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Herring spawned poleward following fishery induced collective memory loss
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Entrainment is a process in schooling migratory fish where routes to suitable habitats are transferred
from repeat spawners to recruits over generations through social learning'. Selective fisheries
targeting older fish may therefore result in collective memory loss and disrupted migration culture”.
The world’s largest herring (Clupea harengus) population has traditionally migrated up to 1300 km
southward from wintering areas in northern Norwegian waters to spawn at the west coast. This
conservative strategy is proposed to be a trade-off between high energetic swimming costs and
enhanced larval survival under improved growth conditions’. Here, extensive data from fisheries,
scientific surveys and tagging experiments demonstrate an abrupt ~800 km poleward shift in main
spawning. The new migration was established by a large cohort recruiting when the abundance of
elders were critically low following age-selective fisheries. Likely the threshold of memory required
for cultural transfer was not met, a situation further exacerbated by reduced spatiotemporal overlap
between elders and recruits driven by migration constraints and climate change. Finally, a minority
of survivors from older generations adopted the migration culture from the recruits instead of the
historically opposite. This may have profound consequences for production and coastal ecology,

challenging the management of migratory schooling fish.

Main

Collective behaviour is recognized as a significant factor driving critical transitions in migrations of
animals navigating dynamic environments® . By acting collectively, they may obtain and process
information better (collective learning) and established knowledge can be transferred to new

uninformed group members through social interaction (social learning), both processes play a pivotal
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role in decision-making®. The accumulation of knowledge during group navigation may lead to a

migratory culture at the population level” ®

, Whereas an absence of informed leaders arising from
dynamics in landscape structure, mortality and recruitment can lead to disrupted migrations’. When
cultural behaviour significantly influences fitness, it may drive selection for traits that enhance

cultural learning, leading to a reciprocal coevolution of genes and culture'”.

In marine fish, the entrainment hypothesis proposes that migrations between suitable habitats develop
over generations through a process of social learning between naive recruits and experienced repeat
spawners'. Migration shifts typically occur when numerically dominant cohorts overflow the
population'"-'?. The underlying mechanism is likely a knife-edged response in group behaviour linked
to the minimum proportion of informed and determined individuals required to lead a school'* '*. In

1516 and the overall

addition, the quality of information they hold'?, individual traits like boldness
heterogeneity of the group'’ may play a significant role for effective leadership. Hereunder, size can
be a limiting factor for social transfer of knowledge since optimal swimming speed is proportional to
body length'®. Theoretical modelling further proposes that we may fish out the collective memory of
migratory schools when targeting older fish, with abrupt changes in migration culture as the potential

outcome”.

Norwegian spring spawning (NSS) herring, the world’s largest herring population'’, exhibits size-
dependent migrations between feeding, wintering, and spawning grounds™ % *! (Fig. 1), likely driven
by a coevolution of genetics and culture'’ in response to environmental dynamics and spatiotemporal
availability of its primary prey, Calanus finmarchicus*' . Despite fluctuating population levels and
changes in feeding and wintering distributions, the population has mainly spawned on the Norwegian
west coast since at least 1950%°. This conservative strategy, involving high energetic swimming

%6, is expected to enhance larval survival under improved growth conditions™ ?* ?’-?% during

costs
transport to Barents Sea nurseries”’. Here they reside until ages 3-5°°, before mixing with adults

feeding in the Norwegian Sea.

Our study details an abrupt and unprecedented ~800 km poleward shift in main spawning of NSS
herring from More to Lofoten (Fig. la), primarily elucidated through fishery-induced collective
memory loss’. We question whether reduced mixing between a depleted population of elders and a
bursting cohort prevented effective cultural transfer and prompted the naive recruits to establish
independent migrations later adopted by a minority of older survivors. Additionally, we explore

3,26

whether migration constraints®*® or climate change’' triggered the abandonment of Mere or
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contributed to disrupted migration culture by affecting mixing between elders and recruits. Finally,
we discuss cascading effects of this event on production, coastal ecosystems and management of

migratory schooling fish.

Disrupted migration linked to fishing

We have detailed the spatiotemporal dynamics in the Norwegian, Icelandic and Faroese catch
distribution over the period 1995-2024 to demonstrate migrations between feeding, wintering and
spawning areas (Fig.le). During 2021-2024 the spawning migration of NSS herring significantly
changed as reflected by a poleward shift in fishing pattern during the spawning season (Fig.le, Fig.
2a), mapping of the density distribution during annual scientific acoustic-trawl surveys in February

(Fig. 3b) and tag-recapture experiments (Fig. 4).

We propose that this resulted from altered demography following a bursting recruitment in 2016 (Fig
2b) combined with a depleted population of older spawners (Fig 2¢) linked to age-selective fisheries
(Fig 24, e, ). The fishing pressure on adults age 5-12+ is within precautionary limits, although point
estimates suggest periods with unsustainable fishing (Fig 2e) partly linked to an overestimated
population in the past (Fig. 2c¢) and quotas being set higher than what is considered precautionary
today. However, the increasing fishing pressure with age (Fig 2f) is likely the main human impact to

altered demography.

After the birth of the 2016-cohort international quota negotiations among the fishing nations failed to
reach agreement on the sharing of the total allowable catch, resulting in sustained overfishing of
advised quotas by 40 % during 2017-2022 (Fig. 2d). Despite this, the recruitment of the 2016-cohort
managed to maintain total spawner biomass just above defined precautionary levels, while the
biomass of the older generations plummeted by 68%, dropping from approximately 4.0 to 1.3 million
tonnes from 2019 to 2023 (Fig. 2c). By 2021 onwards, the proportion of the 2016-cohort surpassed
the elders in landings and acoustic surveys (Fig. 2g) during the feeding (Extended data Figs. 1-2) and

spawning (Fig. 3b) seasons.

Why memory loss could explain the shift

We argue that under the absence of the minimum proportion of informed elders required for effective

leadership'* ' the recruits found their own way within the population in accordance with historical
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observations'"

. However, the actual mechanism preventing effective learning processes and
transfer of migration culture evolves at the level of group formation* > °. To elucidate fishery induced
collective memory loss as a potential explanation for the abrupt poleward shift in spawning of NSS
herring we explored the spatiotemporal development in numerical dominance of the 2016-cohort at
the school level. All Norwegian, Icelandic, and Faroese data on age composition derived from
commercial fishing (trawl and purse seine) and research surveys (trawl) were combined to address
this essential process. We defined the structure within a single sampled catch as representative of the

cohort composition at the school level and presented the proportion of the 2016-cohort as quarterly

distributions over the period 2017-2024 (Fig. 3a).

The observed dynamics at the school level revealed a crucial process where the elders fed and
wintered to the southwest of the recruiting 2016-cohort, resulting in reduced mixing (Fig. 3a). The
elders mainly entered the coast from offshore wintering areas south of Lofoten and migrated along
the shelf to spawn off Mere, while the 2016-cohort migrated from the north easternmost wintering
grounds to Lofoten as a first-time spawner in 2020. This pattern persisted for the 2016-cohort over
2021-2024, ultimately defining an established culture. However, it gradually extended the feeding
migration westward as it grew older, predominating in schools over larger areas within the Norwegian
Sea. Concurrently, the spawning distribution of the older age classes also shifted rapidly poleward to
Lofoten. The distinct process where the elders adopted the spawning area of the 2016-cohort was
further quantified by acoustic trawl surveys covering the distribution over 10 days in late February
2017-2024 (Fig. 3b). This snapshot of the pre-spawning situation also revealed that cohorts born after

2016 were incorporated into the new migration culture (Fig. 3b).

Support for the development of the new migration culture was strengthened at the individual fish
level through tagging experiments. Over the years 2016-2023, we tagged 202155 individual herring
with Passive Integrated Transponder (PIT) tags (Fig. 4a) in the north easternmost wintering area
inside the fjords (Fig. 1, Fig. 4c). Here, the 2016-cohort relative to elders predominated from the
winter situation (November-December) in 2020 onwards. From 2018-2024, we scanned 2.2 million
tonnes for tags in landings at Norwegian and Icelandic factories with RFID (Radio Frequency
Identification) antenna systems, covering the feeding, wintering, and spawning distributions (Fig.
4b). The corresponding 10716 recaptures demonstrated that tagged herring adopted western feeding
distribution, offshore wintering, and southward spawning distribution towards Mere by 2020 (Fig.

4c). However, over the next years 2021-2024, when the 2016-cohort within the tagged and non-tagged
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population became predominant, the tagged fish stopped migrating south, aligning with the

observations at the school level (Fig. 3a) and quantified acoustic abundance (Fig. 3b).

The tag data also documented straying to other populations. Between 2021 and 2024, some recaptures
were linked to catches south of 62°N in target fisheries for North Sea autumn-spawning herring.
Similarly, recaptures southwest of Iceland in 2021 and 2023 originated from catches of Icelandic
summer spawners. Such straying may occur when a minority of NSS herring mixes with schools from

other populations during the feeding season and is subsequently guided to their home grounds.

Memory threshold preserving culture

Theoretical models suggest that even small proportions of informed individuals can significantly
influence collective behaviour, with thresholds as low as 0.1 for effective leadership'® '*. In NSS
herring, using a similar modelling framework, the probability of changing wintering areas was 50%
when the proportion of informed repeat spawners fell to 0.18, and dropped below 10% if it exceeded
0.3'2. However, our study offers new insights into these models, indicating that disrupted migration
culture may occur even at higher proportions of repeat spawners. Future models must account for the
fact that cohort bursts recruit into the Norwegian Sea over a period of 2-3 years®’, and that successful
knowledge transfer depends heavily on the spatiotemporal overlap between recruits and elders, which

could be hindered by hetereogenety'” in terms of size dependent migration potential® >'.

Relatedly, since 2016 was the first large cohort in 12 years (Fig. 2b), there was a high degree of
heterogeneity within the adult population. Implicit in this scenario was the necessity for the 2016-
cohort to enhance its migration potential through body growth before effectively mingling with the
remaining older generations, which were exploring the borderlines of their distribution”!. By the time
of full mixture in schools all over the Norwegian Sea feeding area, the 2016-cohort had already
established its own migration culture (Fig 3a, b). The quality of accumulated knowledge it held at

that moment'*, likely also influenced its boldness as leaders'”> '°

. Hence, being both determined and
numerically dominant’ relative to the older cohorts, it acted as a demonstrator of migration routes
rather than a follower. This effect was further amplified as subsequent cohorts adopted the new

migration culture (Fig. 3b).

The development of the 2002-cohort may exemplify how traditional migration culture can be

preserved under normal conditions (Extended Data Figs. 3 and 4). It was also numerically dominant
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compared to older generations (Fig. 2b), which were rapidly depleted by age-selective fisheries (Fig.
2c, ). However, while recruiting (2005-2007, Extended Data Fig. 4a) it interacted with older fish
from the start during feeding, wintering, and spawning seasons (Extended Data Fig. 3). Feeding
distribution at that time and smaller age and size gap between the 2002-recruits and the dominant
1998 and 1999-cohorts (Fig. 2b, Extended Data Fig. 4a) likely facilitated greater mixing between
generations. The fastest-growing individuals from the 2002-cohort were able to follow the
numerically dominant elders toward the Mere spawning grounds, and as the cohort grew and became
fully recruited larger fractions migrated farther south, eventually dominating throughout the spawning

range (Extended Data Fig. 4b, c, d).

In such a scenario, where learning occurs gradually over a three-year recruitment period, the

proportion of informed repeat spawners necessary for leadership'* '

could be maintained, ensuring
the successful transfer of migration culture even in large cohort influxes. Additionally, this suggests
that slow-growing members of a cohort can learn not only from elders but also from the faster-

growing repeat spawners within their own cohort.

Influence of migration constraints

Diverging size between the recruits and elders may hinder learning processes during the spawning
migration. We propose that social transfer must be from elders or repeat spawners from same cohort
with comparable migration potential. This would under the state dependent migration hypothesis be
a gradual process where recruits may start to spawn in the north and follow elder fish southwards as
the migration potential increases, also constrained by capacities linked to energy stored over the

feeding season’.

Originating from the north easternmost current wintering areas at 70°N, the direct migration route to
the southern tip of Mere at 62°N spans approximately 1300 km along the shelf edge (Fig. 1¢). We
investigated whether migration constraints could account for the observed reduction in spawning
migration distance of ~800 km. Time series data on body growth in terms of total length at age 7 (Fig.
2h) and initial energy stores in terms of Fulton's condition factor (W L) (Fig 2i) from 1988-2023
were analysed. The data indicated that the average fish from the 2016-cohort in 2023 was shorter than
7-year-olds of some past cohorts due to density-dependent growth’’. However, the growth was

comparable to the 2002-cohort, which wintered at the same latitudes and still spawned off Mere from
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age 4 onwards (Fig 1e, Extended Data Figs 3-4). Moreover, there were no indications in the condition

factor suggesting constraints on initial energy compared to previous periods.

During the southward spawning migration, the herring faces the same coastal currents that later
transport their offspring to the north?”**. To explore the aggregated effects of internal constraints and
external forces for selection of spawning locations, a simple bioenergetic model was developed. The
model considered both the observed body growth, condition, and spatiotemporal variability in counter
current velocities along the migration route. We simulated the migration potential of an average fish
from the 2016-cohort from the first fraction spawning in 2020 until full recruitment in 2023 (Fig. 5).
In accordance with observations (Fig. 3) the model predicted northern spawning close to Lofoten in
2020 due to high northward velocities in combination with a small size as first-time spawner.
However, subsequent simulations indicated that the cohort should have been capable of following
older fish farther south in the succeeding years as it grew larger and with weaker coastal currents.
Ultimately the model predicted spawning closer to Mere in 2023. These simulated dynamics offer
insights into the potential natural process if the transfer of migration culture could progress under

normal conditions.

Influence of climate change

In general, marine ectotherms are more vulnerable to warming than terrestrial ones*”. In response to
global warming, marine fish tend to seek colder waters and gradually shift distributions towards the
poles’!'. We explored the climate change hypothesis by fitting generalized additive models (GAMs)
to 30-year long time series (1995-2024) of zooplankton data from three cross-sections and
temperature data from three monitoring stations overlapping with spawning migration and larval drift
of NSS herring (Extended Data Figs. 5-8). The GAM model predictions (Extended Data Figs. 5) did
not show signals supporting environmental change as trigger for the abrupt poleward shift in
spawning after 2020. The results rather aligned with previous studies proposing that energetic costs
of migrating to Mere’® may be traded off against enhanced larval survival® in warmer waters*® with

higher prey availabilities™* *’.

In fact, NSS herring persistently spawned off Mere for two decades (Fig.le, Fig.2a) producing large
cohorts (Fig. 2b) despite warmer waters after 2000 (Extended Data Fig. 5 f, 1). Relatedly, there is a

lack of a discernible trend in the timing of the spring phytoplankton bloom in the Northeast Atlantic

during the period of climate change®* **. The primary factors driving spring bloom timing, such as
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the sun's zenith angle and day length, vary with latitude but not interannualy®’. Since herring
spawning is also regulated by photoperiod™, this suggests a long-standing adaptation to the latitudinal

23, 34

dynamics of spring blooming along the Norwegian shelf and the associated production® and

cross shelf transport®* of C. finmarchicus.

We propose that ocean warming indirectly contributed to the abrupt poleward shift in spawning by
affecting mixing between recruits and elders. The summer-autumn blooms in the Northeast Atlantic,
which are largely unaffected by photoperiod, have been significantly delayed under the period with
climate change® *°. After 2005 NSS herring extended their feeding range far southwest into late
autumn’' (Fig. 1), coinciding with unexpectedly high densities of second-generation C.
finmarchicus®. Warmer waters likely allowed for the emergence of two generations, which NSS
herring capitalized on’'. A consequence was delayed return migration, with wintering occurring closer
to the feeding range. This shift contributed to the observed split distribution between older generations
and the recruiting 2016-cohort in the Norwegian Sea (Figl, Fig. 3a, Extended Data Figs 1-2), which

may have hindered the successful transmission of traditional migration culture.

Although northern spawning may reduce production over the long term, it can still yield large cohorts.
Recruitment trends of fish populations across the Northeast Atlantic show common patterns linked to
environmental and ecological dynamics®’, and the occurrence of large NSS herring cohorts appears
tied to specific conditions in the coastal current*®. Our data on cyclic trends in zooplankton and the
ambient temperatures experienced by adult spawners and their offspring (Extended Data Fig. 5 c, f,
1) also suggest synchronized peaks along the coast during the birth years of large cohorts, such as in

2002, 2004, and 2016, with a recent promising upward trend.

Consequences for coastal ecology

The annual spawning of NSS herring plays a crucial role in transporting large amounts of energy from
spring-summer feeding in the Norwegian Sea to the Norwegian coast’”. At Mere, hundreds of
thousands of tonnes of NSS herring have spawned over small areas in just a few days*’. Such
spawning waves have proven also to be vital for predatory fish*'. Moreover, when spawning south,
hatched larvae will spread over large areas during their northward drift with coastal currents towards
Barents Sea Nurseries’” 2%, Some even end up in coastal nurseries” both acting as a buffer for
recruitment and enriching local fjord ecology. The NSS herring spawning holds particular importance

for endangered puffin colonies, where nesting sites are closely tied to historical availabilities of fish
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larvae*>**. Over time, we may therefore witness cascade effects along the coast for species that relies

on herring spawning events in the south.

Consequences for management

1** and in

Recent reviews highlight the importance of longevity conservation in animals in genera
social fish specifically*’. In fisheries age-based indicators and reference points are suggested as key
tools to mitigate negative effects of truncated age structure®®, but they do not consider the threshold
of memory required to preserve migration culture > '*- ¥, NSS herring has spawned off southern
Norway for centuries interspersed with periods of absence under climate change*’, which could be
explained by failed knowledge transfer due to reduced mixing between elders and recruits when long
periods of recruitment failure end with a bursting cohort. Age-selective fisheries may further

accelerate such natural processes by directly removing migration memory from the population.

In Pacific herring (Clupea pallasi), where population growth, climate change, and fishing pressure
has led to the erosion of population portfolio, finer spatial scale management strategies are suggested
tools*®. Their complex metapopulation structure is proposed to emerge from two alternative
strategies; either recruits home to natal habitats in fixed proportions, or they adopt migration patterns
based on the abundance of experienced spawners at each spawning site*’. If managed spatially with
optimal fishing pressure under a model assuming natal homing while recruits instead just follow the

older fish, model simulations predict a potential loss of 35% of all spawning sites™’.

Our study provides empirical evidence in support of such cultural erosion linked to age-selective
fisheries. It complements existing theoretical frameworks, highlighting the need for further research,
especially regarding the memory threshold required to preserve migration culture. Over time, through
increased migration potential or population growth likely combined with an inherent genetic
predisposition for favourable environments in the south, NSS herring will probably re-establish
spawning at Mere. Still, to avoid such disrupted culture and periodical loss of spawning sites in
schooling fish it is critically important to integrate knowledge of social learning into future

management strategies.
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Figure legends

Fig 1. Migration strategies of herring in a dynamic environment. a, Study area, highlighting the
poleward shift in main spawning from Mere to Lofoten. b, Main currents of the area. ¢, Seasonal
migrations between feeding, wintering and spawning grounds during 1988-2020. Note that NSS
herring spawn at hard substrates down to 250 m depth. d, Migration pattern during 2021-2024. These
dynamics in migration patterns are also visualised empirically in e, The spatiotemporal dynamics in
the herring fishery. Shown here is the aggregated Norwegian, Icelandic, and Faroese catch (above 80
% of total catch) within each 0.5° latitude, 1° longitude rectangle by periods seasons. Rectangles are
coloured according to the scale in the bottom right panel. Note that a change in landings during
feeding season from 2011 onwards reflects fishing strategies in a period with quota reductions and

not availabilities.

Fig 2. Linking distributional change to herring population dynamics. a, Centre of gravity (COG)
in Norwegian landings at a latitudinal scale during 15-29 February 2000-2023. b, Proportion of age
4 recruits in the population. Numerical dominance (above 0.5) is marked with a dotted line. c,
Development in spawner biomass during 1988-2023. The precautionary reference point is marked
with a dotted line. Trends for fish older than the 2002- and 2016-cohort are highlighted. The
perception from the 2023 assessment is compared with retrospective patterns from the 1999 and 2009
assessments. d, Total catch where the recent overfishing relative to quota advice is highlighted. e,
Fishing mortality (F) of adult herring (ages 5-12+ weighted with abundance and unweighted average).
The precautionary reference point for F is marked with a dotted line. f, Exploitation pattern (F at age),
where the 2016-cohort at ages 2-7 is depicted with black dots. g, Dynamics in the proportion of the

2016-cohort in the total international catch and three acoustic surveys: February (Spawning), spring
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(IESNS) and summer (IESSNS). Numerical dominance (above 0.5) is marked with a dotted line. h,
Somatic growth in terms of body length of at age 7 (n = 17609). i, Energetic status of in terms of
Fultons condition factor of pre-spawning fish (n = 36501). Confidence bands for spawner biomass
(¢) and F (e) denotes that estimated levels with 95% probability lies within the limits, for growth (h)

and condition (i) we show 95% ClIs of the means of all individual fish.

Fig 3. The abrupt poleward shift in herring spawning linked to the recruitment of the 2016-
cohort. a, Proportion of the 2016-cohort (N 2016 / N < 2016) in Norwegian, Icelandic and Faroese
samples from individual fishing operations in scientific surveys and commercial fisheries assumed to
represent herring age structures at the school level. Trends are traced over the years 2017-2024 and
seasonal migration cycles from feeding (Q2-3) and wintering (Q3-4) one year until spawning (Q1)
the next. b, Quantification of the poleward shift in spawning through estimates of abundance within
different spatial strata from acoustic trawl research surveys (see transects in grey) covering the full
distribution during a ~10 days period in late February 2018-2024. Each estimate of abundance is
shown as pie chart midpoints within strata, where the size of the pie is scaled to highest estimate over

the study period, and split into cohorts older than 2016, the 2016-cohort and younger fish.

Fig 4. Migration dynamics of herring tagged in the coastal wintering area. a, Total numbers of
herring tagged during 2016-2023 with Radio Frequency Identification (RFID) technology, Passive
Integrated Transponder (PIT) tags. and the estimated cohort compositions. b, ¢, Corresponding total
numbers and spatiotemporal dynamics in catch (tonnes) scanned for tags (b) and recaptures (c), over

the years 2018-2024. The tagging location is marked (red box) in the map for year 2018 recaptures.

Fig 5. Migration potential of the 2016-cohort predicted from bioenergetic simulations. a,
Predicted migration distance in 2020-2023 over a defined route of 972 km along 13 transects. b,
Velocity of surface currents during migration in January-February exemplified by conditions in 2020.
¢, d, e, Loss in total weight (¢), total energy (d) and condition factor (CF) after spawning (e) when
migrating southwards along the 13 transects. The migration costs include the effects of interannual
and spatial variability in the velocity of coastal currents. Note here that the absolute minimum level
of CF at 0.6 after spawning is shown with a dotted line (e) to illustrate the migration constraints
related to initial size and condition (¢, €). When reaching this limit, they must stop and spawn (a) to
survive for sequential spawning events. f, Interannual variability in upstream velocity is illustrated as

the actual swimming speed required to move the set distance of 1 (b/s) along each transect.
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Methods

Catch data

The catch data utilised in this study, while not comprehensive in representing the entire distribution
of NSS herring, serves as a crucial source for understanding spatiotemporal dynamics. Our analysis
integrates catch data from Norway, Iceland, and the Faroe Islands, accounting for approximately 80%
of total landings spanning the years 1995 to 2023. These data are reported annually to the International
Council for the Exploration of the Seas (ICES) quarterly and organized within ICES rectangles (0.5°
latitude and 1° longitude)’’. Our analyses on changes in distribution and the defined seasonal
migration culture within the population were based on monthly aggregated data per ICES rectangle

prepared by each nation for the study.

Furthermore, to demonstrate the long-term stability in spawning at the west coast of Norway followed
by an abrupt poleward shift, we calculated the centre of gravity (COG) in the Norwegian fishery over
14-29 February, representing fish that have arrived at their designated spawning location®”. These
data were restricted to the period 2000 onwards, when the Norwegian catch data were available at the

level of individual landings from the Norwegian Directorate of Fisheries (Fangstdata (seddel) koblet

med fartoydata (dpne data) | Fiskeridirektoratet). The COG was calculated as the arithmetic mean of

midpoint positions in statistical rectangles (system of the Norwegian directorate of fisheries, mostly
0.5° latitude and 1° longitude) weighted by the corresponding total catch within the rectangles and
the specified date interval. Note that we only describe the temporal dynamics in COG on the

latitudinal scale.
Population dynamics data

Numerical dominance of recruiting cohorts in the population as well as longer term trends in spawner
biomass, catch, fishing mortalities and exploitation patterns, were described based on data available
from the assessment reported by the International Council for the Exploration of the Sea (ICES)™,

covering the period 1988-2023.

Note that the assessment of NNS herring has been considerably revised over this period following
changes in input data and model framework. Hence, retrospective patterns in the perception of trends
in spawner biomass were demonstrated by adding data from the 1999 and 2009 ICES herring

assessments’* >,

We defined numerical dominance of a cohort as when the proportion in numbers at age 4 among age
4 and older fish was exceeding 0.5 levels. Here the 2016-cohort sticks out as the most numerically

dominant one over the period 1988-2023. Our main hypothesis was that this numerical dominance


https://www.fiskeridir.no/statistikk-tall-og-analyse/data-og-statistikk-om-yrkesfiske/apne-data-fangstdata-seddel-koblet-med-fartoydata
https://www.fiskeridir.no/statistikk-tall-og-analyse/data-og-statistikk-om-yrkesfiske/apne-data-fangstdata-seddel-koblet-med-fartoydata
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led the cohort to take its own decisions, and that the elders following high fishing pressure and
plummeted abundance adopted the new established migration culture. To illustrate how the 2016-
cohort left its Barents Sea nurseries and recruited to the spawning population over the period 2017-
2023, we presented the proportion in abundance estimates from specific acoustic trawl surveys
covering the full feeding distributions in the Norwegian Sea in spring (IESNS survey) and summer
(IESSNS survey) as well as the spawning season (Spawning survey) based on data from the recent

assessment report™>.

Moreover, given the expected importance of mixing processes between recruits and elders during
feeding in the Norwegian Sea, spatial variation in abundance were detailed as 1 nmi Nautical Area
back Scattering Coefficient (NASC)’® values along the defined transects during the IESNS and
IESSNS surveys. Further details from these surveys and the methodology used is available in full

survey reports attached in the annual ICES herring assessments in 2017-2023°7 98 99 60. 61.62.53,

One parameter linked to population dynamics of specific relevance to migration potential is body
growth’ 2. Fluctuations in growth during 1988-2023 were analysed using IMRs biological data on
total body lengths (L) in cm from fully recruited 7-year-old individuals sampled during quarter 1 (n

=17609) collected in the commercial fishery and research vessel trawl hauls.

Another parameter having significant effect on spawning migration specifically is the amount of
energy reserves available in this non-feeding period’® **. Hence, corresponding trends in body
condition were analysed with a combination of L and total weight (W) in g of individual fish, using
the Fultons Condition Factor (CF = W L 100)®, to characterise the energetic status. Here we
included all data from maturing fish (L > 27 ¢cm®) in January (n = 36501), which should represent

the initial condition of the population at the onset of spawning migration.
Spatiotemporal cohort data

An important assumption of our study is that the effects of numerical domination for learning
processes and transfer of migration culture occur at the school level. To explore the spatiotemporal
development in numerical dominance of the 2016-cohort in schools linked to the abrupt poleward
shift in spawning, we analysed a vast material of biological samples (n = 3226) from single trawl
hauls and purse seine sets over the period 2017-2024. These were from Norwegian, Icelandic and
Faroese fisheries as well as relevant surveys, including the international ecosystems surveys in the
Norwegian Sea in spring (IESNS) and summer (IESSNS) and the spawning survey in February. We
filtered the samples containing randomly aged individuals from the 2016-cohort and older fish (total

n = 91878) assumed to represent the cohort structure within a school. The spatiotemporal dynamics
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of the 2016-cohort at the school level were then demonstrated by mapping the proportion of this
cohort in all samples quarterly over annual migration cycles, starting during the feeding season in

quarter 2 and ending during the spawning season quarter 1.

A similar analysis was conducted for the available samples (n =1748) and aged fish (n = 61616) of
the 2002-cohort and older fish during the period it recruited to the spawning population 2003-2010.
This comparative analysis was relevant since the 2002-cohort wintered at same latitudes as the 2016-
cohort but still migrated all the way to spawn off the Norwegian west coast. To illustrate how body
growth influenced the progress of southward spawning of the 2002-cohort, we first described how it
gradually became numerically dominant in acoustic trawl surveys conducted during late autumn in
the northern wintering areas over the years 2004-2006 according to data from the 2007 ICES
assessment®. Secondly, we showed how these dynamics were related to growth based on IMR
biological data on development in body lengths of this cohort during the wintering situation in quarter
4 over the years 2004-2006 (n = 1781). Thirdly, we demonstrated how the proportion of the cohort
progressed with the distance of the spawning migrations on a latitudinal range and over the years
2005-2007 based on aged data from quarter 1 (n =8135). Finally, we addressed how these dynamics
corresponded with dynamics in body lengths of the 2002-cohort (n = 2338).

While both data on fisheries and fraction of the 2016-cohort in schools served as evidence for an
abrupt poleward shift in spawning of NSS herring, the main quantification of this process was derived
from the Spawning surveys during 2018-2024. All details from these surveys and the methodology

used is available in full survey reports attached in the annual ICES assessments in 2018-2023°% 5% 60:

61.62.53 "and in the 2024 IMR survey report®®. Note that in these years the execution of the acoustic
trawl surveys was directly comparable, running northwards against the migration direction covering
the full distribution within the confined spawning areas over ~10 days and same dates 14-25. February
using either three (2018-2020) or two vessels (2021-2024). The survey transects were specifically
designed to maintain a high degree of coverage, with trawling regularly on the acoustic registrations
for biological sampling and aging of ~50 specimens per haul. The same software (StoX°’) and
statistical approach was used to estimate the cohort abundance within pre-specified strata for all
surveys. The poleward shift in distribution linked to the spatiotemporal development in numerical
dominance of the 2016-cohort was explored by comparing the acoustic abundance relative to the
aggregated abundance of older and younger fish as cake diagrams at strata midpoints in maps. Here

the size of cakes was weighted to the highest acoustic abundance estimate at any strata within each

survey year.

Tag-recapture data
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In the present study we also demonstrate the migration behaviour of individually tagged herring to
support the observed dynamics at the population and school level. The tagging program on NSS
herring using Radio Frequency Identification (RFID) technology was initiated by IMR in 2016 for
assessment purposes and migration studies. All data relevant to the tagging program are open to the

public through APIs®.

During 2016-2023 herring has been tagged on annual basis over a period of three weeks in the
wintering areas in fjords of northern Norway during November-January. Passive Integrated
Transponder (PIT) tags, type ISO FDX-B 134,3 kHz, 3.85x23mm biocompatible glass tags are used

in the experiments.

IMR rents a commercial purse sein vessel for the tagging surveys. Here herring are captured on daily
basis with purse seine early in the morning and pumped gently onboard to the Refrigerated Sea Water
(RSW) storage tanks though pipes with sea water. These tanks are normally used to store the catch
cold until landed at a factory, but here they are specially equipped with small keeping nets for the
purpose of holding the live herring until tagging. From these tanks the individual fish is dip netted
and tags are injected into the abdomen. All tagged fish are transferred to a smaller storage tank and
released to the sea in schools of 200 individuals. Regarding animal welfare, the tagging experiments
are approved by the Norwegian Food Safety Authority (FOTS), which handles all applications to use
animals in scientific experiments. During the tagging process a PC-reader system with RFID antenna
is continuously recording the unique tag IDs together with the body length and other details relevant
for the experiment, which frequently are synchronized with an IMR database over internet. In
addition, biological samples with age and length measurements forms the basis for forward Age
Length Keys (ALKSs) describing age probabilities at size®”, which is used estimate numbers released

by each cohort.

The PIT-tagged herring are later recaptured at Norwegian and Icelandic factories producing landings
from the commercial fishery for human consumption. Here several factories are equipped with
monitoring systems including RFID antennas specially designed for pipes (round antennas) or
conveyor belt systems (flat antennas) detecting tagged fish during the production process. These
antennas are connected to PC-reader systems that communicate directly with the IMR database

providing updated information of recaptures in real time.

In addition, all relevant data from the catches scanned for PIT-tags, including vessel info, catch
quantum, catch position (ICES rectangle), catch date and production time is uploaded to the database
at a later stage. Finally, allocations between recaptures and catches are based on the combined info

from time of recapture and the specific catch produced at that same time. In the present study we
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present info on the distribution and biomass of all the catches scanned for tags, as well as the

distribution of recaptures from all the experiments 2016-2023.
Bioenergetic migration model

NSS herring do not feed during spawning migration, they rely on stored reserves’®. The energy used
during the spawning migration was modelled using a simple migration model coupled with a
respiration model. In the migration model, the fish follow a predetermined route defined from the
observed distribution of 1 nmi NASCs during the acoustic trawl survey in 2018°%. For each latitude
increment of 0.5°, the centre of gravity was calculated, resulting in 14 locations, connected by 13

transects and with a total swimming route length of 927 km.

The southward spawning migration of NSS herring is constrained by the external forces of the coastal
currents. In the migration model the interannual variations in coastal currents were included in terms
mean velocities (# and v components) along each of the 13 transects of the migration route in 2020-
2023. The velocities were obtained from the ORASS reanalysis produced by ECMWEF provided at
0.25°x0.25° grids averaged over January-February’’. The ocean currents on the Norwegian shelf and
continental slope are largely wind driven’!. The Norwegian Atlantic Slope Current have little vertical
shear over the upper 300 m’?, where the herring migrate>®. Hence, we assume that the surface currents

are representative for the velocities herring were facing during upstream spawning migration.

Simulations were performed for observed L and W for the 2016 cohort of herring in 2020 (27.5 cm,
168 g), 2021 (29 cm, 210 g), 2022 (30 cm, 242 g) and 2023 (31.5 cm, 284 g) measured at onset of
spawning migration in January. The condition was described using Fulton’s Condition Factor. The
dry weight (DW) was then calculated based on a water content of 68 %, and the DW was partitioned
into 15 % gonads and 85 % somatic tissues with equal parts of fat and solids, typical for this time of
year’® 73, Total initial energy was then calculated based on energy of gonads (25 kJ g”! DW) derived
from the 68 % water content and known wet weight energy (8kJ g WW'?), and the energy of somatic
tissues using the known energy of fat (39.75 kJ g DW)’* and solids (20.92 kJ g! DW)*,

During migration, the fish was set to swim with a net swimming speed of 1 body length (bl) s™! in line
with observed migration speed of NSS herring between wintering and spawning areas’” as well as
cruising speed in tank experiments’®. In addition, at each transect the swimming speed was increased
proportionally to the counter current speed. Specifically, this was done by first calculating the
swimming time (to) of a transect assuming no currents. Then the fish was advected for this amount of
time, and the actual distance under the influence of currents calculated. Lastly, the actual swimming

speed (t1) was increased to account for the extra swimming distance imposed by advection (t1 = to).
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Respiration loss (Ry,; g 0, g~ d™") was calculated using a classical Hewett and Johnson model””:

Ro, = f(W) x f(T) X f(SS,L)

Where f (W) is the weight dependence on respiration, f(T) is the impact of temperature on resting
metabolism, and f(SS, L) is the impact of active metabolism (i.e., swimming activity). The weight

dependence was represented by an allometric scaling function as:
fW)=axwh

Where W is the fish weight and a and S are the intercept (0.0033 g O2 g! d!) and slope (-0.227),

respectively. The temperature dependence was calculated as an exponential function as:
£y = T

Where T is the water temperature, set to 8°C according to results of the present study, and 6 is a
constant (0.0548 °C™!) describing the impact of temperature on the resting metabolism. The impact of

swimming activity was calculated as an exponential function as:
f(SS,L) — eTOXSSXL

Where SS is the relative swimming speed, L is the length of the fish and T, is a constant (0.03 °C™")
describing the impact of swimming on the active metabolism. Finally, the specific respiration loss

was converted to specific energy loss using an oxy-calorific coefficient of 15.062 J g

During the simulations energy consumption for swimming was extracted from the somatic tissue fat
pool. If the fat pool was depleted, the fish would shift to using solids. Moreover, energy was
transformed from somatic tissues into gonads at a rate of 0.01 d"' until they constituted 20 % of total

DW, a typical level for pre-spawners in February?®.

The costs in terms of loss in W and total energy were predicted along the full migration route of 13
transects, although this evidently would not be feasible to survive for sequential spawning events. To
predict the actual migration potential the condition factor after spawning (CF*) was also calculated
between each transect by subtracting the gonad weight from the total weight. CF* was then used to
assess how far the 2016-cohort would be able to swim in the years 2020-2023 before having to spawn
assuming a lower threshold of CF* = 0.60. This threshold was set according to the observed 10
percentile of CF* among spent herring > 27 cm analysed by IMR over the period 1935-2023 (n =
26452). We assume that by surpassing this threshold the risk of mortality would increase.
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Zooplankton biomass and temperature data

To explore if the recent abrupt poleward shift in NSS herring spawning could be linked to changes in
the biotic and abiotic environment, we analysed IMRs 30-year long time series (1995-2024) of
zooplankton data from WP2 net hauls at three cross-sections (Svingy, Gimsey and Fugley) and
temperature data from CTD casts at three monitoring stations (Bud, Eggum, Ingey) overlapping with
the period from onset of spawning migration 15" January” until the time when most offspring have

reached metamorphosis 30" June®.

IMRs temperature data from CTD casts at monitoring stations are open to the public
https://www.imr.no/forskning/forskningsdata/stasjoner/view/initdownload with records at standard

depths. We used data from depths 1, 5, 10, 20, 30, 50, 75, 100, 125, 150, 200 m in our analyses.

The zooplankton data were extracted from IMRs local data. They were collected with WP2 nets using
mesh sizes 180 um, according to the standard procedure for the surveys. The net was hauled vertically
from 200 m to the surface or from the bottom whenever bottom depth was less than 200 m. The
exception was stations at Fugley cross section where standard hauls start at 100 m depth. All samples
were sieved into the size fractions 180 — 1000 um, 1000 — 2000 pm, and > 2000 pum, dried and
weighted and data presented as g dry weight m™. In our analyses we only included the data from the

smallest size fraction of zooplankton (180 — 1000 um) as indices for the prey availability for larvae.

For each time series we fitted separate GAM models to the data. Zooplankton biomass were log-

transformed before analysing the effects of sampling year and day of year:
Log DWI1000_ 180 ~ s(Year, k= 17) + s(DayOfYear, k= 5)
For temperature we added the effect of sampling depth to the model:
Temp ~ s(Year, k= 17) + s(DayOfYear, k= 5) + s(Depth, k= 5)
We allowed number of knots k for sampling year to be as high as possible without overfitting
interannual fluctuations, and the same time we restricted & for smoothers of day of year and depth

where data were expected to follow a clear trend over season.

Since we wanted to look at trends in ambient temperatures, we ran two different models for

temperature split into depth intervals and periods overlapping with adult spawning migration and
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incubated eggs on one side (depth = 50-200 m, day of year = 15-90)**°%7° and herring larvae from
first feeding through metamorphosis on the other (depth = 1-50 m, day of year = 90-180)* ’* 7,

We inspected the GAM-model diagnostics and QQ-plots showed some minor tail issues, especially
for ambient temperature of larvae where there were some high outliers. All models were still
considered acceptable given that R? values were high (deviation explained were at same level) and

all smoothers including the intercepts were significant.

Finally, based on the accepted GAM models the zooplankton and temperature (T°C) responses of
sampling year, day of year and depth (only for T) were predicted at set values of covariates: year was
set to 2021 to represent the poleward shift of spawning, 1% March and 150 m was used as typical time
and depth of spawning®’, 1% April was considered first feeding date of larvae’®, whereas 1 May and

25 m represented time and depth of early growth larvae”.

Oceanographic currents in study area

In our introduction we give a schematic overview over main oceanographic currents in our study area
(adopted from™), to demonstrate the dynamic environment herring is experiencing during it season

migrations between wintering, spawning and feeding habitats.

Data availability

Data are publicly available at https://git.imr.no/pelagic/public/paper_numeric_dominance_herring.

Some are extracted from databases where data are publicly available upon request, hereunder all
national biological herring data and monthly catch data aggregated ICES rectangles (0.5° latitude and
1° longitude) delivered by IMR, MFRI and FAMRI for this study. Likewise the zooplankton data and
estimates of herring abundance at age by strata in StoX projects from spawning surveys were
extracted from local IMR data bases, while for IESNS and IESSNS 1 nmi NASC (Nautical Area
Scattering Coefficient) values along acoustic transects were extracted from Stox projects in ICES
Working Group on International Pelagic Surveys (WGIPS). Other data used are publicly available for
downloading, hereunder temperature data from IMRs coastal monitor stations

(https://www.imr.no/forskning/forskningsdata/stasjoner/view/initdownload), current velocities along

the Norwegian coast in January-February from Copernicus Marine Service Information (CMEMS)

(https://doi.org/10.48670/moi-00024), individual catch data in February from The Norwegian

Directorate of Fisheries (Fangstdata (seddel) koblet med farteydata (dpne data) | Fiskeridirektoratet),
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and the PIT-tag data for IMRs database (https://doi.org/10.21335/NMDC-2114050995). Finally, all

population level data is publicly available in ICES reports™ > >°,

Code availability
R version 4.4.2 (2024-10-31) was used for analyses and plotting included in the manuscript, and all

codes are made available at https:/git.imr.no/pelagic/public/paper numeric_dominance herring.

StoX 3.6.3 was used for abundance estimation in the spawning survey, and Qgis 3.22.7 was used for
mapping of these surveys and acoustic abundance estimates by strata. In addition, SAS 9.4 was used

to calculate centre of gravity based on single catch data from the Norwegian Directorate of Fisheries.
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highly valuable empirical data used in our study. Without such time series, it would have been

impossible to explore the underlying mechanisms to changed migrations in herring.
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Extended Data Figure legends

Extended data Fig. 1. Distribution and acoustic densities of NSS herring during the early
feeding season. Shown are 1 nmi NASC (Nautical Area Scattering Coefficient) values along acoustic
transects from the international survey IESNS running from late April to early June in the Norwegian
Sea 2017-2023. NASC values are scaled linearly to the highest value over the time series; 19516 in
2023.

Extended data Fig. 2. Distribution and acoustic densities of NSS herring during the late feeding
season. Shown are 1 nmi NASC (Nautical Area Scattering Coefficient) values along acoustic

transects from the international survey IESSNS running from start of July to early August in the
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Norwegian Sea 2017-2023. NASC values are scaled linearly to the highest value over the time series,

42825 in 2020.

Extended data Fig. 3. Spatiotemporal dynamics in proportion of the 2002-cohort in schools.
Shown is the proportion of 2002-cohort (P 2002 / P < 2002) in Norwegian, Icelandic and Faroese
samples from individual fishing operations in scientific surveys and commercial fisheries. Trends are
traced over the years 2003-2010 and seasonal migration cycles from feeding (Q2-3) and wintering

(Q3-4) one year until spawning (Q1) next year.

Extended Data Fig. 4. The recruitment of the 2002-cohort to the spawning population. a, Cohort
abundance estimated during IMRs acoustic trawl surveys in the northeastern wintering areas in
November 2004-2006. b, Length distribution of the 2002 cohort during quarter 4 in 2004-2006. c,
The proportion of the 2002-cohort relative to older fish on a latitudinal range during quarter 1 2005-
2007. d, Latitudinal differences in mean body length with 95% ClIs of the 2002-cohort during the
quarter 1 in 2005-2007 (n = 2338). Note that b, ¢ and d is based on all biological data collected from

acoustic trawl surveys and commercial fishery by IMR.

Extended Data Fig 5. Spatiotemporal dynamics in zooplankton and temperatures at the
Norwegian shelf. a, zooplankton biomass time series (1000-180 pm) were from cross sections
Svingy (blue), Gimsey (green) and Ingey (red) whereas temperature time series were from Bud
(blue), Eggum (green) and Ingey (red) monitoring stations. b, c, d, e, f, g, h, 1, Predictions from GAM
models with 95% Cls fitted to 30 years of data (see Extended Data Figs 6-8). b, ¢, Development in
zooplankton biomass: b, over day of year in 2021 and ¢, over years at first larval feeding 1 April. d,
e, f, Trends in temperature during spawning migration: d, with depth when spawning 1% March in
2021, e, over day of year when spawning at 150 m depth in 2021, and f, over years when spawning
at 150 m depth on 1% March. g, h, i, Trends in temperature during the larval period: g, with depth 1%
May in 2021, h, over day of year at 25 m depth in 2021 and i, over at 1 May and 25 m depth.

Extended Data Fig. 6. GAM-model diagnostics of zooplankton biomass at the Norwegian shelf.
The log dry weigh (g m?) of the smallest size group (1000-180 pum) relevant for herring larvae was
recorded using WP2 nets at three cross sections south to north (Svingy, Gimsey and Fugley)
(Extended Data Fig.5a), and stations included in the analyses were those located on shelf (depth <500
m) overlapping with herring larval dispersal. We analysed data from a 30-year period (1995-2024),
with focus on the season 15 January through June to representing both the spawning migration of
adult fish along the coast, and the following northward larval drift period through metamorphosis. A
GAM model was fitted separately to data from each of the three cross sections: DW1000 180 ~
s(Year, k = 17) + s(DayOfYear, k = 5). All three models, Svinoy (n = 457, R?> = 0.717, p < 0.001),
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Gimsoy (n =382, R>=0.831, p < 0.001) and Fugloy (n = 546, R*> = 0.678, p < 0.001) as well as their
intercepts and smoothers (DayOfYear, Year, p < 0.001) were highly significant. Output: a,
Distribution of raw data over day of year for the three models. b, ¢, Partial effects of smoother terms
at their covariate means with 95% ClIs. d, e, Model diagnostic plots showing d, fitted values versus

residuals and e, QQ plots.

Extended Data Fig. 7. GAM-model diagnostics of ambient temperatures during spawning
migration. Temperature data were analysed from three monitoring stations (Bud, Eggum and Ingey)
located at different latitudes along the Norwegian shelf (Extended Data Fig.5a). Data were collected
over a 30-year period (1995-2024) from 15 January through March at depths 50-200 m, representing
water masses experienced by adult herring on spawning migration and their incubated eggs until peak
hatching. A GAM model was fitted separately to data from each of the three monitoring stations:
Temp ~ s(Year, k = 17) + s(DayOfYear, k = 5) + s(Depth, k = 5). All three models, Bud (n = 642, R?
=0.743, p < 0.001), Eggum (n = 1162, R*> = 0.720, p < 0.001) and Ingey (N = 1032, R* = 0.589, p <
0.001) as well as their intercepts and smoothers (DayOfYear, Depth, Year, p < 0.001) were highly
significant. Output: a, Distribution of raw data over day of year for the three models. b, ¢, d Partial
effects of smoother terms at their covariate means with 95% Cls. d, e, Model diagnostic plots showing

d, fitted values versus residuals and e, QQ plots.

Extended Data Fig. 8. GAM-model diagnostics of ambient temperatures during larval stage.
Temperature data were analysed from three monitoring stations (Bud, Eggum and Ingey) located at
different latitudes along the Norwegian shelf (Extended Data Fig.5a). Data were collected over a 30-
year period (1995-2024) from 1.April through June at depths 1-50 m, representing water masses
experienced by herring larvae from peak hatching through metamorphosis. A GAM model was fitted
separately to data from each of the three monitoring stations: Temp ~ s(Year, k = 17) + s(DayOfYear,
k = 5) + s(Depth, k = 5). All three models, Bud (n = 869, R* = 0.773, p < 0.001), Eggum (n = 1583,
R? = 0.847, p < 0.001) and Ingoy (n = 1260, R?> = 0.813, p < 0.001) as well as their intercepts and
smoothers (DayOfYear, Depth, Year, p < 0.001) were highly significant, with one exception of p =
0.001 for smoother Depth at station Fuglay. Output: a, Distribution of raw data over day of year for
the three models. b, ¢, d Partial effects of smoother terms at their covariate means with 95% Cls. d,

e, Model diagnostic plots showing d, fitted values versus residuals and e, QQ plots.
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