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ARTICLE INFO ABSTRACT

Keywords: We hypothesised that the large variation observed in squid life-cycle traits, such as growth rate and size and age
Cohort at maturity, is a consequence of extended breeding throughout the year. Using data from Scotland and Ireland,
Size X we tested whether hatching date, specifically exposure to a cooling (October to April) or warming (May to
nggumy September) temperature period could be associated with these traits in Loligo forbesii, a commercially fished

squid species. In agreement with predictions, squid hatched in the warming temperature period matured at
smaller size and age and grew more slowly than those from the cooling temperature period, in both sexes. Squid
hatched in the cooling temperature period were further sub-divided into those which hatched in October —
December and matured at large size/age, and those which hatched in January - April and were mature over a
broad range of sizes and ages, although both groups were significantly larger/older than the warming temper-
ature group. All three hatching groups also varied in their timing in the fisheries catches: small/young mature
squid were caught from January until May, large/older mature animals were caught in late October to December
and the mature animals with variable sizes/ages were captured over a longer period, from October to the end of
April. This agreed with a Length-at-Maturity (LMso) time series from Scotland, which showed highest LMsg in
squid caught in November, and lowest values in squid caught in February/March. Hatching during warming
temperatures (May - September) was mostly absent in Ireland.

Alternative Reproduction Tactics (ARTs)

1. Introduction The veined squid, Loligo forbesii, is an important commercial species

in the NE Atlantic (ICES, 2024). Loligo forbesii is described as an inter-

The life-cycles of many squid species are short, approximately
annual, but with extended periods of reproduction and recruitment, a
variable life-cycle in terms of timing (phenology) and a lack of syn-
chrony in annual cohorts (Boyle et al., 1995; Collins et al., 1999; Pierce
et al., 2005; Arkhipkin et al., 2015). This is presumably driven by some
combination of intrinsic (genotypic) and environmentally driven
(phenotypic) variation (Arkhipkin et al., 2015). Extended breeding,
sometimes throughout the year, perpetuates flexibility and variability in
the life-cycle, which makes assessment of the biomass production and
escapement very challenging in fished species.
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mittent terminal spawner, i.e. it is semelparous and spawns only once,
however population spawning can take place over an extended period
(Rocha et al., 2001). It has an approximately annual life span, though
animals of up to 18 months old have been reported in northern Spain
(Rocha and Guerra, 1999). Its life-cycle has been well studied, particu-
larly in the Atlantic waters of Scotland, Ireland, France and the Iberian
Peninsula, where it is most commonly found, and where it is commer-
cially fished (Jereb et al., 2015; ICES, 2024).

Extended spawning takes place in L. forbesii in the seas around the UK
and Ireland (Lum-Kong et al., 1992; Boyle et al., 1995; Laptikhovsky
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et al., 2022), with potential for more-or-less ‘continuous recruitment’ in
Scottish waters (Lum-Kong et al., 1992). However, studies show great
variability in timing, for instance the occurrence, duration and abun-
dance of summer breeding in Scotland, which ranged from no summer
spawning at all in some years (Lum-Kong et al., 1992), to a high pro-
portion of summer spawning in others (Pierce et al., 2005). Still more
studies have shown that spawning mostly took place at other times of
year, i.e. in winter and spring in both Scotland and Ireland, with a
relatively small amount also taking place in summer (Collins et al.
1995a, 1997; Bellido et al., 2001; Pierce and Boyle, 2003). As for
recruitment, which is usually defined by the presence of small immature
squid in landings, one peak was seen in autumn in Scotland and Ireland,
with an additional peak in spring (April) in Scotland (Lum-Kong et al.,
1992; Pierce et al., 1994; Boyle et al., 1995; Collins et al., 1997).
However, consistent with a general theme of variability, recruitment
was routinely reported at other times, e.g. ‘mainly occurring’ in summer
with occasional winter (December) recruitment in Ireland (Collins et al.,
1995a).

It is plausible that all this variability in timing links to an important
issue in squid fisheries management, that is the question of intra-annual
cohorts, sometimes termed “micro-cohorts”, which we are going to
define as animals from the same breeding year and geographic region
but with different life history traits, including size- and age-at-maturity
and growth and, crucially, often with different phenologies. One of the
first studies into flexible life histories in L. forbesii was by Boyle et al.
(1995), who showed maturity at two size modes in both sexes and
suggested alternative life-history strategies in this species. Collins et al.
(1999) used size modes to identify recruitment pulses in L. forbesii
fisheries and showed that these happened in April and again in
November in western Scottish waters, but that both groups greatly
differed in size (April recruits were larger at maturity). These authors
asked how a single (extended) breeding period inside an annual
life-cycle could lead to two size modes in L. forbesii; also, how two
recruitment pulses per year were produced (Collins et al., 1999)? Ex-
planations suggested included delayed hatching of some of the spawned
eggs due to cold water temperatures, or migration of squid spawned in
warmer areas to Scottish waters, amongst other possible reasons (Boyle
et al., 1995; Collins et al., 1999).

The present study seeks to link the variability in size-at-maturity to
the extended breeding period: since female maturity and spawning is
extended over the year, this exposes hatchlings and young squid to
seasonally contrasting growth conditions, driven by temperature and
food availability at crucial moments in their ontogeny. Our hypothesis is
that variation in hatch date leads to distinct intra-annual cohorts in
L. forbesii that can best be described as ‘seasonal’ cohorts, due to their
link to the temperature regime. Specifically, we test the hypothesis that
individuals hatched in the warming temperature period have a different
growth, maturity, and age profile from those hatched in the cooling
temperature period. We also propose that the abundance of groups with
distinct life history traits in any one location will be determined by the
amount of hatching that takes place in seasonal temperature regimes at
that location. To examine the latter, we compare the situation in two
locations with important L. forbesii fisheries, Scotland and Ireland. The
results of this study have implications for adult stock timing, biomass,
female reproductive output and the potential of immature life stages to
escape from fisheries.

2. Methods
2.1. Biological sampling, maturity and ageing
Sampling of hatch timing was carried out in Ireland from 1991 to

1993 inclusive. Fishery-caught Loligo forbesii were obtained from ports
in the west, south-east and east of Ireland. For all individuals, sex was
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determined based on examination of the reproductive system (and the
presence of a hectocotylus in mature males), the dorsal mantle length
(DML, mm) was measured, and maturity was assigned using a five-stage
scale (Lipinski, 1979). Juveniles were defined as small individuals which
could not reliably be sexed (see Collins et al., 1995b for more details on
sampling in Ireland). Squid were obtained from ports in Scotland during
1990, 1993, 1994, 1997, 2007, 2008 and 2009, comprising a minimum
of 1 box of squid per month with no apparent size sorting having taken
place in the fisheries landings prior to sampling. Sampling intensity
aimed at sampling a minimum of 30 males and 30 females per month
across the size range present (more details on sampling in Scotland are
available in Pierce et al., 1994). Length was measured (DML), and
maturity was categorised using a five-stage scale adapted from the
Lipinski scale (Boyle and Ngoile, 1993; Pierce et al., 1994). Following
maturity staging, maturity status was defined for all samples (Ireland
and Scotland) as ‘immature’ or ‘mature’ based primarily on the presence
of eggs in the oviducts or spermatophores in the Needham's sac (Pierce
et al., 2005; see also Supplementary Table S1).

Ageing was performed in a subsample of squid by counting daily
growth rings from statoliths using the procedures described in Collins
et al. (1995b) for the Irish samples and by Arkhipkin and Shcherbich
(2012) and Wangvoralak (2012) for Scottish samples. Briefly, Irish
statoliths were prepared by mounting in Polarbed 812 resin (Fison's
Scientific Equipment, Loughborough, UK) or Crystalbond 509 thermo-
plastic cement (Amber Aremco Products, Inc., USA) and Scottish sam-
ples were mounted with Crystalbond 509. Polishing of statoliths was
carried out using wet graded sandpaper (600 grit followed by 1000 or
2000 grit) and dry sections were then embedded in a mounting medium,
such as Canada balsam, that filled any tiny scratches on the statolith
surface and made them invisible; Eukitt mounting medium (Sigma-Al-
drich, UK) was also used for this purpose in some Scottish samples. Then
the section was covered with thin cover glass for extra protection. The
statolith microstructure was analysed under transmitted light of the
compound microscope Olympus BX 51 at x200 or x400 magnification
and increment counting was conducted by author MAC (Irish samples,
see Collins et al., 1995b) and authors SW/AA (Scotland samples,
Arkhipkin and Shcherbich, 2012; Wangvoralak, 2012). Counting began
at the natal ring, which was the first particularly prominent increment
outside the nucleus and age readings were completed along the lateral
dome (Irish samples) or along the lateral dome and rostrum (Scottish
samples); for the latter, increments were read from the natal ring until
the first stress mark in the lateral dome, and then the rest of the rings
were counted in the rostrum. Growth increments within the statolith
microstructure were assumed to be daily in L. forbesii (Hanlon et al.,
1989; Rocha and Guerra, 1999, see also Collins et al., 1995b). Scottish
statolith readings were accompanied by four-point quality index based
on the condition of the statolith (from 1- poor to 4 — very good) which
was used to filter out statoliths with a ‘poor’ age reading prior to further
analysis.

Following ageing, analysis proceeded with 398 males, 399 females
and 34 juveniles from Scotland. The Irish samples included 139 males,
135 females and 42 juveniles. Hatch date was calculated by subtracting
the number of daily increments from the catch date. Individuals were
then placed in a ‘cooling’ or ‘warming’ temperature period, by hatch
date (see section 2.2).

To examine the timing of size at maturity patterns in the fisheries
catch, samples obtained from Scotland (above), were supplemented
with additional port and market sampling from 1990 to 2001 inclusive,
as outlined in Pierce et al. (2005). These samples were categorised for
maturity using identical methods but note that these samples were not
aged. This resulted in at least 200 individuals per month for a total
dataset of n=14,752 females and n=12,572 males. Length at 50%
maturity (LMsg) was calculated by month in individual years as well as
for pooled months across the time series (see section 2.3).
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Fig. 1. Monthly modal SST (°C) in ICES Area 6a showing oceanographic
‘cooling’ (green, October-April) and ‘warming’ (purple, May-September) sea-
sonal temperature periods for comparing squid hatching groups. Grey circles
indicate individual monthly values by year (1980-2018). The trendline was
plotted using smoothers from a GAM (using month as a smoother with a cubic
spline). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

2.2. Hatching seasonality

For animals which had been aged, hatching seasonality was deter-
mined after assigning hatch date and squid were then placed into one of
two hatching temperature periods, based on whether their hatch date
fell into a cooling or warming temperature regime. To assign squid to
one of these groups, daily sea surface temperature data were acquired at
1km x 1km grid resolution from the NOAA SST-AVHRR database be-
tween 1980 and 2018 (www.ncei.noaa.gov/data/sea-surface-temperat
ure-optimum-interpolation/access/avhrr-only/; date accessed 17/07/
2019) and monthly modal SST was calculated for ICES Area 6a, which is
north of Ireland and west of Scotland and therefore representative of
general seasonal water temperatures in both Irish and Scottish datasets.
Following inspection of these data, oceanographic seasons, and hence
hatching temperature groups, were defined as: cooling temperatures
between October — April inclusive and warming temperatures from May
— September inclusive (Fig. 1). In this case, April was included as a cold
month as SST mode values in April were more similar to March values
than to May values (Fig. 1). The same rationale applied in September
but, this time, the SST modal values were more similar to warm months.

2.3. Data analysis

Hatch dates versus catch dates were plotted for each individual after
first converting calendar dates into fractions of a year using the YEAR-
FRAC function in excel. This calculated the number of days elapsed
between 1st January and a given hatch (or catch) date each year and
divided this by the total number of days in that year to obtain a fraction.
Timing of these phenomena in the different temperature groups could
then be inspected and compared.

Differences between hatching temperature groups in median squid
age, size and lifetime growth (individual DML divided by individual's
age in days) were tested separately in males and females using Moods
median test for independent samples, which does not assume normally
distributed data or homogeneous variances between groups, and it is less
sensitive than other tests to unequal sample sizes and outliers (Mosteller
et al., 1948). Tests were carried out in IBM SPSS Statistics for Windows,
version 28.0 (IBM Corp., Armonk, N.Y., USA).

To define the ‘maturity cycle’ in the Scottish maturity data series, a
monthly LMsy was calculated through the 1990 - 2001 time series,
starting in November, which is considered the start of the biological year
for L. forbesii in both Scotland and Ireland (Collins et al., 1995a; Pierce
et al., 2005). Monthly LMs, was calculated separately in males and

Estuarine, Coastal and Shelf Science 339 (2026) 109999

females using a logistic regression to model the expected probability of
being mature, P(m), as a function of dorsal mantle length (DML) using a
binomial Generalised Linear Model (GLM) with a logit link function
(Ogle, 2019; R Core Team, 2019), as shown in Equation (1).

oo+h. DML

P(m (Equation 1)

=Ty o

Equation (1) includes the dorsal mantle length (DML), the intercept
of the model a and the slope of the dorsal mantle length variable 3. The
modelled regression curves were used to extract the expected DML when
the probability of being mature was a half (P(m)=0.5), i.e. DML at
which half the population in a given month was mature (=LMs(). LM5(
calculations from models were filtered to exclude calculations with a
sample size of <50 individuals per month, as were those from poorly
performing models (R? value < 0.15 and explanatory variable p-values
>0.05). The latter occurred in months when samples were dominated by
either immature or mature individuals, resulting in a poor fit to the lo-
gistic model. Monthly LMs( was also calculated using the same methods
but including data for all years in a given month (i.e. 13 years of data for
each month).

3. Results
3.1. Age profiles

The sampled age range in Loligo forbesii from Ireland (1991-1993)
was 173-359 days old (d) in females (n =135) and 156-376 d in males
(n=139). Only five individuals exceeded 365 d, all of them males. The
sampled age profile for adult females and males was evenly spread, apart
from very young (<178 d) males, which were less represented
(Supplementary Fig. S1). Juveniles (n=42), which were defined as
animals which could not reliably be sexed, spanned 112-186 d, most of
which were older juveniles (142-186d); only 13/42 juveniles were
younger than 142 d.

In Scotland (1990-2009), the age profile of adult squid was some-
what broader than in Ireland, males (n = 398) ranged from 128 to 432 d,
females (n = 399) from 133 to 408 d and juveniles (n = 34) from 141 to
217 d. Both males and females in Scotland were mostly of intermediate
age groups (~230-330 d) but with some representation (>10 statoliths)
of all age categories, apart from the oldest category of >383 d in females
or >425d in males (Supplementary Fig. S2).

3.2. Hatching seasonadlity in mature individuals

Capture months were evenly represented across calendar months in
both locations, therefore, we would not expect any important bias to
arise in the analysis of hatching dates as all possibilities should be rep-
resented (although fisheries catches themselves vary between months)
(Supplementary Fig. S3). For animals that were mature at capture,
hatching took place over a longer period in Scotland compared with
Ireland, with high frequencies of hatching in both warming and cooling
temperature periods in Scotland (Fig. 2). In Ireland, very few mature
animals hatched in the warm period, totalling only n =9/135 females
and n = 8/139 males (Fig. 2), with the rest hatching in cold months. In
Ireland, mature animals mostly hatched from December (males) or
January (females) to May, whereas, in Scotland, hatching in mature
animals mainly took place over a longer period, from November/
December to July. The corresponding hatching periods for immature
animals are shown in Supplementary Fig. S4, where an extended
hatching period in Scotland compared with Ireland can also be seen.

3.2.1. Size-at-age and growth in mature individuals

Mature L. forbesii hatched during warming temperatures (May —
September) were of smaller size and younger age in both sexes than their
counterparts hatched during cooling temperatures (October — April),
particularly in Scotland (Fig. 3). Statistical comparisons of both
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Fig. 2. Hatch month frequency by group in mature Loligo forbesii: A) Ireland, B) Scotland, y-axes vary. Histogram colours indicate warming (purple) and cooling
(green) temperatures. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

temperature groups were possible in Scotland as both hatching periods
were well-represented there (Supplementary Table S2). As well as being
younger and smaller in size, these squid grew more slowly than the other
temperature group. By contrast, the mature squid hatched during cool-
ing temperatures were highly variable, spanning a broad range of sizes
and ages in both sexes and locations (Fig. 3; Supplementary Table S2).

To interrogate variability during cool temperatures, a further sub-
division was made for mature squid: those that hatched from October
— December (when values are steeply declining, Fig. 1) and those that
hatched from January — April (the period of temperature minima on
Fig. 1), with each of these being compared to squid hatched in warming
temperatures. The results show that October — December hatching gave
rise to the largest and oldest mature L. forbesii in both sexes, whereas
January — April was associated with highly variable sizes/ages in mature
animals (Fig. 4; Table 1).

Thus, overall three seasonal cohorts were identified based on
hatching period: small/young mature animals that hatched in May —
September, large and old mature animals that hatched in October —
December, and highly variable mature squid that hatched from January

— April, though the latter group was still larger and older, on average,
compared with the warming temperatures group (Table 1).

3.2.2. Timing in mature individuals

To examine trends in when each of these three groups was captured
in fisheries, the hatch dates and catch dates were plotted as fractions of a
year, for mature animals (Fig. 5). This revealed several patterns, the first
of which was that no mature animals were available in the fisheries
catch for two and a half months between the beginning of September to
mid-November in the sampled population (Fig. 5), although immature
animals were caught throughout this period (Fig. S6). A second pattern
was that each hatching cohort had a distinctive period when it appeared
in fishery catches: small/young mature animals were almost always
captured early in the year, from January to April when they were less
than nine months old. Large/old mature animals were only captured late
in the year (late October onwards to December) when they were about
one year old, and the mature animals with variable sizes/ages were
captured over a long period, from October in males and November in
females to the end of April (Fig. 5).
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Table 1

Median values (with range) of age, size and lifetime growth for mature Loligo forbesii that hatched in different temperature regimes in Scotland. Statistical comparison
of medians show the warming temperature group versus two cooling temperature groups using Mood's median test statistic (M), **p < 0.01, ***p < 0.001.

Mature animals  Female Hatching Dates

Male Hatching Dates

Warming temperatures Cooling Cooling temperatures Warming temperatures Cooling Cooling temperatures
(May-Sept) temperatures (Oct- (Jan-Apr) (May-Sept) temperatures (Oct- (Jan-Apr)
Dec) Dec)
Age (days) 283 (218-330) 354 (329-379) 306 (245-386) 283 (201-432) 344 (308-403) 305 (220-423)
M 10.44%%* 15.27%%% 24.32%%% 12.61%%*
Size (mm) 200 (157-265) 285 (210-320) 236 (162-356) 214 (144-515) 385 (231-560) 290 (135-735)
M 10.44%** 16.27%** 19.28%** 8.19%*
Lifetime 0.70 (0.55-1.01) 0.78 (0.59-0.96) 0.77 (0.51-1.05) 0.76 (0.54-1.26) 1.10 (0.70-1.41) 0.94 (0.55-1.75)
growth (mm/ 2.52N8 8.16%* 14.83%%+ 8.19%%
day)
M
Overall trend Small & young at Large & old at Variable but larger/ Small & young at Large & old at Variable but larger/
maturity, slower growing  maturity older, on average maturity, slower growing ~ maturity older, on average

3.3. Size-at-age in immature individuals

Immature squid hatched during the warming temperature period
appeared to be smaller in size-at-age compared to those from the cooling
temperature period, especially in females; therefore the immature ani-
mals exhibited the same trend as mature squid (Supplementary Fig. S5).

This pattern was only detectable in Scotland because no immature fe-
males were found that hatched in the warming temperature regime in
Ireland and there were only three immature males found in Ireland for
this group. In Scotland, no gap was seen in fisheries catches for imma-
ture squid (Supplementary Fig. S6), unlike the gap observed in mature
animals (Fig. 5).
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3.4. Maturity cycle and length at maturity (LMsg) time-series

Fig. 6 shows a monthly length at maturity (LMsg) time-series from
Scotland - note that these animals were not aged so this data analysis is
organised by capture date rather than hatch date. 53 months across the
time-series had sufficient data quality for LMsq to be calculated in fe-
males, and this showed an apparently consistent annual cycle over the
13-year time series. Monthly LMsgs in females were largest at ~280 mm
DML in squid captured in November (occasionally October) each year
and smallest in squid captured in February and March each year (LMsos
of ~163 mm), shown as black dots on Fig. 6A; see also Table 2. From
February/March to June each year female LMs5( remained low at ~142-
199 mm DML (Table 2). Pooling monthly data across years we can see
that LMsg dropped by about 117 mm within the 3-4-month period from
November to February, staying low over subsequent months until June
(Table 2).

Hence LM5p maxima in October/November and minima in February/
March from the fisheries catch time-series matched the hatching groups
seen in Fig. 5. Specifically, large/old mature animals were captured late
in the year (late October onwards to December) and small/young
mature animals were captured early in the year (y-axis on Fig. 5).
Mature squid with variable size-at-age were captured in both periods (y-
axis on Fig. 5).

Compared with LMs( trends, the proportion of mature females
showed the opposite monthly pattern: December to March each year
coincided with a rapid increase in the proportion of mature females.
Hence, when length at maturity was minimal, the proportion of mature
squid was maximal, and vice-versa (compare Tables 2 and 3).

In males it was not always possible to calculate monthly LMs, values;
only n = 33 months met the data quality and quantity criteria needed to
calculate this metric (see Methods). But although it was difficult to
determine a cycle due to missing monthly values, males still showed a
key similarity to females with the same decreasing trend in mantle
length of mature males from October/November to January/February
(see green versus orange data points in Fig. 6B). Following this decline,
male length at maturity increased again from March to May i.e. earlier
than females, staying high until at least July.

4. Discussion

Several works have posed a question in relation to Loligo forbesii,
which is, how are two size-at-maturity modes produced from a single
breeding period in a ~1 year life-cycle? (Boyle et al., 1995; Collins et al.,
1999). The present study shows that this is associated with a very
extended hatching period, which takes place during different tempera-
ture conditions (and indeed a post-hatching lifespan which can
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Fig. 6. Monthly LMs, (length at 50% maturity) in Loligo forbesii from Scotland: A) females, B) males, y-axes vary; note that months shown represent the capture date
(not hatch date). Vertical lines indicate November each year when LMso was maximal (main line). Individual squid that are mature (orange circles) and immature
(green circles) are also shown. Black dots represent monthly LMs, in Scotland and crosses (x) show the LMsq in Ireland in 1994/95. The black dashed line shows LMsq
calculated from the global data, i.e. size-at-maturity for data pooled per month across 13 years, which was repeated through the series for comparison. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

considerably exceed one year). The size of mature squid depended on
the time of year when hatching took place, i.e. hatching during a period
of warming temperatures led to mature squid of smaller sizes and
younger ages, whereas hatching during cooling temperatures led to
larger/older mature squid, although squid hatched in one part of the
cooling period, from January — April, were highly variable. Hatch date
also revealed which cohort(s) were found in each study location and,
because hatching was more extended across the year in Scotland than it
was in Ireland, Scotland possessed three seasonal cohorts of different
sizes and ages at maturity, whereas one of these cohorts (i.e. maturity at
small size and young age) was largely absent in Ireland. There were no
months when hatching was absent in Scotland, demonstrating how
extensive the hatching period is throughout the year in this location, and
also showing that low temperatures did not prevent hatching (and
indeed subsequent successful development) taking place there in any
month. Finally, each of the three hatching periods was associated with
mature adults of different sizes appearing during distinct periods in
fisheries catches (Fig. 7).

Squid hatched in the warming season were mostly mature at small
size and young age in both sexes, whereas squid hatched during the
cooling season were mature over a broad range of sizes and ages in
Ireland and Scotland (Fig. 3). Despite overlaps, there were statistically
significant differences between both cohorts in terms of size, age and in
lifetime growth (see results of Moods median tests, Supplementary
Table S2). Larger sample sizes in Scotland permitted two hatching co-
horts to be identified inside the cooling season — hatching in the early
part of this period, from October to December, when temperatures were
decreasing, was associated with large mature squid of about one year old
in both sexes, whereas hatching during temperature minima in January
to April was linked to mature squid of variable sizes and ages (Fig. 4).
Both of the cooling season cohorts differed significantly from the
warming season cohort, being larger, older and with a faster lifetime
growth rate in both sexes, apart from one female growth comparison
(lifetime growth in females hatching in May-September versus October-
December were not significantly different, Table 1).

The warming season cohort showed characteristics of precocious
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Table 2

Monthly length at maturity (LMsg, mm) cycle in female Loligo forbesii from Scotland by capture month (i.e. not
hatching month). Cell colour indicates months with maximum (green cells) and minimum (orange cells) length at
maturity values. Empty cells are months with no data or when quality criteria to calculate LMs, were not met. Monthly

LMs, was also calculated for data pooled across all years together.

1990-
91

1991-
92

1992-
93

1993-
94

Nov
Dec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug

Sep
Oct

1994-
95

1998-
99

1999-
2000

2000-
2001

Pooled
Years

Table 3

Monthly proportion of maturity in female Loligo forbesii from Scotland by capture month (not hatching month). Note
that months with maximum values (orange cells) correspond to months with minimum monthly LMses (Table 2).
Proportion of maturity was also calculated for data pooled across all years together.

1990- 1991- 1992- 1993-

Nov
Dec
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct

maturity as these individuals were mature at small size (200/214 mm
DML in females/males respectively) and at the relatively young age of
~283 days old, on average, in both males and females (Table 1). These
squid were caught in fisheries from January — May but mostly before
April (Fig. 5). Precocious maturity in the fisheries catches during Spring
months was also consistently seen in a 13-year time-series in Scotland
(Fig. 6), noting that the proportion of mature animals in the catch also
increased rapidly in the Spring months (compare orange cells in Tables 2
and 3). These squid also grew slower than those in the other temperature
groups (Table 1), but they matured early, despite lower growth. The
linked timing of both smaller sizes at maturity, and high proportions of
the catch being mature, suggests individuals that were running out of
time to complete the annual lifecycle.

1994-
91 92 93 94 95

2000- Pooled
2001 Years

1997- 1998- 1999-
98 99 2000

1.00 0.89
0.98 0.92 0.94
0.96

Hatching during the cool season (October to April) produced squid
that matured over a broad range of sizes and ages in both sexes and
locations but there was a pattern within this variability. Hatching during
the first part of this period, from October to December, was associated
with large mature animals, 385 mm DML median size in males and
285 mm DML in females, which were almost one year old (median age of
354 days in females, 344 days in males, Table 1). This group also showed
the highest lifetime growth (0.78 mm/day in females and 1.10 mm/day
in males, Table 1). A second sub-division of the cool season, hatching
from January to April, was more variable and included both large and
small mature animals, however, this group was still statistically larger
and older at maturity than the precocious group (Table 1) and this was
also the dominant mode in both locations, especially in Ireland (Fig. 2).
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Fig. 7. Schematic of seasonal cohorts in Loligo forbesii from Scotland showing their hatch timing as well as their timing as mature adults in fisheries catches.

In Ireland, mature squid mostly hatched in January to April, although
this may vary year-to-year and sample sizes in Ireland were also low. In
Scotland, substantial numbers of squid hatched during the warming
season and more precocious maturation was seen there, but the two cold
cohorts were still dominant.

As well as having distinct size and age-at-maturity profiles, the three
hatching cohorts had different timings in the fisheries catches: preco-
ciously mature individuals were captured in early Spring. The two cold
season cohorts also had distinctive fisheries catch profiles, squid with
the largest size-at-maturity (i.e. hatched in October to December) were
only captured in a discrete period from late October to December in the
following year, when they were about one year old. Catch dates for the
second cold cohort were more widespread, from October in males
(November in females) to the end of April. The catch timings for all
individuals with known hatching dates matched the 13-year time-series
in Scotland, showing maximum values in size-at-maturity (LMs) from
fisheries catches in November each year but minimum values in Spring
(Fig. 6). Overall, a catch date late in the year only captured the two cold-
season cohorts, whereas a catch date early in the year captured the
warm-season (precocious) cohort, along with the variable cold-season
cohort. Meanwhile, catch dates in the middle of the year were associ-
ated with immature squid (Fig. 5).

Length-frequency analysis has previously described three size-at-
maturity strategies in L. forbesii males (Collins et al., 1999). A ‘sum-
mer breeding cohort’, which we assume to be synonymous with the
warm cohort in the present study, has been shown to appear only in
certain years in Scotland (Pierce et al., 2005), which we now assume to
depend on the amount of hatching taking place in Spring/Summer
months. Intra-annual cohorts in L. forbesii life-cycles have also been
described outside of the current study area (e.g. Rocha and Guerra,
1999; Hanlon et al., 2002; Moreno et al., 2007). These also occur in
other species of loliginid (Hatfield, 2000; Arkhipkin et al., 2013) and
ommastrephid squid (Arkhipkin et al. 2000, 2015), with explanations
for their occurrence suggested to be temperature influences during
hatching and growth. An open question is whether these cohorts may be
associated with alternative reproductive tactics (ARTSs) in loliginid squid
because of the existence of ‘consort’ males which mature at larger sizes
and ‘sneaker’ males which mature at smaller sizes (Iwata et al., 2011;
Filice and Dukas, 2019; Apostolico and Marian, 2020). Consorts and
sneakers have recently been suggested to arise from different hatch dates
in a loliginid species, Heterololigo bleekeri, where sneakers hatched later
in the annual cycle compared with consorts, giving rise to a “Birth Date
Hypothesis™ for ARTs (Hosono et al., 2024), although hatching during
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only a short part of the year was considered in that study. The hatch date
of cohorts in the present study might also link to ARTs, with the
important proviso that the existence of sneaker and consort tactics and
evidence of spermatophoric complex differences associated with ARTs
(see Iwata et al., 2011; Filice and Dukas, 2019) have not yet been
demonstrated in L. forbesii. Secondly, what we see from studying the full
annual hatching life cycle of L. forbesii is that small mature males hatch
in both temperature periods (i.e. these animals' hatch dates come from
across the year from January to September) whereas large mature males
occur only in the cooling season (October to April, Fig. 4). This would
need to be reconciled with ART timings (if these exist) in L. forbesii.
Multiple paternity of L. forbesii egg capsules (Shaw and Boyle, 1997),
hence polygamy in females, provides suitable conditions for sperm
competition via ARTs or other means.

Temperature seems to be an important driver of size-at-maturity
variation (Forsythe and Hanlon, 1989; Forsythe, 2004; Pecl et al.,
2004; Arkhipkin et al., 2015), though whether this is a proximate
and/or ultimate causal factor is not known. Even though males have
received far more attention (Mather, 2024), we can see from the present
study that precocious maturity does not only affect males. Females also
had two cohorts and an enormous range in size-at-maturity. Neverthe-
less, the smallest mature individuals in the sampled population were
always males, and females’ size and age minima at maturity were
slightly higher than males in equivalent temperature groups (comparing
range minima in Table 1). Tactics in males and females are likely to have
different selective pressures, e.g. in terrestrial snails, phenotypic plas-
ticity in size (and age) at maturity showed different reaction norms
under different experimentally-controlled food deprivation treatments.
Males matured once a minimum age was reached, despite small size in
low growth conditions, because the ability to access a female was not
size-related (this also seems to be the case in squid). However, because
reproductive output was size-related in females, low food treatments
resulted in much longer times to maturity (Tamburi and Martin, 2009).
These authors speculated that in unproductive habitats where food was
limited, most females would have to overwinter before attaining sexual
maturity. Such lifecycle extension on account of poor growth is not
possible in L. forbesii since biannual life-cycles do not occur in this
species (Boyle et al., 1995) and only a few individuals exceeded 365
days old in the present study (Supplementary Fig. S1 and S2). Indeed,
this constraint probably explains why precocious maturation takes
place, since the proportion of mature animals suddenly increases in
concert with precocity (Table 3). Nevertheless, female squid may
probably delay maturation to some degree since maturity occurred
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across such a wide spread of ages (Fig. 3). In addition, different egg size
modes in the ovary suggest that spawning itself may be stretched over
several months in L. forbesii (Boyle et al., 1995; Rocha and Guerra,
1996). Indeed, the ability to fertilise egg capsules over a period of
time using stored sperm from different males may permit females to
maximise reproductive fitness (Hanlon et al., 2002). While females may
store sperm and extend the spawning period, laying eggs fertilised from
a few different males, male L. forbesii seem to disappear earlier than
females from fished populations after spawning (Coelho et al., 1994;
Collins et al., 1999).

The presence of seasonal cohorts, with different sizes-at-maturity,
growth rates and appearance timings in fisheries catches, has conse-
quences for stock biomass and also has important management impli-
cations. All three seasonal cohorts apparently only occur in some years
and locations, which we suggest links to the relevant hatching periods,
with small mature animals notably rare in some years (Scotland) and
locations (Ireland). Predictive modelling could add further details on
how the amplitude in length at maturity changes over the year, as well as
adding details about its timing, and specifically, the influence of
hatching time on both. Which seasonal hatching cohort(s) are dominant
will also influence female reproductive output (smaller mature females
are expected to spawn fewer eggs) as well as fisheries escapement of
immature squid. For instance, we observed that mature squid were ab-
sent in fisheries catches between September-mid November (Fig. 5),
although immature animals were caught throughout this period, some of
which were very large-bodied (Supplementary Fig. S5 and S6). Fisheries
active during this period were therefore likely to capture immature
animals, that were difficult to identify due to their large size. Predictive
modelling to understand the drivers of timing in large immature squid,
including the influence of hatching time, would also be useful for
management.
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