survival and growth of early
production life stage and therefore on

recruitment (Bloor et al., 2013).

no3 Mole mmol.m™ Higher nutrient concentrations
concentration support greater productivity
of nitrate and is also related to the

pod Mole mmolm- presence of prey and p.re.dators
concentration (Puerta et al,, 2015) driving
of phosphate recruitment variability.

chl Concentration =~ mg.m™
of
Chlorophyll a

where Bl is the recruitment biomass index (in July for L. forbesii
and November for L. vulgaris) for each rectangle and each year; s is
the smoothing function (with k < 6 to avoid overfitting), s(x)
represents the effect of each environmental factors in the pre-
recruitment period (for each statistical rectangle and year) and s
(lat,lon) represents the influence of spatial factors (i.e. latitude,
longitude and their interaction for each rectangle). Spatial factors
can serve as proxies for unmeasured or unexplained processes due
to spatial autocorrelation of environmental factors (Brodie
et al., 2020).

Response variables (biomass indices in July and November)
were log transformed to conform to the model assumption of
normal distribution. Using forward selection, the Akaike
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TABLE 2 Description of the 8 models fitted.

Response Model Environmental ETe]
variable predictors (in
months)
A December (year - 1) 7
B January 6
By,
C February 5
D March 4
E April 7
F May 6
BlNovember
G June 5
H July 4

information criterion (AIC) was used to measure the goodness
of fit of the models, where the smaller the AIC value, the better
the model fit (although models which differ in AIC by less than
two units may be considered equivalent). It is calculated as
follows:

AIC = 2k - 2In(L)

where k denotes the number of independent parameters of the
model and L denotes the maximum likelihood function of the
model. The model’s stability was assessed through 10-fold cross
validation, and the RMSE value of each model was calculated to
assess the performance of the models.

The models obtained were tested with the data from the final
three years (2019-2021), which were not included to build the model
(2000-2018). The gam.check() function was run for each model to
produce basic residual plots and information about the fitting process
and potential violation to statistical assumptions (Wood, 2006).

All statistical analyses were carried out in R using the GAM
functions of the “mgcv” package (Wood, 2006; R Development
Core, 2023).

3 Results
3.1 Recruitment biomass indices

First, interannual variability of recruitment biomass indices was
investigated in July for L. forbesii and in November for L. vulgaris
over all ICES rectangles in the English Channel between 2000 and
2021 (Figure 2).

The recruitment biomass indices for L. forbesii in July and L.
vulgaris in November follow the biomass trends observed in the
preceding and following months suggesting a consistent seasonal
recruitment pattern for both species. In July, the recruitment
biomass for L. forbesii is significantly and positively correlated
with June indices (r=0.96, p<0.001) and August indices (r=0.90,
p<0.001). Similarly, the recruitment biomass of L. vulgaris in
November showed a significant positive correlation with the
October (r=0.79, p<0.001) and December indices (r=0.83, p<0.001).
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month

Biomass Index (BI)

2000 2005 2010 2015 2020

FIGURE 2
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Biomass index (BI)

2000 2005 2010 2015 2620

The monthly average squid biomass indices in the English Channel in July (A) for L. forbesii and in November (B) for L. vulgaris and the biomass
indices from the preceding and subsequent months between 2000 and 2021.

In relation to interannual trends, biomass indices in July
gradually decreased from an average of 8 in 2000 to an average of
1 in 2021 suggesting a decrease of recruitment biomass peak for L.
forbesii. Biomass indices in November seem to have been stable
from 2000 to 2014 around 10 with highs around 15 in 2004 and
2009. There was a general increase from 2014 to 2021, reaching
values of 22 in 2014, 2016, 2017 and 2018 suggesting an increase of
recruitment biomass peak for L. vulgaris since 2014.

3.2 Environmental trends in the
English Channel

To identify relationships between environmental predictors,
monthly time series were analyzed for the whole English Channel
from 2000 to 2021 (Figure 3).

Bottom temperature (bottomT), primary production (nppv),
chlorophyll concentration (chl), phosphate concentration (po4) and
concentration of nitrate (no3) showed important seasonal
variations and low interannual variations. Bottom temperature
gradually increased from April with an average value of 9.82°C to
August with an average value of 16.80°C. From August to March,
bottom temperature decreased to a minimum average of 8.68°C in
March. Primary production and chlorophyll concentration showed
similar seasonal patterns with a gradual increase from February
(average values of 4.31 mg.m™.j" for primary production and 0.49
mg.m'3 for chlorophyll concentration) to May-June, with the
highest values (average values of 24 mgm™j"' for primary
production in June and 0.86 mg.m™ for chlorophyll in May) and
a gradual decrease from June-July to the lowest values in December-
January (average values of 4.20 mg.m™.j! for primary production in
December and 0.42 mg.m™ for chlorophyll in January). Phosphate
and nitrate concentration also showed similar seasonal patterns
with a gradual increase from August (with an average value of 0.07
mmol.m™ for phosphate concentration and 6.31 mmol.m™ for
nitrate concentration) to February, which had the highest values
(with an average value of 0.28 mmol.m™ for phosphate
concentration and 10.23 mmol.m™ for nitrate concentration).
Salinity showed slight seasonal variations with an increase from
April (with an average value of 34.92 PSU) to October, which had
the highest values (with an average value of 35.06 PSU). From
November to March, salinity decreased to the lowest values (with an
average value of 34.92 PSU). In comparison with other
environmental variables currents seem to show high interannual
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variation and low seasonal variation. This sounds logical because
currents in the English Channel are mainly tidal currents (not at all
seasonal). Besides, we observe averages which are the resulting
trend and its anomalies (which most likely depend on wind).

The VIF values used to explore multicollinearity of the variables
during the pre-recruitment period (4, 5, 6 and 7 months before the
recruitment for each of the two species) showed a high
multicollinearity value (VIF>10) for concentration of phosphate
and primary production, which were mainly correlated with nitrate
and chlorophyll concentrations respectively (Appendix 2 and 3).
Therefore, only nitrate and chlorophyll were excluded from
the analysis.

3.3 GAM analysis

GAMs were used to fit and predict the effects of environmental
variables during the pre-recruitment period (7, 6, 5 or 4 months
before recruitment), on recruitment biomass indices in July for L.
forbesii (Blyyy) and in November for L. vulgaris (Blxovember)> and on
spatial localization. The spatial and environmental explanatory
variables used were bottom temperature (bottomT), salinity (so),
eastward current (uo), northward current (vo), phosphate
concentration (po4), primary production (nppv) and latitude (lat)
x longtude (lon) (i..e incorporating the main effects of both variables
plus their interaction).

In total, 8 models were fitted (Table 3).

The best model performance for recruitment biomass indices in
July occurred in model B with environmental predictors in January (6
month-lag), which has the best AIC: 1108.540. For recruitment
biomass indices in November, the best model performance occurred
in model H with environmental predictors in July (4 month-lag), which
has the best AIC: 838.428. The validity of the models was tested
(Appendix 6 and 7). The GAM residuals followed a normal
distribution and complied with assumptions about homoscedasticity
and independence.

Model B and model H are described in more detail below.

3.4 Model B - Recruitment biomass indices
in July — Loligo forbesii

The deviance explained by the explanatory variables included in
model B (Table 4) was 65.8% with R* being 0.64. The most
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FIGURE 3

Average per month for each environmental parameter in the English Channel between 2000 and 2021: (A) Bottom temperature (bottomT) in °C; (B)
Salinity (so) in PSU; (C) Eastward sea water velocity (uo) in m.s™%; (D) Northward sea water velocity (vo) in m.s%; (E) Primary production (nppv) in
mg.m~>j % (F) Chlorophyll concentration in mg.m™>; (G) Phosphate concentration (po4) in mmol.m™ and (H) Nitrate concentration (no3) in mmol.m”

3. Blue horizontal lines indicate the mean of each month.

influential factor was the latitude x longitude, with a relative
contribution of 33.9%, followed by the bottom temperature in
January (bottomTjspuary), the salinity in January (sOjanuary) and
the primary production in January (nppvyapuary), With the relative
contributions being 9.62%, 7.68% and 6.30%.

Among the environmental factors (Figure 4), bottomTjauary
was the most important influencing factor and was negatively
correlated with Bljyy. Bljuy, was the highest around 6°C and the
lowest between 10 and 12°C. Salinity in January (s0junuary) Was the
second most important environmental influencing factor. There
was no notable trend in Bljy, values within the range of 31 to 34
PSU. However, a negative correlation with Blj,;, was observed when
SOJanuary €Xceeded 34 PSU. The third was the primary production in
January (NppVjinuary) Which is negatively correlated with Bljyy:
Bljy was the highest when nppvj.nuary approaches zero and the
lowest around 8 mg.m'3.j'1. Eastward current in January (U0january)
was the 4™ most important environmental influencing factor with

Frontiers in Marine Science 06

highest values for By, with an eastward current of 0.2 m.s™.
Phosphate concentration in January (po4japuary) and the northward
current in January (Vojanuary) showed the smallest contributions to
the model with lowest values of Blj,;, when podjapyary is below 0.4
mmol.m™ and highest values of Blj,, when voj,nuary is negative
(maximum around -0.2 m.s™).

The effect of latitude x longitude (Figure 5), the most important
influencing factor, indicates that By, showed highest values at
high latitude between 49.7° and 50.7°N and longitude between -2
and -4°E corresponding to the western part of the English Channel.

3.5 Model H - Recruitment biomass in
November - Loligo vulgaris

Deviance explained by explanatory variables of model H (Table 5)
was 56.7% with R? being 0.55. The latitude x longitude term had the
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TABLE 3 Best GAM fitted for each time lag (4, 5, 6 and 7 months before recruitment) for Loligo spp. recruitment biomass indices (in July for L.
forbesii and in November for L. vulgaris).

Response Model Environmental lag Model description AIC Deviance
variable predictors in  (in months) explained
(%)

A December (year - 1) 7 log(Bluy) ~ s(bottomTpecemper-1) + (SO December-1) + S(u0 1141.570 = 60.5%
December-1)+ S(VO December-1)+ (P04 December-1) + S(NPPVDecember-
1) + s(lat, lon)

B January 6 log(Bljuy) -~ s(bottomTjanuary) + S(SOjanuary) + S(U0January)+ § 1108.540 = 65.8%

Blyuy (VOjanuary)+ $(PO4january) + S(NPPVyanuary) + s(lat, lon)

C February 5 log(Bljuy) ~ s(bottomTeepryary) + S(SOkebruary) + S(UOFebruary)+ 1178.069 = 61.0%
(VOgebruary) + S(PO4gebruary) + S(NPPVEcbruary) + S(lat, lon)

D March 4 log(Bl},1y) ~ s(bottomTyparch) + S(UOMarch)+ S(VOMarch) + 1198.381 = 58.4%
(sOnarch) + S(PO4ntarch) + S(NPPVaarch) + s(lat, lon)

E April 7 log(Blnovember) ~ $(80april) + S(U0April) + S(VOApril) + S(PO4apr) | 865.677 54.5%
+ s(lat, lon)

F May 6 log(BInovember) ~ S(bottomTygay) + S(SOpay) + S(UOMay) + 882.817 52.7%
(podpay) + S(NPPVitay) + s(lat, lon)

BlNovember

G June 5 log(BInovember) ~ s(bottomTyyne) + $(s0june) + S(U0jyne) + 8 851.022 55.9%
(NPpvjune) + s(lat, lon)

H July 4 log(Blnovember) ~ S(bottomTyy) + s(sojury) + s(uoyuy)+ s(voy,y) | 838.428 56.7%
+ s(nppvyuy) + s(lat, lon)

More details on the models are provided in Appendix 4 and 5.

strongest influence, with a relative contribution of 23.1% and the
bottom temperature in July (bottomTy,) with a relative contribution
of 20%, followed by the primary production in July (nppvyyy), the
salinity in July (sojy), the eastward current in January (uoy,y) and the
northward current in July (voyy), with the relative contribution being
5.1%, 3.5%, 2.5% and 2.5%.

Among the environmental factors (Figure 6), bottomTjy, was
the most important influencing factor and was positively correlated
with Blnovember between 16 and 20°C. The second most important
was the primary production in July (nppvy,y) which is negatively
correlated with Blnovember: BINovember Was the highest when nppvyy,
approaches zero and the lowest around 100 mg.m™j™". Salinity in

July (sojuy) was the third most important environmental
influencing factor and was negatively correlated with Blyovember
between 30 and 34 PSU and positively correlated between 34 and
35.5 PSU. Eastward current in July (uoy.y) and northward current
in January (voj,y) showed the smallest contributions to the model
and a small negative correlation with Blyoyvember: highest values of
Blnovember are found when voy,, and uojy, are negative (maximum
around -0.04 m.s™! for each factor).

The effect of latitude x longitude (Figure 7), the most
influencing factor, indicates that Blyoyempber Showed highest values
at high latitude between 49.8° and 50.7°N and longitude between 0
and 1.5°E corresponding to the eastern part of the English Channel.

TABLE 4 Goodness of fit measures for model B (for the July biomass index) at each stage of the forwards selection process.

Model factors

Cumulative Deviance

REML Adjusted

R? explained (%)

log(Blyy) ~ s(bottomTyayary) 1542.65  772.52 0.09 9.62
log(Blyury) - s(bottomTyanuary) + S(S0january) 150372 753.60 017 173
log(Blyy1y) - s(bottomTanuary) + $(S0january) + $(U0January) 147642 | 741.44 0.21 216
log(Bjuy) ~ s(bottomTjanyary) + $(s0january) + $(W0January)+ $(VOjanuary) 1473.69 | 741.07 0.22 228
log(Blyuy) - s(bottomTyanuary) + 8(s0january) + 5(U0sanuary)+ $(VOjanuary) + $(pO4january) 146290 74031 0.24 256
log(Bljuy) — s(bottomTyanyary) + $(50january) + S(U0january)+ S(VOjanuary) + S(PO4january) + | 1416.40 | 715.16 0.31 319
S(PPVyanuary)

log(Bljuy) - s(bottomTjanyary) + $(S0january) + $(U0january)+ $(VOjanuary) + S(MPPVjanuary) + 110854 | 582.03 0.64 65.8
8(PO4january) + s(lat, lon)

The table shows the cumulative percentage of deviance explained, Adjusted R-squared, Akaike’s Information Criterion (AIC) and Restricted Maximum Likelihood (REML).
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FIGURE 4

Results of model B: smoothers illustrating the partial effects of environmental variables on the July recruitment biomass index (A) primary production
in January (NPpVjanuary). (B) bottom temperature in January (bottomT january), (C) eastward current in January (UOganuary). (D) north current in January
(VO3anuary). (E) phosphate concentration in January (004 anuary) @and (F) salinity in January (SOjanuary)-

3.6 Predictions of the best models (Figure 8). The two models fitted for the 2000-2018 data were
tested with the data from the final three years (2019-2021).
First, we examined how our models (model B and model H) For recruitment biomass indices in July, mean predicted values

were able to predict recruitment biomass indices in July and in  from 2000 to 2018 are very similar with mean observed values and
November over all ICES rectangle of the English Channel trends suggesting a good fitting of our model. Slight underestimates

FIGURE 5
Results of model B: contour plot illustrating the partial effect of latitude and longitude and their interaction on the July recruitment biomass index.
The strength and direction of the effect is indicated by the contour labels and shading. The strongest shading indicates the strongest positive effect.
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TABLE 5 Goodness of fit measures for model H (for the November biomass index) at each stage of the forwards selection process.

Model factors AIC REML Adjusted Cumulative Deviance
R? explained (%)

1og(Blnovember) - s(bottomTj,) 111509 | 562.66 0.19 20
log(Blnovember) ~ S(bottomTyyy) + s(sojy1y) 1092.89 552.10 0.23 23.5
log(BInovember) ~ S(bottomTyyyy) + s(sOjuly) + s(u0y,y) 1085.89 552.13 0.25 26
log(BInovember) ~ S(bottomTyyy) + s(s0pury) + s(u0juy)+ $(Voyuy) 1073.85 547.66 027 28.5
log(BInovember) ~ S(bottomTyyy) + $(s0juy) + s(U0jy)+ $(Voyuy) + s(NPpVyuy) 1049.74 538.40 0.31 33.6
log(Blnovember) ~ S(bottomTyyy) + s(s0jq1y) + 8(UOguy)+ (Vo) + S(MPPVyaly) + 8 838.43 442.75 0.55 56.7

(lat, lon)

The table shows the cumulative percentage of deviance explained, Adjusted R-squared, Akaike’s Information Criterion (AIC) and Restricted Maximum Likelihood (REML).

were noticed in 2003, 2004, 2013, 2014 and 2015. From 2019 to 2021,  November in the major part of ICES rectangles. The main
model B seem to fit quite well except for a small overestimate in 2021.  discrepancies (between observations and predicted results) occur
For recruitment biomass indices in November, mean predicted values  in the rectangle 30F1 for the three years, in the rectangle 30F0, 29F0
from 2000 to 2018 are quite similar with mean observed values with ~ and 29E9 in 2020 and in the rectangle 28E8 in 2021
similar range and following trends. However, some underestimates ~ (underestimates) and in the rectangle 28F0 and 27E9 in
were noticed in 2003, 2009, 2014 and from 2016 to 2018 and one 2020 (overestimates).
overestimate in 2008. From 2019 to 2021, model H seem to fit quite
well except for a small underestimate in 2021.
Then, we examined how our models were able to predict 4 Discussion
recruitment biomass indices in each ICES rectangle of the English
Channel from the final three years (2019-2021; Figure 9) that were Cephalopod populations are known to fluctuate greatly from
not included to build the models (2000-2018). year to year, probably due to high and variable mortality rates
From 2019 to 2021, model B seems to predict well the  during their planktonic stage as a result of environmental factors
recruitment biomass indices in July in each ICES rectangle except  (Pierce et al.,, 2010).
for a small overestimate in 2021 in all ICES rectangles. Model H In this study, we investigated the influence of environmental
seems also to predict quite well the recruitment biomass indices in ~ parameters during the pre-recruitment period on biomass indices in
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FIGURE 6

Results of model H: smoothers illustrating the partial effects of environmental variables on the November recruitment biomass index: (A) bottom
temperature in July (bottomT,y), (B) salinity in July (sojuy), (C) eastward current in July (Uoyyy). (D) north current in July (voyy,) and (E) primary
production in July (nppvuy)-
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FIGURE 7

Results of model H: contour plot illustrating the partial effect of latitude and longitude and their interaction on the November recruitment biomass
index. The strength and direction of the effect is indicated by the contour labels and shading. The strongest shading indicates the strongest
positive effect.
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FIGURE 8
Mean observed and predicted values for recruitment biomass in July (A, in green) and in November (B, in red) over all ICES rectangles in the English
Channel. Predictions were obtained from models B and H respectively. The 95% confidence intervals are shown in gray.
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FIGURE 9

Observed (light color) and predicted values (dark color) for recruitment biomass in each ICES rectangle, in July (left panels, green) and in November
(right panels, red). Predictions were obtained by applying models B (July) and H (November) to the subset of data not used to fit the models for 2019
(A, B), 2020 (C, D) and 2021 (E, F). Mean 95% confidence intervals are shown with a black line.

July and in November (which most likely correspond to the
recruitment of L. forbesii and L. vulgaris, respectively in the
English Channel fishery) and on their spatial localization in
the English Channel. By understanding how environmental
factors affect recruitment, and hence interannual variability, we
may be able to predict likely stock size in upcoming seasons prior to
recruitment (Arkhipkin et al., 2015).

Before exploring the influence of environment on recruitment, we
confirm the consistent seasonal recruitment pattern for both species, as
previously proposed by Royer et al. (2002). At least in L. forbesii, it has
been suggested that the timing of the life cycle has varied over the years
(Pierce et al.,, 2005) however examination of the time series of monthly
data did not reveal the occurrence of such a phenomenon in the
English Channel.

To identify the most influential period for recruitment, several
months during the pre-recruitment period (4, 5, 6 and 7 months
before recruitment) were considered for environmental variables.
For L. forbesii recruitment (biomass indices in July), the best model
was obtained with environmental predictors in January (6 month-
lag). These observations are consistent with Holme’s hypothesis
(1974) and Sims et al. (2001) suggesting that L.forbesii juveniles
hatched from eggs in the western English Channel in December/
January and with the observations of Laptikhovsky et al. (2022),
which showed squid paralarvae and juveniles in January/February
in the western English Channel. It is the deepest part of the Channel
and L. forbesii is known to spawn in deep waters (Pham et al., 2009;
Laptikhovsky et al., 2022). For L. vulgaris recruitment (biomass
indices in November), the best model was obtained with
environmental predictors in July (4 month-lag). Laptikhovsky
et al. (2022) observations showed squid paralarvae and juveniles
in July/August in the eastern part of the English, which is consistent
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with the preference of L. vulgaris for spawning in waters shallower
than 50 m (Jereb et al., 2015).

The time lag between the period most influencing recruitment
and recruitment itself seems to be greater for L. forbesii (6 month-
lag) than for L. vulgaris (4 month-lag). This lag difference might be
due to the life strategy L. vulgaris, such that it is able to reduce the
duration of the vulnerable planktonic phase to increase its survival
under warmer conditions (Moreno et al., 2012).

Results of the GAM analyses support this view, since bottom
temperature during the pre-recruitment period is the environmental
factor with the greatest influence on the L. vulgaris and L. forbesii
recruitment with a deviance explained of 20% and 9.62%
respectively. Bottom temperature during the pre-recruitment
period played a positive role in L. vulgaris recruitment: warmer
temperatures may lead to rapid development of paralarvae and
juveniles, by shortening the duration of the egg phase and hence
increase L. vulgaris recruitment (Moreno et al, 2012). On the
contrary, increased bottom temperature during the pre-
recruitment period has a negative effect on L. forbesii recruitment.
A similar negative effect of temperature was found by Challier et al.
(2005) for L. forbesii in the English Channel and for another squid
(Doryteuthis gahi) in the Falkland Islands (Agnew et al, 2000).
Spawning in L. forbesii takes place deeper waters, usually of under
150 m depth but sometimes at 300-500 m or even 700 m deep
(Lordan and Casey, 1999; Salman and Laptikhovsky, 2002) and
therefore at lower temperatures. GAM analysis showed highest
recruitment when bottom temperature during the pre-recruitment
period is around 6°C and the lowest recruitment between 10 and 12°
C. This is congruent with the findings of Gowland et al. (2002)
indicating that L. forbesii hatching size decreases with
increasing temperature.
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By changing osmotic pressure, salinity affects the physiological
activities of marine organisms (Boeuf and Payan, 2001). GAM
analysis indicated a contribution of 7.68% and 3.5% for salinity
during the pre-recruitment period respectively for L. forbesii and L.
vulgaris recruitment. High salinity during the pre-recruitment period
has a negative effect when salinity exceeds 34 PSU for L. forbesii
recruitment. On the opposite, L. vulgaris recruitment showed an
increasing trend when salinity exceeded 34 PSU. Similar results were
found for L. forbesii, with preferred salinity values for spawning
animals below 35 PSU in winter in Scotland (Smith et al., 2013). For
L. vulgaris, laboratory studies showed that salinity below 34 PSU
produces embryonic mortality at early stages of development (Sen,
2004) and Laptikhovsky et al. (2021) have shown egg masses
distributed in waters with salinities between 35 and 35.5 PSU.

For both species, primary production during the pre-recruitment
period apparently has a negative effect on recruitment, with a
contribution of 6.3% for L. forbesii and 5.1% for L.vulgaris. A
similar trend has been observed for other cephalopod species such
as Doryteuthis opalescens in California coast (Van Noord, 2020) and
Octopus cyanea in Tanzania (Chande et al., 2021). In environments
characterized by high primary production, the availability of food
resources can support a larger number of predators, which in turn
can intensify predation pressure on vulnerable cephalopod paralarvae
and juveniles (Coll et al., 2008; Puerta et al., 2015).

Eastward and northward currents in the pre-recruitment period
showed small contributions to the model for both species
recruitment (4.30% and 1.20% for L. forbesii and 2.5% and 2.5%
for L. vulgaris) with maximum recruitment for low velocity current
in the pre-recruitment period. Late embryonic stages can be
prematurely hatched due to high current speeds (Vidal and von
Boletzky, 2014).

Under a scenario of global warming, our findings suggest a
potential increase in L. vulgaris recruitment corresponding to
observed rises in temperature and salinity, as detailed by
Oesterwind et al. (2022). L. vulgaris could experience a shorter
paralarval stage with a faster growth and maturity at smallest size
and younger age, favoring recruitment and the rapid turnover of L.
vulgaris populations (Moreno et al., 2012). On the other hand, L.
forbesii recruitment should be negatively impacted by climate
change with the rising temperature and salinity. This is consistent
with observations of fishery landings at the Port-en-Bessin fish
market suggesting that the proportion of L. forbesii is decreasing
while L. vulgaris is increasing over time in the English Channel
(1993-today; Royer, 2002; ICES, 2016 and ICES, 2020) and the
finding of Oesterwind et al. (2022) that the distribution range of L.
forbesii has declined in the English Channel.

The fact that in both models (B and H) geographic coordinates
show the highest contribution to the estimation of biomass indices
underlines that in both squid species there is a general spatial
pattern of recruitment that is apparently independent of
environmental conditions. L. forbesii recruits tend to appear in
the Western part of the Channel, an area where the bathymetry
ranges from 50 to 100 m (even close to the coast of Devon and
Dorset). On the other hand, L. vulgaris recruitment occurs in the
Eastern part of the Channel, generally shallower than 50 m. The
additional information that environmental variables bring to
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explaining these distributions suggest that July recruitment tends
to be higher in rectangles which underwent severe winter conditions
(low temperatures and primary production) whereas November
recruits will be likely more important in rectangles in which
summer conditions were warm. This can be seen when looking at
differences between maps of biomass indices (Appendix 1).

The models explained 65.8% and 56.7% of deviance in
recruitment biomass indices of L. forbesii and L. vulgaris
respectively and could be useful for predicting biomass indices in
upcoming years. Over the last three years of our data (2019-2021),
the models forecasts aligned closely with observed trends and values,
reinforcing their potential utility for future forecasting. Based on
these predictions, at the start of the year (January), it may be possible
to estimate biomass indices for July, and similarly, from July, we
could predict November biomass using environmental parameters.
Such forecasts could inform how and where the fishing season may
unfold, enabling the implementation of technical measures to support
local and regional fisheries management, and contributing to marine
spatial planning. These measures could include setting quotas,
extension or shortening fishing periods, modification of the
minimum landing size or zone closures to protect recruits (Sobrino
et al., 2020).

However, it is important to approach these results with caution.
While the models have demonstrated utility, their future
performance is not guaranteed, as environmental variations and
other factors (such as other anthropogenic impacts or physiological
adaptations) might impact their accuracy (Solow, 2002).
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