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ABSTRACT
Understanding the spatial structure of life cycle components of small pelagic fish (SPF) stocks 
is key for deciphering population dynamics and ensuring sustainable management. The spatial 
extent of different life stages and ecologically relevant processes (e.g., reproduction) is 
temporally dynamic and responds to environmental, genetic, and demographic constraints. 
Knowledge gaps on within-stock spatial variability of key life cycle processes for SPF worldwide 
were identified for clupeoid fish (Clupeidae/Engraulidae). From the 3229 Web of Science-indexed 
articles reviewed, data were systematically extracted from 299. This information was 
supplemented with another 105 documents and databases from official SPF surveys and stock 
assessments. Overall, this review compiled information from 111 datasets (77 stocks) involving 
17 assessed or commercially relevant species across 19 Large Marine Ecosystems (LMEs) and 
38 coastal ecoregions. Only approximately 40% of the stocks used in this study covered the 
known or presumed stock distribution for at least one life-cycle variable: Adults (feeding area, 
spawning migration, feeding migration, overwintering migration, spawning area, and presence/
biomass), juveniles (presence/biomass, nursery area), and larvae (larval routes). Despite more 
extensive spatial information from some Eastern Boundary Upwelling Systems (EBUS) and 
long-managed stocks, some important gaps remain due to information quality, stock identity 
ambiguity, or spatial data biases. Key information on SPF spatial variability could be extracted 
from existing surveys, but there were various limitations due to data access and spatiotemporal 
coverage. The main consequences of the key identified gaps are reviewed, and a series of 
priority research/monitoring actions are recommended to mitigate these consequences and 
improve our ability to address spatial variability in SPF stocks.

Introduction

Small pelagic fish (SPF) are common forage fish that 
often form schools, typically including anchovies, sar-
dines, and herrings. They serve as a vital food source 

for marine mammals, seabirds, and larger predatory 
fish (Cury et  al. 2000; Palomera et  al. 2007; Pikitch 
et  al. 2012; Pikitch et  al. 2014), and account for up 
to 25% of global landings, playing a crucial role in 
food security and the aquaculture feed industry (FAO 
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2022a; Robinson et  al. 2022). SPF exhibit high tem-
poral variability and instability in abundance (Fréon 
et  al. 2005), leading to characteristic “boom and boost” 
cycles (Lluch-Belda et al. 1989; Bakun 1996). Managing 
these resources is challenging due to their fluctuating 
population dynamics (Hilborn et  al. 2022). Mortality 
and intrinsic population growth rates of SPF are high 
and, therefore, oscillations in many stocks are tightly 
linked to environmental fluctuations at different spatial 
and temporal scales (Cushing 1982; Bakun 1996; 
Brochier et  al. 2018; Szuwalski et  al. 2019). The impor-
tance of SPF for humans and the ecosystem has 
spurred comprehensive reviews on their ecology and 
fisheries, covering wide geographical areas, and numer-
ous species (Fréon et  al. 2005; Engelhard et  al. 2014; 
Somarakis et  al. 2019; Peck et  al. 2021). These reviews 
delve into general and specific aspects, including the 
impact of multi-decadal scale oscillations (Tourre et  al. 
2007), potential climate change effects (Peck et  al. 
2013; Petitgas et  al. 2013; Catalán et  al. 2019; Huang 
et  al. 2021), predictability over medium to short-term 
scales (Pinsky et  al. 2011), or methodological advances 
in their study (Dickey-Collas et  al. 2012). A critical 
gap analysis of the existing information on the spatial 
variability of the different life stages in a representative 
worldwide sample of existing stocks is still lacking and 
much needed.

The spatial extent and dynamics of SPF life history 
traits, such as reproduction and feeding, respond to 
environmental, genetic, and demographic factors. 
Understanding these mechanisms is essential for com-
prehending life cycle closure, population dynamics, 
and interactions with fisheries (Petitgas et  al. 2010; 
Huse 2016; Siple et  al. 2021). Within species, different 
populations and contingents (see below) exhibit vary-
ing spatial resource dependencies. Some rely on 
large-scale productive areas (e.g., Eastern Boundary 
Upwelling Systems [EBUS]) for feeding, reproduction, 
and larval development (Cushing 1969; Fréon et  al. 
2009) while others are bound to local productive and 
retention zones, including river plumes and deep chlo-
rophyll maxima (Palomera et  al. 2007). Understanding 
these spatial dynamics throughout the life cycle is 
essential for purposes such as defining stock bound-
aries (Harden-Jones 1968; Petitgas et  al. 2010) and 
poses a contemporary challenge for sustainable man-
agement of SPF in various regions (Siple et  al. 2021). 
Variability in spatial processes, as outlined below, 
exerts a fundamental effect on SPF population abun-
dance by impacting recruitment. These processes 
encompass temporal changes in feeding and spawning 
areas, migration patterns, and the transport of eggs 
and larvae to suitable nursery grounds.

Spatial and temporal variations in recruitment 
result from density-dependent and independent pro-
cesses which are, in turn, influenced by environmental 
factors (Rose et  al. 2001). Habitat expansions, for 
example, can reveal density-dependent processes lead-
ing to fish schools being displaced to suboptimal areas 
(MacCall 1990), impacting recruitment. High temporal 
(annual) recruitment autocorrelation may be linked 
to food-dependent reproductive strategies (McBride 
et  al. 2015; Somarakis et  al. 2019). In this sense, spa-
tial information on feeding areas holds varying impor-
tance for different species. Some income breeders (e.g., 
anchovies) adapt their reproductive dynamics to the 
spatial variability in feeding grounds, unlike strict 
capital breeders, such as Atlantic herring (Clupea har-
engus) that spawn during specific temporal windows 
at defined locations. Monitoring spatial effects across 
SPF life stages is essential. On short timescales (inter-
annual or less), the predictability of recruitment relies 
partly on spatially resolved data (Payne et  al. 2022). 
Long-term global warming projections impact upwell-
ing dynamics in EBUS (Rykaczewski et  al. 2015), 
leading to uncertain consequences for SPF due to 
modified primary productivity, oxygen, and species 
interactions (Bakun et  al. 2015). Moreover, changes 
in upwelling intensity in EBUS modify SPF space use 
in spawning and connectivity (op. cit., Condie et  al. 
2011). Variability in spawning areas and larval trans-
port can disrupt recruitment-related biological pat-
terns (Cubillos et al. 2001). For species with segregated 
nursery and spawning areas, monitoring ocean 
circulation-induced shifts in larval routes is essential 
(Fréon et  al. 2005) for understanding high-frequency 
recruitment oscillations (Petitgas et al. 2013; Somarakis 
et  al. 2019).

Both adult and juvenile stages of some SPF undergo 
migration as an adaptation to environmental and 
physiological demands (Cury et  al. 2000; Brochier 
et  al. 2018). Migratory patterns, where they exist, 
remain poorly understood except for the largest 
stocks, where a migratory triangle (Harden-Jones 
1968) has been identified: adult stock moves from 
feeding to spawning areas, to nursery areas, and back. 
Beyond documenting mere abundance and mortality, 
spatial patterns and migrations are challenging but 
valuable life history characteristics to study in fishery 
science. A notable implication of the former processes 
is hyperstability and the implementation of harvest 
control rules in shared stocks (Siple et  al. 2021). The 
burgeoning field of movement ecology, focusing on 
the drivers, and tradeoffs of fish movement (Fiksen 
et  al. 2007; Kristiansen et  al. 2009), is increasingly 
relevant for understanding population dynamics 
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(Lowerre-Barbieri et  al. 2019) and effectively manag-
ing SPF, particularly as the traditional maximum sus-
tainable yield (MSY) approach is inadequate for these 
species (Patterson 1992; Hilborn et  al. 2022). Large 
SPF populations often form metapopulations (McQuinn 
1997), each with potentially distinct spatial patterns 
driven by behaviors, such as natal homing and learn-
ing. These subsets are referred to as “contingents” 
(Secor 1999) and disruptions of one or more contin-
gents can lead to population collapses (Petitgas 
et  al. 2010).

Analytical approaches used to examine spatial 
dynamics of SPF range from statistical to mechanistic, 
with data primarily sourced from snapshots of spatial 
occupancy derived from acoustic, eggs, and larval 
surveys or fishery operations. Sustaining these data 
sets, especially for the less economically relevant 
stocks, is challenging. Individual-based models (IBMs) 
with physiological-based (bioenergetics) subroutines, 
and a recent monitoring tool based on high-resolution 
satellite and in situ acoustic biomass SPF data 
(Spondylidis et  al. 2023) have been created to simulate 
and study these dynamics, although their application 
has limitations for many stocks. Advanced end-to-end 
3D full-life-cycle bioenergetic IBMs (Fietcher et  al. 
2015; Politikos, Somarakis, et  al. 2015; Politikos, 
Huret, et  al. 2015; Gkanasos et  al. 2021) offer insights 
into the spatial factors influencing key output vari-
ables through life. Despite these advancements, gaps 
in information and difficulties in generalizing or val-
idating assumptions remain a challenge for many spe-
cies and life stages (Catalán et  al. 2019; Peck et  al. 
2013; Politikos et  al. 2021).

Recent advances in technology and information 
processing have ushered us into an era where spatial 
information is increasingly crucial in fisheries ecology 
and management (Lowerre-Barbieri et  al. 2019). These 
data are revolutionizing ecosystem-based management, 
and it is vital to maintain comprehensive monitoring 
of key spatial components to understand the repro-
ductive resilience of fish populations (Lowerre-Barbieri 
et  al. 2017; Ospina-Alvarez et  al. 2022). This concept 
aligns with earlier considerations of metapopulation 
contingents and the impact of individual biology, 
including behavior, on the fitness of larger groups 
(Krause and Ruxton 2002; Heino et  al. 2015). 
Considering this background information, a funda-
mental question emerges: What is our current under-
standing of the spatial variability within the life cycle 
of the world’s main SPF stocks? Achieving a global 
perspective on gaps in spatial information and strat-
egizing approaches to address them – through alter-
native data sources, modeling exercises, or new data 

collection – is of paramount importance for fishery 
managers, research-focused policymakers, and 
scientists.

The International Council for the Exploration of 
the Sea/North Pacific Marine Science Organization 
(ICES/PICES) Working Group on SPF launched a 
collaborative, global initiative to identify knowledge 
gaps in the spatial variability of key life cycle pro-
cesses in SPF. The goal was to critically evaluate the 
availability and gaps in spatial information in a broad 
number of commercially important SPF stocks and 
to pinpoint effective strategies to fill in the critical 
knowledge gaps. Contributors to this article system-
atically collected data on the spatial distribution of 
species from multiple SPF stocks through their life 
cycles. This included evaluating temporal variations 
in spatial processes within Large Marine Ecosystems 
(LMEs), as well as the analytical approaches, data 
types, and sources utilized. This comprehensive 
approach i) facilitated cross-regional discussions, ii) 
highlighted the strengths and limitations of existing 
data, and iii) enabled the formulation of a set of 
recommendations to efficiently bridge the most critical 
knowledge gaps.

Selection of processes, species, and stocks

This review evaluates the spatial knowledge of SPF 
across life stages, from spawners to juveniles, using 
species and stocks as primary units. The focus was 
on clupeoid fish (Clupeidae/Engraulidae), such as 
anchovies, sardines, and herrings, with selection pri-
oritizing species representing both heavily and 
less-exploited populations, different types of produc-
tive habitats, and species with multiple stocks, based 
on the expertise of the authors. Experts in SPF from 
19 LME conducted predefined systematic searches in 
the Web of Science up to 2022, enhanced by grey 
literature such as regional cruise and annual status 
marine fishery reports (see Supplemental material for 
more details). Nine “spatial components” were ana-
lyzed, encompassing all life stages and spatial uses, 
including spawning areas, larval connectivity, nursery 
areas, and various forms of migration (Table 1).

From 3229 Web of Science-indexed studies, 299 arti-
cles were analyzed providing comprehensive spatial and 
temporal information for at least one spatial component. 
Additionally, 105 assessment or cruise reports were ana-
lyzed (Tables S1 and S2 from the Online Supplemental 
Material). The final dataset comprised 111 datasets of 
spatial data, each covering nine potential spatial compo-
nents for 17 species (Figure 1) across 77 stocks within 
19 LME (aggregated into 17 LME for analytical purposes) 

https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
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and 38 ecoregions as defined in Spalding et  al. (2007) 
(Figure 2, Tables S1 and S2 from the Online Supplemental 
Material). For each predefined “spatial component” or 
process, information was categorized by LME, species, 
stock (if known), data type and source, presence of mod-
els, temporal variability, and time series gaps (Table 1), 
with additional descriptors added retroactively. One spe-
cies (Sardinops melanostictus) was included in the anal-
yses with this name in aid of comparisons with other 
works, even though its accepted name is Sardinops sagax.

Gap analysis and summaries by LME

Following an initial evaluation of the available infor-
mation for each species, stock, and geographic area, 
an analysis of data richness in terms of time series 
length, resolution, and fragmentation was conducted. 
The types of available data were examined, including 
fixed snapshots of spatial process, modeling outputs, 
or specific survey results, among others (Table 1). 
Additionally, the spatial descriptors used were assessed, 
if any. To facilitate plotting, when representing the 
length of the time series and its temporal gaps, units 
are only comparable within a given time-resolution 
(e.g., interannual time series are in years, but weekly 
time series are in weeks, see Table 1).

The retrieved information was filtered to prioritize 
spatially and temporally richer data for each species, 
area, and spatial component. For instance, when 
acoustic surveys covered a decade with multiple arti-
cles reporting subsets of these data, the longest time 
series, typically from routine surveys and stock assess-
ments, were selected. For stocks with several short, 
non-coincident surveys, all were included in the anal-
yses. When comparing mathematical models describ-
ing spatial components, mechanistic models were 
favored over statistical ones if time series length and 
coverage were similar.

The article outlines global patterns and summaries 
of selected stocks and populations in various LME. Each 
detailed summary applied a consistent format, empha-
sizing the key knowledge gaps in various spatial com-
ponents for each stock concluding with remarks. The 
final section offers recommendations for further knowl-
edge generation and the potential insights from inte-
grating information across different areas and species.

A global picture on data of spatial components 
in SPF

Each LME studied contained 1–24 stocks and up to 
4 species (Figure 2, Table S1 from the Online 
Supplemental Material). European anchovy (Engraulis 

encrasicolus) and European sardine (Sardina pilchar-
dus) in the Mediterranean region dominated the 
datasets with over 20 life cycle datasets for each 
species (Figures 1 and 2). This data richness is likely 
due to the numerous countries conducting research 
and assessments on fisheries resources in the area 
(Peck et  al. 2021). Species with high worldwide pro-
duction, such as Peruvian anchovy (Engraulis rin-
gens) and South American sardine (S. sagax), and 
Atlantic herring had fewer datasets, but generally 
more comprehensive data (detailed below). In con-
trast, SPF species with low fishery catches, such as 
Brazilian sardine (Sardinella brasiliensis) or round 
herring (Etrumeus micropus) tended to have limited 
data and were targeted by fisheries in only a few 
countries. The most ecologically meaningful stock 
assessments (approaching a biological stock concept) 
did not always occur in LME with long-exploited 
stocks or high economic importance, particularly if 
these metapopulations performed migrations and 
were shared by various countries (e.g., the Humboldt 
or California Current). Only approximately, 40% of 
the stocks aligned with their known or suspected 
demographic structure. Unlike other stocks, many 
commercially important ones tended to show ample 
and adequate areas of study for several life stages, 
including Atlantic herring in the Barents/Norwegian 
Sea, Baltic Sea, or North Sea, a few stocks in 
Mediterranean Sea regions and in areas around the 
Kuroshio–Oyashio system or the Sea of Japan 
(Figure 3, Table S1 from the Online Supplemental 
Material).

Of the 111 datasets covering various spatial pro-
cesses, 70% corresponded to 77 managed stocks, of 
which 72 were officially assessed (Table S1 from the 
Online Supplemental Material). Some datasets did not 
align with any known assessed or unassessed stock, 
originating instead from scientific projects investigat-
ing spatial processes at different spatial scales, such 
as stage-specific habitat suitability areas in the entire 
Mediterranean (Giannoulaki et  al. 2013) or long-term 
recruitment trends in coastal regions (Berg et  al. 
2022). Metadata on 18 unassessed stocks or datasets 
from zones too broad to be used for one stock were 
collected, predominantly located in the Mediterranean 
Sea, Yellow Sea, Celtic Biscay Shelf, and the Canary 
Current. For several assessed stocks, including up to 
nine in the Mediterranean Sea, there was a notable 
gap in understanding their demographic coherence 
(defined in Table 1). Essentially, demographic coher-
ence refers to whether the dataset or stock aligns with 
the concept of a metapopulation. Specifically, if the 
dataset adequately represents the distribution of 

https://doi.org/10.1080/23308249.2025.2458869
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individuals that make up the biological stock under 
study, it is considered to be demographically coherent. 
In some major stocks, management practices have 
been undertaken on exploited fractions that cover 
only a portion of the metapopulation, as evident in 
areas such as the Humboldt current (notably the 
Peruvian-Chilean anchovy), Patagonian Shelf, Canary 
Current, Celtic Biscay Shelf, and the California 
Current (Figure 3, Table S1 from the Online 
Supplemental Material).

In several LME, including the Baltic Sea, the 
California Current, the Humboldt Current, South 
Benguela, and the Black Sea, information covering 
most spatial components was available for most of 
the stocks (Figure 4). Contrastingly, in other LME 
such as the Kuroshio and Oyashio, the Mediterranean 
Sea, the North Sea, Gulf of Alaska (GOA), Aleutian 
Islands (AI), Bering Sea (BS) and the Barents, and 
Norwegian Sea, rich information was limited to spe-
cific species. Predominantly, the spatial datasets ful-
filled information on the presence and biomass of 

adult components in most stocks (Figures 5 and 6). 
Exceptions included some Mediterranean stocks and 
some stocks of the Kuroshio–Oyashio system, the East 
China Sea and Sea of Japan, and the Brazil shelf 
(Figures 5 and 6). These time series on adults’ pres-
ence or biomass were generally interannual, featuring 
annual surveys, and in data-rich areas some surveys 
spanned over 50 years with minimal or no interrup-
tions (< =2 years). Regions, such as the North Sea or 
the California Current, provided relatively long data-
sets with seasonal resolution.

Data on adult presence or biomass mainly origi-
nated from acoustic surveys for assessment, with a 
few instances using general surveys, fishing operations, 
or historical sources for “single shot” maps (Figures 
7 and 8). Spatial models for these adult data were 
statistical and have been applied to a relatively small 
number of stocks. These models, often published in 
refereed journals, typically utilized only a fraction of 
the available information (Figure S1 from the Online 
Supplemental Material).

Figure 1. number of datasets available per species of small pelagic fish (blue bars) and the corresponding worldwide catch (red 
points) according to FAO (2021) statistics. www.fao.org.

https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
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The data on spawning migration (Figures 5 and 
6, Table S2 from the Online Supplemental Material), 
which aims at optimizing offspring survival, was 
notably thorough in regions characterized by strong 
seasonal cycles or production structures. Migration 
can be analyzed as temporally recurrent changes in 
spatial patterns before, during and after spawning, 
but mechanisms underlying these changes may differ. 
In relatively long-lived species, such as herring, social 
learning, a phenomenon that depends heavily on 
learning from previous cohorts (i.e., “wisdom of the 
crowd”) is less influenced by environmental changes 
at the interannual scale (Corten 2002; Macdonald 
et  al. 2018). In other cases, spatial variability in 
spawning is essentially caused by environmental cues 
or density-dependent processes (e.g., Brochier et  al. 
2018). Spawning migration was documented for 34% 
of the stocks reviewed here, including anchoveta in 
the Humboldt Current, Atlantic herring in the North 
Sea, Baltic Sea, Barents Sea, Norwegian Sea, and 
north Pacific, and stocks of SPF in Southern Benguela 
and the California current, as well as European sar-
dine in the Gulf of Lions (Figures 5 and 6). 
Additionally, historical data from interannual acoustic 
surveys exists for other stocks. Notably, mathematical 
(mainly statistical) or conceptual models have been 
developed for the spawning migration in 12 of these 
stocks (Figure S1 from the Online Supplemental 
Material).

Spawning areas and their temporal variability were 
generally well-characterized, surpassing other spatial 
components, except presence/biomass, across numer-
ous stocks within each LME (Figures 4–6). Typically 
identified via egg and larval surveys, and to a lesser 
extent through acoustics (Figures 7 and 8), these areas’ 
time series often exceeded a decade of interannual 
and few seasonal surveys, albeit with occasional larger 
time gaps than those for biomass. This regularity was 
partly because many egg surveys are focused on the 
Daily Egg Production Method (DEPM) data provision. 
Acoustics also target the spawning period because fish 
aggregation is high during that period. While some 
stocks, such as those in the Southern Benguela and 
certain areas in the California Current or the 
Northeastern Pacific, possess high-resolution temporal 
data, many datasets are characterized by coarser time 
resolutions ranging from triennial to decadal (Figures 
5 and 6). Statistical models linking spawning areas to 
environmental factors exist in certain areas. Some rely 
in over 15 years of data (e.g., Moraes, Gherardi, et  al. 
2012; Maynou et  al. 2020), whereas most rely on lim-
ited data spanning a few years (e.g., Palomera 1991; 
Schismenou et al. 2008; Džoić et al. 2022). Mechanistic 
models for spawning areas were only available in a 
few stocks, including North Sea herring (e.g., Hufnagl 
et  al. 2015; Kelly et  al. 2022), Brazilian sardine in the 
southeastern Brazil (Dias et  al. 2014) or European 
anchovy in the Mediterranean FAO Geographical 

Figure 2. Distribution of datasets around the globe for several large Marine ecosystems (blue lines), including the number (n) of 
species, stocks, and datasets. note, for few “stocks” in this figure, an aggregation was conducted to be consistent in all figures (see 
supplemental tables s1 and s2).
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Subareas 16 and 22 (e.g., Politikos, Somarakis, et  al. 
2015; Politikos, Huret, et  al. 2015; Falcini et  al. 2020).

The link between spawning and nursery areas, 
mediated through early-stage transport and survival, 
is a key factor in explaining recruitment variability 
and was modeled using several approaches. Information 
for larval routes was only available for 48% of the 
stocks, a figure that was similar for nursery areas 
(Figures 5–8, Table S2 from the Online Supplemental 
Material). For some stocks in northern Europe, 
California Current, southern Humboldt Current, and 
the East China Sea and Sea of Japan, time series of 
larval transport extended over 20 years, whereas 
shorter series exist for some other areas, such as the 
Mediterranean. Larval route data were usually derived 
from model outcomes, as seen in regions like the 
Humboldt current, Mediterranean, and Canary cur-
rent, with minimal variability consideration. Lagrangian 
and IBM models, utilizing relatively modest datasets, 
have been developed for select stocks in the North 
Sea, Baltic Sea, and Mediterranean (Figure S1 from 
the Online Supplemental Material). High-resolution 
data, including weekly observations, were rare but 
available in a few cases, such as some stocks in the 
Baltic Sea.

Data on nursery areas were available across numer-
ous stocks (Figures 4–6), although interannual time 
series were typically short with considerable gaps, 
except in the Barents and Norwegian Seas, the 
California Current, and North-Central Peru. For her-
ring in the Baltic Sea, high-resolution data were acces-
sible. Acoustic surveys contributed a substantial 
portion of time series data for nursery areas (Figures 
7 and 8). Despite this, the spatial modeling of the 
nursery areas was uncommon, with exceptions in spe-
cies and areas such as European sprat (Sprattus sprat-
tus) in the Baltic Sea, European anchovy in the Black 
Sea, European sardine in the Mediterranean Sea 
including the Gulf of Lions and Greek areas, Brazilian 
sardine, and northern anchovy in the California 
Current (Figure S1 from the Online Supplemental 
Material).

Spatial time series on juvenile presence or biomass, 
usually derived from acoustic surveys with or without 
complementary sampling (Figures 7 and 8) were avail-
able in several areas (52% of the stocks). These kinds 
of data were notably lacking for several stocks in the 
Mediterranean Sea, the GOA, the Northeastern pacific 
stocks, and the South Brazil Shelf (Figure 4). Few 
datasets had higher than annual resolution (e.g., some 

Figure 3. number of fished stocks with respect to their demographic coherence (see text and table 1 for explanation) according 
to the literature. For each stock, several datasets may exist for a given spatial component since datasets often correspond to only 
a part of one stock (table s1). codes for demographic coherence: Y: Yes, and almost always involves stock assessment; n: no/
debated; u: unassessed; nA: not known.
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stocks in the California Current). Where data were 
available, they tended to cover longer durations com-
pared to nursery areas, largely due to acoustic surveys 
and concurrent sampling (Figures 5–8).

Data on feeding areas and migration routes displayed 
comparable trends in both the stocks studied and the 
duration of the time-series available, except in few cases 
(Figures 4–8). Acoustic surveys also played a key role 
in gathering data on adult feeding areas (available for 
35% of the stocks), explaining the similar patterns in 
time-series. In few cases, information on feeding and 
migration areas was also buttressed by the results of 
individual-based tracking methods (e.g., GOA, Figure 

8). Spatial changes due to feeding were also studied 
using valuable sources of information including histor-
ical records (often static pictures), scientific surveys, 
or fishing operations. Interannual time series on migra-
tion spanned over 10 years for many stocks, including 
herring in the Northeastern Atlantic areas, North Sea, 
Baltic Sea, Norwegian Sea, and Barents Sea LME. 
Similarly, stocks in the California Current have been 
extensively researched. Statistical models for feeding 
areas have been developed for nine stocks, and their 
associated migrations have been modeled for four 
stocks statistically, two mechanistically, and one con-
ceptually. Overwintering migration was only modeled 

Figure 4. Proportion of stocks for each species and large Marine ecosystem (lMe) that have data for each of the spatial compo-
nents, from 1 to 9 (bottom legend). For the Mediterranean, one of the many stocks considered corresponds to data aggregated 
for the whole region (see table s1). Further details on each stock per lMe are given in Figures 5–8 and supplemental tables s1 
and s2.
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for four stocks (Figure S1 from the Online Supplemental 
Material).

Summaries by LME

Critical summaries for each LME are provided here. 
Some of them were combined for clarity, attending 
to geographical distance, shared species, and infor-
mation richness. Nonetheless, each LME is specifically 
covered in its corresponding section. A summary of 
the history of each fishery is provided in the supple-
mental material.

Barents Sea and Norwegian Sea

Overview of spatial data and variability
Three SPF species are exploited in the Norwegian Sea 
and Barents Sea: Atlantic herring, capelin (Mallotus 

villosus, not dealt with in this work), and European 
sprat. This LME contained two primary stocks and 
datasets (Figure 2, Figure S2 and Table S1 from the 
Online Supplemental Material): one for sprat and one 
for herring. Notably, the herring stock is the largest 
in the world (FAO 2022a) (see supplemental infor-
mation for management and trends). Both datasets 
exhibited robust spatial and temporal distribution 
coverage.

The Norwegian spring-spawning (NSS) herring 
stock has been extensively documented and researched 
for over a century (Hjort 1914; Toresen et  al. 2019; 
Stenevik et  al. 2022). Spawning occurs from February 
to April along the Norwegian coast, with specific 
spawning grounds shifting in response to stock size 
(Dragesund et  al. 1997). Larvae drift mainly to the 
Barents Sea, serving as the main nursery area, 
although some enter fjords that also act as nursery 

Figure 5. quantity and quality of temporal information for nine spatial components (top icons) across stocks and large Marine 
ecosystems (lMe) (see Figure 6 for additional lMe). Bar colors represent temporal resolution, while bar length indicates time series 
duration. the x-axis label “resolution-dependent” signifies that time units correspond to the temporal resolution indicated by the 
color scale (e.g., “Monthly” means units are in months). time gap labels (letters within bars) also follow the same temporal units 
as the time series resolution: A = < =2, B = 3–5, C = 6–10, D = >10, nA is unknown time gap. lMe abbreviations are as follows: 
BAl: Baltic sea; BlA: Black sea; BneA: Barents and norwegian sea; cBs: celtic Biscay shelf; ic: iberian coast; ns: north sea; MeD: 
Mediterranean sea. For stocks, the first three letters are the species FAO codes, followed by the stock identifier (see table s1): 
ane = e. encrasicolus, her = c. harengus, pil = s. pilchardus, saa = s. aurita, spr = s. sprattus. note: some datasets categorized as 
“unassessed” are included here but do not correspond to managed or officially assessed stocks (see relevant lMe sections).
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grounds (Skagseth et  al. 2015). Several annual acoustic 
surveys are routinely conducted to estimate stock dis-
tribution and abundance (ICES 2023a; see more infor-
mation below).

Annual monitoring of adult herring presence and 
biomass has relied on three distinct acoustic surveys 
(Figure 5, Table S2). Two are coordinated internation-
ally: the “International Ecosystem survey in the Nordic 
Seas (IESNS)” in May and the “International Ecosystem 
summer survey in the Nordic Seas (IESSNS)” in June 
(ICES 2023a). Both have been conducted without any 
gap since 1996 and 2004, respectively, providing addi-
tional information on adult feeding migration and 
areas (Eliasen et  al. 2021). The third, the national 
“Spawning survey of Norwegian spring spawning her-
ring” has operated for over 30 years (Slotte 1999), with 
some missing years (Figure S2 and Table S2 from the 
Online Supplemental Material). This survey has also 
provided information on adult spawning migration 
and areas.

Information for coastal sprat was less extensive 
than for herring. Recent genetic analysis has revealed 
distinct populations (Quintela et  al. 2020), demon-
strating that sprat along the Norwegian Skagerrak 
coast belong to the same stock as sprat in the 
Norwegian Sea. Sprat spawn in batches from spring 
to summer, without clear spawning migration (Alheit 
1988). Annual acoustic surveys have been conducted 
to monitor sprat populations the fjords (Stiti 2022). 
Interannual acoustic surveys, spanning 51 years (with 
6–10 consecutive years of missing data) have moni-
tored coastal sprat and estimated adult biomass in 
Norwegian fjords such as Trondheimsfjorden, 
Nordfjorden, Sognefjorden, or Hardangerfjorden 
(Figures 4–8; Stiti 2022). These annual surveys also 
provided insights into nursey areas, adult feeding 
areas, and juvenile presence/biomass of sprat, as well 
as information on herring nursery areas. Data have 
often been collected over a few weeks, so spatial vari-
ability in presence/biomass is only approximated for 

Figure 6. continuation of Figure 5. quantity and quality of temporal information for nine spatial components (top icons) across 
stocks and large Marine ecosystem (lMe). see Figure 5 for explanations. lMe abbreviations are as follows: Ai: Aleutian islands; 
Ben: south Benguela; cAl: california current; cAn: canary current; eBs: eastern Bering sea; GAl: Gulf of Alaska; huM: humboldt 
current; Ku/OY: Kuroshio/Oyashio system; PAt: w. Patagonian shelf; sBs: south Brazil shelf; sJ/ec: sea of Japan and east china sea. 
For stocks, ana = e. anchoitia, ane = e. encrasicolus, bsr = s. brasiliensis, chp = s. sagax, cki = s. bentincky, fas = s. fuegensis, hep = c. 
pallasii, jan = e. japonicus, jap = s. melanostictus, npa = e. mordax, pil = s. pilchardus, rhh = e. micropus, saa = s. aurita, sae = s. mad-
erensis, vet = e. ringens. note: One dataset with category “unassessed” that does not correspond to managed or official stocks (see 
corresponding lMe sections).
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certain processes, such as feeding areas, while occu-
pancy during other months of the year is less under-
stood. Statistical models of spatial distribution are 
currently unavailable for coastal sprat (Figure S1 from 
the Online Supplemental Material).

Spawning spatial variability
Data on spawning migrations and spawning areas 
were available only for herring. The “Spawning survey 
of Norwegian spring spawning herring” provides 
information on spawning areas. Additionally, herring 
spawning migrations have been described through a 
mechanistic IBM over six years (Kelly et  al. 2022).

Recruitment processes and spatial variability
Spatial data on larval routes and connectivity were only 
available for herring. For spring spawning herring, these 
processes have been monitored for 46 years through a 
dedicated herring larvae survey (Tiedemann et al. 2021), 
and connectivity and larval routes have been compre-
hensively described in combination with drift models 
(Skagseth et  al. 2015). Currently, the aforementioned 
survey is no longer operating. Additionally, a historical 

sampling program, the Havforskningsinstituttets egg- og 
larveprogram (HELP), investigated larval and eggs 
dynamics along the Norwegian coast from 1987 to 
−1991, resulting in several reports (available at https://
imr.brage.unit.no/imr-xmlui/handle/11250/115194, 
accessed 2024, April 28).

Information on sprat nursery areas has been gath-
ered by the same acoustic survey employed for assess-
ing adult presence. Additionally, a regular beach seine 
survey has been conducted along the Skagerrak coast 
since 1919 (missing less than 2 years), providing infor-
mation on nursery areas and juvenile presence (mainly 
young-of-the-year, Berg et  al. 2022). While the acous-
tic survey covered the western coast of Norway, the 
beach seine survey covers the eastern Norwegian 
coastline. Although young-of-the-year herring are also 
caught during the beach seine survey, they cannot be 
linked to the Norwegian Sea and Barents Sea LME.

Spatial data on nursey areas of herring were available 
from the Norwegian coast and the Barents Sea through 
three different acoustic surveys. Along the coast, an 
interannual acoustic survey has been conducted for 
51 years (with 6–10 years of consecutive missing data; 
Figures 4–8; Stiti 2022). In the Barents Sea, the main 

Figure 7. types of data used in the spatially-resolved time series (see bottom color legend). Refer to Figure 5 for additional expla-
nations. Bar lengths represent time series duration, with units consistent with those in Figure 5.
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nursery area, two regular acoustic surveys are conduced: 
the “Winter Barents Sea Ecosystem survey” in 
January-February (since over 35 years ago) and the 
“Barents Sea Ecosystem survey” in August-September 
(since over than 16 years ago) (Eriksen et  al. 2018). 
These two surveys provide information about the spatial 
distribution of juvenile herring in the Barents Sea.

Information on juvenile presence/biomass is rou-
tinely gathered for sprat by the same acoustic survey 
used to estimate sprat adult presence, and for herring 
by the same acoustic surveys used for nursery areas, 
the “Winter Barents Sea Ecosystem survey” and the 
“Barents Sea Ecosystem survey”.

Feeding areas and migrations
Information on feeding areas has been gathered for sprat 
by the same acoustic survey used for adult presence, 
and for herring by the IESNS and the IESSNS surveys. 
Information on feeding migrations was only available 
for herring, provided by the IESNS and IESSNS. Data 
on overwintering migrations were only available for her-
ring; the main herring fisheries have been taking place 
in the overwintering areas, as detailed in several articles 
(Huse et  al. 2010, and references therein).

Key messages

• Improved knowledge on ecological connectivity, 
particularly for sprat along fjords and herring 
between fjords and the Barents Sea, is vital.

• Acoustics-based spatial information has typi-
cally relied on relatively short-duration surveys 
(weeks). Particularly for sprat, comprehensive 
spatial information on biomass and presence 
throughout most months is lacking.

• Despite the richness of spatial herring data (where 
and when do herring occur), the driving mech-
anism for shifts in migration patterns observed 
in the last half century are still unknown.

Baltic Sea

Overview of spatial data and variability
Two exploited SPF species inhabit the Baltic Sea: 
Atlantic herring and European sprat (Figure 2; Figure 
S3 and Table S1 in the Online Supplemental Material). 
Both species have been managed under the ICES mul-
tiannual management plan since 2016 (See 
Supplemental Material). Sprat is managed as a single 

Figure 8. continuation of Figure 7. types of data used in the spatially-resolved time series (see bottom color legend). Refer to 
Figure 5 for additional explanations. time series units (x axis) are consistent with those in Figure 5.
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stock, while herring is divided into four manage-
ment units.

Across the Baltic Sea’s salinity gradient, from fully 
marine in the west to almost freshwater in the north 
and east, multiple herring populations have evolved 
distinct morphometric characteristics as phenotypical 
responses to limited salinity (Bekkevold et  al. 2005). 
These Baltic Sea herring populations exhibit consid-
erable variation in their annual migration patterns 
and susceptibility to commercial fishing (Figures 2 
and 3). Nearly every region harbors both spring-spawning 
and autumn-spawning populations, which are geneti-
cally distinguishable (Bekkevold et  al. 2023). Their 
respective dominance has fluctuated over the history 
of Baltic Sea fisheries, influenced by over-exploitation 
and climate regimes changes (MacKenzie and Ojaveer 
2018; Atmore et  al. 2022). In the Central Baltic Sea, 
autumn spawners dominated until the 1950s (Aneer 
1985), whereas in the Western Baltic Sea fishery, both 
ecotypes had equal proportions until the late 1960s, 
after which spring spawners became dominant (Weber 
1974). Within the spring-spawning ecotype, modern 
stock separation techniques have identified up to 12 
local populations (Martinez Barrio et  al. 2016), cur-
rently managed as four stocks across the Baltic Sea 
and transition areas (ICES 2022a).

Sprat inhabits the entire Baltic Sea from the Belt 
Sea to the Gulf of Bothnia and the Gulf of Finland 
(Aro 2002). Despite the salinity gradient, sprat has 
been considered a single population and is managed 
accordingly (Shvetsov et  al. 1995). Its highly migratory 
behavior and production of pelagic eggs result in high 
gene flow within the Baltic Sea, with minimal mixing 
between the Kattegat and Skagerrak (Aro 2002; 
Limborg et  al. 2009).

All commercially exploited Baltic SPF stocks are 
subject to fisheries-independent acoustic surveys, 
yielding spatial data on adult presence and biomass 
(Figure 4). These surveys have combined hydroacous-
tic measurements with biological sampling using 
pelagic trawls and are organized, and results summa-
rized, within ICES-coordinated survey working groups: 
the Baltic International Fish Survey Working Group 
(WGBIFS) and the Working Group on International 
Pelagic Surveys (WGIPS). The acoustic surveys have 
covered most Baltic Sea regions, capturing interannual 
variations in the distribution and biomass of sprat 
and herring during specific periods.

Adult sprat biomass has been estimated biannually 
in May (Baltic Acoustic Spring Survey, BASS) and 
October (Baltic International Acoustic Survey, BIAS). 
Adult Central Baltic herring and Gulf of Bothnia 
herring biomass has been estimated annually in 

October (BIAS), while adult Gulf of Riga herring 
biomass has been evaluated annually in July/August 
(Gulf of Riga Acoustic Herring Survey, GRAHS). 
Adult Western Baltic spring-spawning herring bio-
mass has been assessed both within and outside the 
Baltic Sea through biannual acoustic surveys in July 
(Acoustic Survey in the Skagerrak and Kattegat, the 
North Sea, West of Scotland, and the Malin Shelf 
area, HERAS) and October (BIAS), as well as bian-
nually with demersal trawl surveys in January/
February and July/August (International Bottom 
trawl survey, IBTS).

Spawning spatial variability
Spatial data outside survey periods was limited, pro-
viding snapshots from individual years. Sprat, a 
batch-spawner, exhibits a spawning period spanning 
up to two months (Parmanne et  al. 1994). Sprat 
spawning typically occurs in the deep basins of the 
central Baltic Sea between January and June, peaking 
between March and May (Haslob et  al. 2013). Sprat 
eggs are pelagic, and recruitment displays significant 
year-to-year variability (ICES 2023b).

Spring-spawning herring populations undertake 
annual spawning migrations to shallow inshore sys-
tems, including bays, lagoons, and estuaries, occurring 
from March to early May in the Western Baltic to 
June–July in the northeastern distribution range. 
Pre-spawning aggregations often form in deeper areas 
near spawning grounds before the actual spawning 
event. Historically, these aggregations attracted a lucra-
tive trawling fishery, currently suspended in the 
Western Baltic Sea.

Factors influencing the timing of herring spawning 
migration remain poorly understood, despite their 
critical role in recruitment success (Figure 4). Baltic 
Sea herring exhibits strong spawning site fidelity, but 
the exact spatial scale of this behavior is uncertain. 
Improved knowledge would have major implications 
for regional coastal zone management, which cur-
rently does not include important herring spawning 
grounds.

Time series data on herring spawning areas in the 
Baltic Sea were generally scarce (Figures 4 and 5). 
Previous tagging experiments suggested directed hom-
ing behavior in Baltic Sea herring (reviewed in Aro 
2002). Recent studies have confirmed natal homing, 
where individuals return to their hatching sites. 
Approximately, 70% of school members exhibited natal 
homing, while around 30 % were strayers from dif-
ferent spawning sites, maintaining genetic diversity 
within metapopulations (McQuinn 1997; Moll 2018).
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Herring spawn benthic eggs attached to bottom 
structures. In the Baltic, spring-spawning herring 
often utilize submerged aquatic vegetation (von 
Nordheim et  al. 2018). Comprehensive records of spe-
cific spawning areas were lacking in the reviewed 
literature; most knowledge is based on historical and 
fishery-dependent observations of ripe and running 
fish area (Figure S3 from the Online Supplemental 
Material). For the Western Baltic stock, Greifswald 
Bay, an approximately 500 km² embayment in eastern 
Germany, serves as a major spawning and nursery 
area. This is based on a 30-year time series of larval 
abundance strongly correlating with the presence of 
one-year-old juveniles found in the outer Western 
Baltic Sea a year later. Given the presence of spawning 
adults and high abundance of all larval stages, this 
system has been recognized as an important spawning, 
larval retention, and nursery area (Polte et  al. 2017). 
Spawning areas of Central Baltic herring have been 
monitored in case studies by scuba divers at the 
Lithuanian (Šaškov et  al. 2014) and Finnish coast 
(Kääriä et  al. 1997).

Sprat spawning occurs throughout the Baltic Sea, 
with key areas being the Bornholm Basin, the Gdansk 
Deep, and the Gotland Basin (Aro 1989; Parmanne 
et  al. 1994). Although spawning has been observed 
in the Northern Baltic regions, salinities below 6 PSU 
result in egg mortality due to reduced buoyancy 
(Kändler 1949; Sjöblom and Parmanne 1980). The 
BASS survey, conducted for few weeks in May, cannot 
achieve complete coverage of the spawning area 
and timing.

Recruitment processes and spatial variability
Some Baltic Sea herring stocks, such as the Western 
Baltic and Gulf of Riga stocks, showed long-term 
larval abundance, growth, and survival surveys in 
major reproduction areas, spanning multiple decades 
(Figures 4 and 5). Some of these surveys have served 
as input variables for assessing the recruiting year 
class (ICES 2023c, 2023b).

Although standardized and regular sampling of 
sprat larvae is lacking, depth-stratified sampling sug-
gests that feeding sprat larvae mostly occur in surface 
layers, making them prone to wind-induced drifting 
(Voss et  al. 2003). Lagrangian particle simulations 
have shown that temperature and transport patterns 
significantly influence recruitment variability, which 
can be substantial between years (Baumann et al. 2006).

While herring larval nursery areas are well-documented, 
after metamorphosis, juvenile herring (0-group) disperse 
along outer beaches, often forming mixed schools with 

juvenile sprat, making quantification challenging. 
Consequently, data on the spatial and temporal vari-
ability were scarce (Figure 4). These fishes are not 
monitored until they migrate into adult habitats, 
where they are assessed as one-year-old individuals 
during the acoustic surveys. Spatial data on sprat 
nursery areas was limited, with coastal regions not 
routinely surveyed, hindering quantitative assessments 
of habitat importance.

Juvenile sprat has been regularly caught during the 
BASS and BIAS surveys in May and October, respec-
tively. Juvenile Western Baltic spring-spawning herring 
have been representatively sampled in the BIAS survey 
and are included in the stock assessments. Further, 
the IBTS quarter 1 survey provides an abundance 
index used in assessments. Juvenile biomass of Central 
Baltic herring, Gulf of Bothnia herring, and Gulf of 
Riga herring is surveyed with acoustic methods, but 
coastal areas shallower than 20 m have not been ade-
quately sampled due to survey depth limitations.

Despite a “blind spot” regarding the young-of- 
the-year herring abundance, advanced juveniles (1+ 
year) have been sufficiently surveyed (Figure 4) along-
side adults in hydroacoustic surveys (ICES 2023c), 
resulting in a valuable time series of about 30 years 
(Figure 5). Environmental factors like temperature 
and wind regimes likely influence late larval and  
early juvenile stages (Voss et  al. 2006; Baumann 
et  al. 2006).

Feeding areas and migrations
Western Baltic herring’ feeding areas, located in the 
North Sea, adjacent to the Baltic Sea transition area 
(ICES SD 3a, Kattegat), have been surveyed annually 
in late June to July using the herring acoustic survey 
(HERAS) (Table S2 from the Online Supplemental 
Material). In this region, the stock coexists with North 
Sea stocks and is jointly targeted by fisheries. Surveys 
suggest that the stock’s feeding grounds have remained 
relatively constant between years. Following spawning, 
the spring-spawner component of Central Baltic her-
ring migrates into the central Baltic Basins, where 
they have been surveyed by the BIAS in October.

Sprat’s feeding season extends from July to 
November in the southern and central Baltic and from 
August to December in the northern Baltic (Aro 
2002). Sprat have been surveyed annually during their 
feeding season in October using the BIAS. The extent 
and distance traveled by Baltic Sea herring stocks 
differ widely among populations. Western Baltic her-
ring, for example, undertake the largest migration, 
from inner coastal spawning areas through the 
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Skagerrak/Kattegat transition area to reach feeding 
grounds in the Northeastern North Sea (ICES SD 3a). 
This has been inferred from the presence of the par-
asite Anisakis sp., serving as a biotag since infestation 
can only occur in the North Sea where intermediate 
hosts like euphausiids are present (ICES 2001; Aro 
2002). Other stocks, such as Central Baltic herring 
and Gulf of Riga herring are not considered to migrate 
as far, with feeding grounds located offshore adjacent 
to their inshore spawning grounds (ICES 2001).

Data on the feeding migration of Baltic sprat was 
unavailable; the October BIAS survey provides only 
a snapshot on the current species distribution. Due 
to their small size preventing tagging techniques, 
information on the extent of their feeding migration 
remains limited (Aro 2002).

Overwintering areas for BS herring stocks are gen-
erally well-explored (Figure 4). Nonetheless, limita-
tions exist due to the static nature of surveys, which 
may not always align with herring behavioral dynam-
ics. For most Western Baltic herring migrating from 
North Sea feeding grounds, overwintering occurs in 
the confined waters of the Øresund located between 
Denmark and Sweden (Rasmus Nielsen et  al. 2001). 
These schools have been regularly assessed by the 
German Hydroacoustic survey GERAS (part of BIAS), 
covering the entire Western Baltic Sea and providing 
annual data on overwintering distribution over a 
30-year time series (Figure 5). The survey’s timeframe, 
spanning only three weeks, imposes limitations on 
analyzing spatiotemporal variability. Conversely, other 
local herring populations in the central and 
Northeastern Baltic Sea are considered to overwinter 
offshore near their spawning grounds, often resem-
bling their summer feeding grounds (ICES 2001). Data 
concerning the overwintering migration of Baltic sprat 
were unavailable.

Key messages

• Acoustics-based surveys in the Baltic Sea usu-
ally span a few weeks, focusing on herring and 
sprat. Consequently, comprehensive spatial 
information of adults and juveniles for many 
species is lacking throughout most months. 
Current knowledge relies on individual studies 
covering only a few years, complicating year-to-
year comparisons. Therefore, leveraging the 
increasing availability of harmonized acoustic 
data is recommended to better investigate and 
understand the spatial distributions of small 
pelagic species.

• Information on spawning areas comes from 
acoustic surveys for sprat and larvae surveys 
for Western Baltic Spring-spawning herring, 
with acoustic methods also used to estimate 
herring and sprat biomass during feeding sea-
sons. Spatial time series for nursery areas and 
juvenile clupeids are sparse and should be pro-
moted, although larger juveniles are partly 
monitored in these surveys.

• It is recommended to conduct comprehensive 
studies on annual spatial diet changes and to 
gather data on seasonal and interannual vari-
ations in feeding areas and movement patterns, 
including spawning migrations, to address the 
current lack of information.

• The small-scale distribution of herring spawning 
beds and nursery habitats of young-of-the-year 
juveniles is understudied. These knowledge gaps 
are relevant, as regional coastal zone manage-
ment and marine spatial planning currently 
overlook key reproductive areas.

• Important knowledge gaps exist in migration 
patterns, feeding grounds variability, overwin-
tering areas, and especially in the phenology 
of spawning migrations. Two acoustic surveys 
offer brief glimpses of distribution, but their 
static nature, due to seasonal timing and lim-
ited area coverage, restricts dynamic under-
standing. The baseline knowledge for these 
surveys and, consequently, fishery assessments 
come from tagging experiments about 40 years 
old. Potential shifts in migration phenology and 
changes in feeding and overwintering patterns 
remain poorly understood and should be fur-
ther investigated (see Moyano et  al. 2023 for 
details).

North Sea

Overview of spatial data and variability
SPF fisheries in this LME represent 45% of total land-
ings (2020–2022; average) in the North Sea, primarily 
driven by Atlantic herring (C. harengus) and European 
sprat (Sprattus sprattus) with considerably lower land-
ings of European sardine (S. pilchardus) and European 
anchovy (E. encrasicolus) (ICES 2022b, 2022c, 2022d). 
These species were grouped into four stocks and six 
datasets (Figure 2; Figure S4 and Table S1 in the 
Supplemental Material). The management and histor-
ical trend information is included in the Online 
Supplemental Material.
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The biology of North Sea herring has been thor-
oughly reviewed (Nash and Dickey-Collas 2005; Payne 
et  al. 2009) as has sprat (Daewel et  al. 2011). 
Considerable knowledge on sardine (Voss et  al. 2009) 
and anchovy (Petitgas et  al. 2012) life histories has 
also been documented. There are four main spawning 
components of North Sea herring: Orkney/Shetland, 
Buchan, Banks, and Downs Downs (Schmidt et  al. 
2009). The first three components essentially spawn 
in the autumn (Dickey-Collas et  al. 2010), whilst 
Downs herring spawn in the winter (Clausen et  al. 
2007). Furthermore, there are known occurrences of 
spring-spawning herring in the Thames estuary (Roel 
et  al. 2004), the Wash (Dickey-Collas et  al. 2010), 
Firth of Forth (Frost and Diele 2022), Shetland 
(Brigden et  al. 2023), and Norwegian fjords (Berg 
et  al. 2017). None of these are considered in the 
assessment of the North Sea herring stock and the 
herring in the Norwegian fjords is considered to be 
unrelated to the rest of the herring populations in 
the North Sea (Dragesund et  al. 1997). Recent genetic 
studies on herring in the North Sea indicate that there 
are a number of populations from adjacent areas, that 
do not spawn on the main spawning grounds in the 
North Sea, that mixed with the North Sea herring 
stock (Bekkevold et  al. 2023). North Sea sprat spawn 
mainly between March and August (Munk 1993) in 
the southern North Sea and German Bight (Baumann 
et  al. 2009). Typically, European sardine spawn no 
further north than the English Channel (Munk et  al. 
2024) but spawning in the Southern North Sea had 
been documented at least since the early 1950s 
(Aurich 1953, von Westernhagen et  al. 2002). In 
recent years sardine larvae are found in increasing 
numbers in the German Bight between June–July 
(Kanstinger and Peck 2009, Munk et  al. 2024) and 
may also occur as far north as the Skagerrak in 
January (ICES 2021c, 2023c). Whilst anchovy histor-
ically spawned in the Zuider Sea (SE North Sea), the 
species was not present in substantial numbers until 
the mid-1990s (Beare et  al. 2004). At present, anchovy 
spawn in May–June in the German Bight (Raab et  al. 
2012), Wadden Sea, and eastern Oosterschelde 
(Boddeke and Vingerhoed 1996). Statistical modeling 
approaches using various data sources were only avail-
able for herring and for components 1–4 and 7 (Table 
S2 and Figure S4 from the Online Supplemental 
Material, Figures 5 and 7).

All SPF stocks in the North Sea had spatially 
resolved data on adult presence or biomass at the 
stock level (Figure 4). These data were generally inter-
annual (Figure 5) and namely from acoustic surveys, 
however, there are data from fishing operations and 

historical data sources (Figure 7; Table S2). 
Nonetheless, the new genetic data suggests that there 
are some uncertainties with respect to the designation 
to populations of herring in the North Sea (ICES 
2024a). In addition, the data for anchovy and sardine 
were also resolved at quarterly interannual level 
(Figure 5; Table S2 from the Online Supplemental 
Material). Each time series were generally long with 
only one under 36 years in length (Table S2 from the 
Online Supplemental Material) with limited gaps 
(≤2 years); herring biomass/presence is particularly 
well studied with 160 years of available data, being 
the longest of any stock in this study (Figures 5 and 
7; Table S2). Furthermore, over 75% of the herring 
biomass data sources have been spatially described by 
statistical models (Table S2 from the Online 
Supplemental Material and references therein).

Spawning spatial variability
Spatial data on spawning migrations were scarce and 
only available for herring through interpretation of 
surveys of adults through the year and larval surveys 
on the spawning grounds (Figures 4 and 5; Table S2 
from the Online Supplemental Material). There were 
insufficient data available on the other three species 
to visualize the annual spawning migrations and their 
interannual variability.

Spatiotemporal data series of spawning areas were 
only available for herring in the North Sea (Figure 4). 
These data consisted of long time series of 
fisheries-independent surveys (Table S2 from the 
Online Supplemental Material), with an additional 
summary figure describing historical perceptions. 
Interannual acoustic survey data (6 years) from Beare 
et  al. (2002) has been used to statistically model 
spawning areas, whilst Hufnagl et  al. (2015) used 
mechanistic models to model these areas from larvae 
surveys (30 years) (Figure 5; Table S2 from the Online 
Supplemental Material). There were insufficient data 
available on the other three species to visualize the 
annual spawning locations and their interannual vari-
ability. This is primarily due to them being pelagic 
spawners and there were only periodic historical ded-
icated surveys which did not cover the whole potential 
spawning areas.

Recruitment processes and spatial variability
Data on the connectivity of eggs and larvae was avail-
able for 75% of the North Sea stocks (herring, sprat, 
and sardine), though not for anchovy (Figure 4). 
Herring data comprised a > 100-year time series con-
sisting of interannual and summaries of larvae surveys 
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and mechanistic transport modeling approaches (Table 
S2 from the Online Supplemental Material). Larval 
routes of sardine and sprat were also based on inter-
annual egg and larval surveys (Figure 7; Table S2 
from the Online Supplemental Material).

Spatial data on nursery areas were limited to her-
ring (Figures 4 and 5). These data were available from 
general surveys (Figure S4; Table S2 from the Online 
Supplemental Material), which specifically target the 
early life history stages of herring and had a good 
spatial coverage of herring juveniles (e.g., Röckmann 
et  al. 2011). There were insufficient data on the other 
species to adequately describe the nursery areas and 
their spatial and temporal variability.

Estimates of juvenile presence/biomass have been 
described for all North Sea SPF species (Figures 4 
and 5; Table S2 from the Online Supplemental 
Material) by data collected from fishing operations 
during the interannual, ICES North Sea International 
Bottom Trawl Surveys in quarter 1 and 3 (NS-IBTS). 
Whilst the time series length varied between species, 
there remained a minimum of 33 years of available 
data with only the juvenile anchovy data set present-
ing considerable data gaps (12 years total) (Figure 7; 
Table S2 from the Online Supplemental Material).

Feeding areas and migrations
Corten (2001) detailed feeding areas for herring based 
on interannual acoustic surveys and the acoustic sur-
veys represented the only available dataset (Figures 5 
and 7) for all species in the North Sea (Figure 4).

Only one study (Corten 2001) provided data on 
feeding migrations of herring (Figures 5 and 7) in 
the North Sea consisting of 30 years of interannual 
acoustic surveys (Table S2 from the Online 
Supplemental Material). No data were present for 
sprat, sardine, or anchovy (Figures 4, 5, and 7).

Key messages

• Despite the North Sea being one of the better 
studied LME, only information on presence/
biomass of both adults and juveniles are avail-
able for all SPF species. Similarly, all species 
except anchovy have information on larval 
routes. Herring is the only species with specific 
knowledge of spawning migrations and areas, 
nursey areas, adult feeding areas and feeding 
migrations. No information is available for any 
species on overwintering migrations for the 
North Sea. In the case of herring as autumn 
and winter spawners in the period post 

spawning and in the case of the other three 
species it is our understanding that these 
migrations occur in other LMEs.

• As a demersal spawner, data on herring spawn-
ing areas mostly came from fisheries-independent 
surveys that focused on recently hatched larvae 
(ICES 2024b). Nevertheless, as the other three 
species are pelagic spawners, spawning area 
information depended on the presence of adults 
in spawning condition or eggs within the water 
column, of which sufficient data were lacking, 
e.g., survey coverage (acoustic biomass and 
eggs) and sampling (eggs, larvae, and adults).

• Recent genetic studies suggested that the dis-
tribution, occurrence and mixing of popula-
tions of herring which spawn in adjacent 
waters is more complex than originally thought, 
e.g., North Sea herring west of Scotland, or 
various Baltic herring populations in the North 
Sea. To understand the ecology and also poten-
tially input to management of herring in the 
North Sea, there is a need to quantify the pres-
ence and location of these populations.

• There is evidence of interactions between SPF 
species including shared schools (especially 
sprat and juvenile herring) and dietary overlap 
between all species, but the influence of sardine 
and anchovy is largely unknown.

• Though there is a wealth of information available 
describing spatiotemporal variability in herring 
spawning, there is a greater complexity beyond 
the assumed north-south gradient (the presumed 
northward shift of spawning grounds and later 
shifts is related to both autumn and winter 
spawning times). Spring spawning populations 
in the North Sea have received limited review 
and their influence on biomass, population mix-
ing, spawning areas, and number of small-scale 
populations are not fully documented.

Celtic Biscay shelf

Overview of spatial data and variability
Primary SPF fisheries target European anchovy and 
European sardine in the Bay of Biscay, and sprat and 
European sardine in the Celtic Sea-English Channel 
region. These species are managed as six stocks 
(Figure 2, Figure S5 and Table S1 from the Online 
Supplemental Material). The management area for 
anchovy in the Bay of Biscay fits the population struc-
ture in the area; genetic studies confirmed that the 
Bay of Biscay population is separated from anchovy 
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in the English Channel, which is a single population 
with North Sea anchovy (Zarraonaindia et  al. 2012; 
Huret et  al. 2020). Notably, Bay of Biscay anchovy 
extends southwards beyond the Celtic Sea – Biscay 
shelf LME, and its management unit consistently cov-
ers ICES subdivision 27.8.c which belongs to the 
Iberian Peninsula LME.

For sardine, the populations within the LME seem 
less structured (Caballero-Huertas et  al. 2022), and 
the current management units distinguishing between 
the Bay of Biscay and the northern area may not be 
consistent with the genetic structure (McKeown et al. 
2024). To the south, limited connectivity between 
ICES subdivisions 27.8.abd and 27.8.c supports the 
two existing management units (Bay of Biscay and 
Iberian Peninsula; (Silva et  al. 2019). Two sprat stocks 
were considered: the English Channel (Walker et  al. 
2023) and the Celtic Seas, but a lack of genetic struc-
ture among samples from across the Northeastern 
Atlantic indicates connectivity across management 
boundaries (McKeown et  al. 2020).

Spatial information for these stocks primarily relied 
on annual acoustic and DEPM surveys (Massé et  al. 
2018) In the first case, they have focused on adult 
and juvenile distributions and biomasses in the Bay 
of Biscay during spring and autumn and in the Celtic 
Sea-English Channel during autumn. DEPM egg sur-
veys described spawning distribution and quantity, 
further detailed using Continuous Underway Fish Egg 
Sampler (CUFES) sampling onboard acoustic and 
demersal surveys. In the northern part of the study 
area, ichthyoplankton sampling provided insights into 
sardine spawning.

Spatial data on adult presence and biomass relied 
primarily on annual acoustic and DEPM surveys 
(Figure 7). Pelagic surveys occurred in a less consis-
tent and coordinated manner before the 2000s (Massé 
et  al. 2018). Since 2000, the Bay of Biscay has been 
sampled in spring using acoustic (PELGAS “monitor-
ing of small pelagic fish in the Bay of Biscay” covering 
ICES subdivisions 27.8.abd and PELACUS “Pelagic 
ecosystem acoustic-trawl survey” covering ICES sub-
division 27.8.c) and DEPM (BIOMAN, “Biomass of 
Anchovy”) surveys. Since 2003, the JUVENA survey 
has focused on the acoustic estimation of anchovy 
juveniles in autumn. Anchovy biomass, after collapsing 
in 2005 and subsequent fishery closure until 2010, 
has significantly increased and remained consistent. 
Sardine biomass has remained relatively stable over 
the last two decades but has been assessed as over-
exploited and overfished in recent years. The growing 
annual survey time series has enabled statistical anal-
ysis of changes in adult distribution patterns (Petitgas 

et  al. 2014) and species habitat description (Doray 
et  al. 2018).

In the northern part of the area, the first survey 
was conducted in 2012 and takes place during autumn 
(PELTIC, “Pelagic ecosystem survey in the Western 
Channel and Celtic Sea”). The spatial distribution of 
the SPF community for the rest of the year remains 
poorly understood. Despite the short time series, eco-
logical changes are evident, with sardine and anchovy 
increasing in abundance (van der Kooij et  al. 2024), 
consistent with observations in the North Sea (Petitgas 
et  al. 2012), while sprat and herring biomass have 
declined. Surveys within the LME have been coordi-
nated annually to standardize methods (Massé 
et  al. 2018).

Spawning spatial variability
The main spawning activity for anchovy is in the 
southeastern Bay of Biscay and extends from April to 
August (Motos 1996; Huret et al. 2018; Erauskin-Extramiana 
et  al. 2019), progressively extending northwards as the 
season unfolds. Recently, earlier and northward 
spawning expansion has been observed (ICES 2021a), 
likely due to density-dependent effects from increased 
anchovy stock biomass. This has occasionally led to 
juvenile anchovy drifting northwards into the English 
Channel (van der Kooij et  al. 2024). Anchovy spawn-
ing has not been observed north of the Bay of Biscay 
within the LME; instead, it occurs in the North Sea, 
originating from the northern population (Huret 
et  al. 2020).

Sardine spawning in the Bay of Biscay overlaps 
with anchovy spawning but extends further north, 
with additional spawning components in the English 
Channel. The sardine spawning season spans from 
March to July (Coombs et  al. 2006; Huret et  al. 2018), 
shifting north later in the season (Stratoudakis et  al. 
2007), where a second spawning peak occurs in 
autumn (Coombs et  al. 2010). Limited recent infor-
mation is available on sprat spawning, but it is known 
to occur offshore in open waters within the English 
Channel and North Sea, running from January to July, 
peaking between February and March in the English 
Channel (Milligan 1986; Bréchon et  al. 2013).

The absence of regular, dedicated seasonal sampling 
hinders understanding of SPF spawning migrations. 
Fixed representations (Figure 5) relied on historical 
information, genetics, and modeling (Figure 7). No 
anchovy spawning has been recorded in the Celtic 
Sea and Channel, where juvenile and adult fish have 
been increasingly observed in autumn. Genetic meth-
ods and anchovy catches from IBTS surveys suggest 
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a late winter or early spring migration from the 
Channel to the southern North Sea (Huret et al. 2020).

In the Bay of Biscay, main anchovy spawning is in 
the southeast from April to August (Motos 1996; 
Huret et  al. 2018; Erauskin-Extramiana et  al. 2019). 
Uriarte et  al. (1996) described a winter migration to 
the southeastern Bay of Biscay following a more dis-
persed autumn distribution. Using an IBM with a 
bioenergetic module, Politikos, Huret, et  al. (2015) 
provided insights into the energy budget benefits of 
this spawning migration. Sardine is more widespread 
throughout the year, with no known spawning 
migration.

Egg data from annual surveys (Figure 7) offer 
insights into spawning locations and their interannual 
variability. CUFES and DEPM regular surveys in 
spring cover anchovy and sardine spawning in the 
Bay of Biscay (Huret et  al. 2018; Erauskin-Extramiana 
et  al. 2019). Recurrent annual sampling covering over 
30 years for some stocks has allowed statistical analysis 
of the spatiotemporal changes and their drivers. Bellier 
et  al. (2007) described changes in the general spawn-
ing distribution and main locations for both species 
between the late 1960s and current surveys. Anchovy 
distribution is age dependent (Ibaibarriaga et  al. 2013) 
and the range expansion or contraction has been 
related to population biomass (Erauskin-Extramiana 
et  al. 2019). Offshore sardine spawning observed in 
the 2000s has disappeared over the last decade 
(Petitgas et  al. 2020).

In the Celtic Sea and English Channel, ichthyo-
plankton data from acoustic surveys provide a snap-
shot of sardine autumn spawning (Figures 5 and 7). 
Since 2014, this has been supplemented by egg data 
collected with the CUFES onboard IBTS surveys 
(EVHOE survey in the Bay of Biscay and CGFS sur-
vey in the Channel (Mahe and Laffargue 1987; Le 
Roy et  al. 1988)). Ongoing fixed station sampling in 
the western Channel has provided a multi-decade time 
series of sardine spawning activity, showing an 
increase in the autumn component (Coombs et  al. 
2010). Historical data are the sole source of informa-
tion on sprat spawning activity in the northern LME 
(Wallace and Pleasants 1972; Milligan 1986).

Recruitment processes and spatial variability
Larval dispersal pathways in the Bay of Biscay have 
been delineated for anchovy through dedicated larval 
surveys (Figure 7), based on size distribution 
(Urtizberea et  al. 2008), otolith microchemistry 
(Aldanondo et  al. 2010), and modeling studies based 
on larval dispersal (Huret et  al. 2010) or IBM models 

(Figure 5). The longest available time-series spanned 
12 years and pertained exclusively to anchovy.

Spatial data on nursery areas were scarce for most 
stocks (Figures 7 and S4 from the Online Supplemental 
Material). Young-of-the-year sardine, anchovy, and 
sprat are captured by annual acoustic surveys in the 
Celtic Sea and western English Channel, providing 
emerging information on nursery areas (Campanella 
and van der Kooij 2021). The most consistent nursery 
dataset originates from the dedicated juvenile anchovy 
survey in the Bay of Biscay, encompassing nearly two 
decades and providing insights into size distribution 
of late larvae and juveniles (Boyra et  al. 2013). Over 
several years, stomach content analysis conducted on 
samples from this survey has yielded valuable infor-
mation on juvenile feeding patterns and diet (Bachiller 
et  al. 2013).

Within this LME, this survey was also the primary 
source for the recruitment index for Bay of Biscay 
anchovy (Boyra et  al. 2013). An additional acoustic 
survey in the Celtic Sea – English Channel region, 
spanning < 10 years, has provided information on the 
distribution and abundance of the SPF community, 
including juveniles of sardine, anchovy, and sprat 
(Figure 7, Figure S5 from the Online Supplemental 
Material).

Feeding areas and migrations
Trophic investigations in the region predominantly 
rely on ad hoc stomach analyses during surveys (two 
years of data, Figure 5). Comprehensive stomach anal-
ysis studies encompassing the entire SPF community 
were available for the Bay of Biscay (Bachiller et  al. 
2015) and the Celtic Sea – English Channel area 
(Plirú et  al. 2012; Lamb et  al. 2019), complemented 
by trophic modeling exercises (Patel et  al. 2023).

Due to the absence of routine dedicated seasonal 
sampling, knowledge on overwintering or feeding 
migrations of SPF in the area remains limited. 
Available information is largely confined to fixed  
historical depictions (Figure 5) or genetic insights 
(Figure 7). For anchovy, overwintering migrations 
follow a route opposite to their spawning migrations, 
both in the Bay of Biscay (Uriarte et  al. 1996; Huret 
et  al. 2020) and in the northern region, migrating 
from the southern North Sea to the English Channel 
(Huret et  al. 2020).

Key messages

• Recurrent annual surveys using acoustics and 
eggs sampling in the area have been crucial 
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for detecting distribution and biomass changes 
across egg, juvenile, and adult stages. Statistical 
techniques have been employed to identify spa-
tiotemporal patterns of these changes and map 
essential habitats. Occasionally, historical sur-
veys enabled comparisons between present and 
historic distributions, spanning several decades. 
However, there has been a lack of data on lar-
val distribution and the evolution of overwin-
tering habitats for most SPF species over time.

• Information regarding adult migration patterns 
and early life stage connectivity primarily 
stemmed from process studies, comprising ded-
icated, often short, surveys, genetic investiga-
tions, or modeling exercises, without much 
dedicated information to validate.

• Descriptions of feeding areas and migrations 
are infrequent in the literature, largely due to 
the protracted spawning seasons of SPF, which 
often blur the distinction between spawning 
and feeding periods.

Iberian coast

Overview of spatial data and variability
SPF fisheries in the Atlanto-Iberian waters constitute 
30% of total landings (average 2018–2021) and rely 
primarily on European sardine and European anchovy 
(ICES 2023d), grouped into three official stocks 
(Figure 2, Figure S6 and Table S1 from the Online 
Supplemental Material). These resources are crucial 
for Spain and Portugal, both culturally and 
socio-economically, representing an important part of 
fish production and a relevant supply for the canning 
sector (see the Online Supplemental Material for man-
agement and trends).

The core distribution areas of adult anchovy reg-
istered in spring acoustic surveys are the coastal areas 
of the Southern Bay of Biscay (Gironde and Landes 
coast, ∼46°N), the Gulf of Cadiz (∼37°N), and the 
northwestern Portuguese coast, north of Cape 
Mondego (∼40°N). A knowledge gap exists in the 
distribution of anchovy between the western and 
southern Iberian populations for several life stages 
(eggs, juveniles, and adults) and seasons. Landings 
reflect this discontinuity, with most Portuguese land-
ings (>90%) occurring off the northwestern coast. 
Morphometric and genetic studies indicate differen-
tiation between western/Cantabrian populations and 
those from the Gulf of Cadiz (ICES 2021b), although 
additional analyses are needed due to the presence of 

two ecotypes (marine and coastal) (Le Moan et  al. 
2016; Montes et  al. 2016). Anchovies from the western 
Iberia are similar to those from the Bay of Biscay 
and may have originated from a colonization due to 
anomalous currents during 2014 and 2015 
(Teles-Machado et  al. 2024). Spawning mostly occurs 
during April to July, peaking in June, concentrated in 
the areas defined above.

In the Atlantic area of the Iberian Peninsula, the 
sardine stock comprises ICES subdivisions 27.8.c and 
27.9.a, between the Gulf of Cadiz and the French 
border in the Bay of Biscay. Within the Iberian sar-
dine stock, connectivity between Cantabrian/North 
Galicia and western Portugal has been observed, with 
complex larval transport patterns (García-García et  al. 
2016; Santos et  al. 2018). Otolith microchemistry data 
confirm sardine cohorts’ movement from western 
Iberia to North Galicia and Cantabrian Sea during 
early life (Correia et  al. 2014). While regional sub-
structure is evident, especially in areas like the Gulf 
of Cadiz, multidisciplinary studies have revealed inde-
pendence in population dynamics between Iberian 
and Bay of Biscay sardine stocks. Cohort data analysis 
indicates limited straying of cohorts from the Bay of 
Biscay stock to the Cantabrian Sea, implying minimal 
impact on the Southern stock’s dynamics (Silva et  al. 
2019). Heterogeneity exists in growth patterns among 
regions, notably in Biscay and Cantabrian areas. 
Conversely, spawning area continuity, overlapping sea-
sons, and genetic similarities support stock mixing, 
with potential migrations from Biscay to Cantabria, 
warranting further research (ICES 2021b).

Sardine and anchovy stocks in the Atlantic Iberian 
Ecosystem have available spatial information on adult 
abundance and biomass (Figures 4 and 5), spanning 
over three decades in some cases. These interannual 
data have been collected from spring acoustic surveys 
(PELACUS in the Cantabrian Sea and Galicia and 
PELAGO in the Portuguese waters and Gulf of Cadiz) 
since 1986, with few gaps, especially at the beginning 
of the time series (Figure 7). Additionally, DEPM 
surveys for sardine were first applied in 1988 and 
have provided adult biomass data for the whole stock 
on a triennial basis since 1997 (SAREVA and 
PT-DEPM-PIL surveys) (Figure 5).

In the Gulf of Cadiz during summer, estimates of 
anchovy and sardine biomass have been obtained 
annually since 2004 through the acoustic survey series 
ECOCADIZ, occurring every three years since 2005 
(with interruptions). Anchovy biomass in this area 
has also been estimated during a DEPM survey 
(BOCADEVA).
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Collaborative efforts between Portugal and Spain 
have resulted in enhanced coordination and standard-
ized methodologies for acoustic and egg surveys 
within ICES groups SGSBSA (Study Group on the 
Estimation of Spawning Stock Biomass of Sardine and 
Anchovy) and WGACEGG (Working Group on 
Acoustic and Egg Surveys for Sardine and Anchovy 
in areas 7–9) (Massé et  al. 2018).

Spawning spatial variability
There is no evidence of breeding migrations for these 
species; eggs tend to be distributed in the same core 
areas as the adults. European anchovy mainly spawns 
near the estuaries of major rivers in Southern Iberia 
and the northwestern Portuguese coast whereas sar-
dine spawning is spread throughout the stock’s dis-
tribution area covered by the DEPM survey, with core 
areas varying from annually. In some years, eggs are 
also observed offshore, likely due to advection (Massé 
et  al. 2018).

Spatial data have been obtained from the RADIALES 
project, a multidisciplinary program on the northern 
and northwestern coasts of Spain, with 20 stations 
sampled monthly since 1988 (with some interruptions, 
Figure 5). This initiative collects physical, chemical, 
and plankton observations (including ichthyoplankton 
samples of sardine and anchovy) across five transects 
representing upwelling and stratified dynamics (Valdés 
et  al. 2021).

DEPM surveys targeting sardine (since 1997) or 
anchovy (since 2004) have been conducted every three 
years, for sardine in the whole distribution area and 
for anchovy only in southern Iberia, providing snap-
shots of spawning area extent and egg production 
(Figure 7). Triennial mackerel and horse mackerel 
surveys (coordinated in the framework of the ICES 
WGMEGS, ICES 2023d) have also covered the distri-
bution area of sardine and anchovy, providing infor-
mation mostly on sardine egg abundance in the year 
preceding triennial sardine and anchovy surveys.

Starting from 2002, CUFES data derived from 
acoustic surveys (PELACUS, PELAGO, and 
ECOCADIZ) have provided annual information on 
spawning area extent and egg abundance estimates 
using a vertical distribution model (Petitgas et al. 2006).

Recruitment processes and spatial variability
Information on connectivity of sardine and anchovy 
eggs was available from the DEPM and acoustic sur-
vey data using CUFES for the entire distribution area. 
Several Lagrangian and IBM models have been devel-
oped to describe sardine and anchovy connectivity, 

analyzing, and modeling larval routes (García-García 
et  al. 2016; Santos et  al. 2018; Casaucao et  al. 2021). 
Estimates from the larval sardine IBM support the 
existence of a metapopulation in the area. In contrast, 
the anchovy IBM estimated a potential influx of eggs 
of this species from western Iberia to the Bay of 
Biscay and low connectivity between western larvae 
and those from the Gulf of Cadiz, although infrequent 
strong and persistent countercurrents could increase 
connectivity between southern and western areas. 
These exercises, however offer a static picture based 
on few years of data (Figure 7).

Spatial data on post-larval SPF were scarce for both 
species. Data on early juveniles have been collected 
for sardines in the recruitment surveys in the fall 
(surveys IBERAS and ECOCADIZ-reclutas).

For sardine, the three core areas of juvenile distri-
bution are the northern Portuguese shelf, the coastal 
region near the Tagus estuary, and the eastern Gulf 
of Cadiz (Silva et  al. 2009; Rodríguez-Climent et  al. 
2017). The west coast (9a Central-North subdivision) 
is considered the main recruitment area, with a sec-
ondary area of importance in the Gulf of Cadiz. 
Although the Cantabrian Sea is also a spawning area, 
27.8.c ICES subdivision is not considered important 
for recruitment.

Anchovy juvenile distribution in the western com-
ponent of the Iberian stock is mostly concentrated in 
the northwestern coast and the eastern Gulf of Cadiz 
and is associated with the main estuaries.

The abundance of juvenile sardine and anchovy in 
the Iberian ecosystem has been monitored since 1984 
through more than 30 surveys with varying spatial 
coverage and some interruptions (surveys SAR-PT-
AUT, ECOCADIZ-R, JUVESAR, and IBERAS, 
Supplemental Table S2, Figure 7), providing valuable 
insights into recruitment changes over time.

Feeding areas and migrations
Sardine and anchovy feed throughout their distribu-
tion area off the Iberia. Several single-time studies 
using stomach content analysis and stable isotopes 
have described the spatial and temporal variability of 
sardine and anchovy feeding, mostly for juveniles and 
adults (Bode et  al. 2007; Garrido et  al. 2008; Fonseca 
et  al. 2022), while trophic studies of SPF larvae are 
rare. Biological sampling of sardine and anchovy is 
conducted regularly from annual surveys and monthly 
or fortnightly at major fisheries ports in Portugal and 
Galicia. This sampling includes classifying stomach 
fullness following Cunha et  al. (2005), allowing study 
of diel, interannual, seasonal, and spatial variability 
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of feeding intensity over the years. No feeding or 
overwintering migration has been described for sar-
dine and anchovy in this area, and the spatial distri-
bution of these species is fairly similar throughout 
the year.

Key messages

• It is recommended to prioritize studying 
anchovy spawning areas in western Iberian 
waters, where data is currently lacking. While 
comprehensive spatial biomass information for 
both European anchovy and sardine has been 
gathered from acoustic surveys, and spawning 
area data is available for sardine throughout 
the area and for anchovy in the Gulf of Cadiz 
through DEPM surveys, there is a need to fill 
the gap for anchovy in western Iberian waters. 
Coupled hydrodynamic and IBMs are available 
to study the connectivity of early life stages in 
that area.

• It is recommended to obtain information on 
the fraction of juveniles closer to the coast. 
While spatial time-series data for juvenile pop-
ulations are available for sardine and anchovy 
in most of the Atlantic Iberian waters, recruit-
ment surveys may miss a portion of anchovy 
recruits that frequently aggregate near the shelf 
edge, as also observed for Bay of Biscay 
juveniles.

Mediterranean and Black Sea

Overview of spatial data and variability
SPF fisheries in the Mediterranean represent 43.6% 
of total landings (average 2018–2020), primarily rely-
ing on European anchovy, European sardine, and 
round sardinella (Sardinella aurita) (FAO 2022b). In 
the Black Sea, SPF fisheries account for 76.5% of total 
landings for the same period, historically dominated 
by anchovy and sprat in the twentieth century 
(Prodanov et  al. 1997) (see the Online Supplemental 
Material for detailed fisheries information). In this 
review, the Mediterranean was the LME harboring 
the largest number of stocks (24 and up to 42 data-
sets) (Figure 2, Figures S6 and S7 and Table S1 from 
the Online Supplemental Material). Only five datasets 
included stocks with demonstrated demographic 
coherence, specifically anchovy and sardine in the 
central Mediterranean and the Adriatic Sea (Figure 
3) (Simmonds et  al. 2017). In the Black Sea, only the 
sprat stock showed demographic coherence, with 

debates existing on anchovy contingents. These two 
LME have separated into 30 FAO Geographical 
Sub-Areas (GSA) (GFCM 2009) for statistical pur-
poses, with historical implications for ecological stud-
ies, stock assessments, and management.

The ecology of these SPF has been extensively 
reviewed (Chashchin 1996; Palomera et  al. 2007; 
Morello and Arneri 2009; Saraux et  al. 2019). In the 
Mediterranean, spawning occurs during protracted 
seasons: European anchovy and round sardinella 
spawn from April to October and April to July, 
respectively, while European sardine and sprat spawn 
from October to April and December to April, respec-
tively (D’ancona 1931; Tsikliras et  al. 2010). In the 
Black Sea, particularly for the sub-species Azov 
anchovy (E. encrasicolus neoticus), a distinct pattern 
emerges. Anchovy actively spawns and forages across 
the Sea of Azov from May to August. As the colder 
months set in, around September and October, the 
Azov anchovy migrates through the Kerch Strait into 
the Black Sea, adapting to the seasonal temperature 
shifts (Chashchin 1996). In the black sea, anchovy 
spawning period extends from May to September 
(Chashchin 1996), before initiating migration to the 
southern Black Sea (Prodanov et  al. 1997). European 
sprat spawn from late autumn to early spring, peaking 
from December to February (Prodanov et  al. 1997).

In the Mediterranean, spawning primarily occurs 
in coastal areas, with late larval stages schooling in 
areas favored by environmental conditions (Agostini 
and Bakun 2002; Costalago 2015; Malavolti et  al. 
2018). In the Black Sea, anchovy distribution during 
summer spawning covers almost the entire sea. 
Statistical models characterizing spawning and nursery 
areas exist for some species in both LME (Figure S1 
from the Online Supplemental Material) (Giannoulaki 
et  al. 2008; Giannoulaki et  al. 2011; Tugores et  al. 
2011; Giannoulaki et  al. 2013).

Most SPF stocks in the Mediterranean and Black 
Sea have spatial data on adult presence or biomass 
(Figure 4). The data inspection showed that data are 
typically interannual, primarily from acoustic surveys 
(Figure 7) although some stocks have limited data 
(e.g., five years for European sardine and anchovy in 
GSA 9–11), and others have longer time series, such 
as over 30 years in the Adriatic Sea (GSA 17–18) for 
anchovy, with minimal data gaps (Figure 5, Table S2 
from the Online Supplemental Material). Although 
these surveys were historically irregular and occasion-
ally lacked spatial coherence, recent years have wit-
nessed a harmonized pan-Mediterranean acoustic 
multinational program (MEDIAS) focusing on gener-
ating biomass data (Leonori et  al. 2021). Some 
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quarterly interannual time series were available for 
sardine in GSA03 (Southern Alboran Sea) and decadal 
data exist for anchovy and sardine in GSA16 (Southern 
Sicily). The longest time series for European anchovy 
and sardine were found in the Adriatic Sea, Gulf of 
Lions (GSA 07), the northeastern Spanish coast (GSA 
06), and the Aegean Sea (GSAs 20 and 22), spanning 
nearly 20 years (Table S2 from the Online Supplemental 
Material). Round sardinella is gaining commercial 
importance, but spatial time series on adult biomass/
presence were available for only about 50% of the 
stocks, primarily unassessed and with short time series 
(Figures 5 and 7). The longest time series for this 
species was observed in the Central Mediterranean in 
GSA 16. For three assessed stocks of Round sardinella, 
no spatial data were found (Eastern Mediterranean, 
GSAs 24, 26, and 27). Spatial data for sprat mainly 
came from the northernmost areas, particularly the 
relict population in the Adriatic Sea and the 
Northwestern Mediterranean, where acoustic data 
spanned 16 and 24 years in the northeastern Spanish 
coast and the Gulf of Lions, respectively. In the Black 
Sea, in GSA29, some time series data for sprat were 
identified, including interannual and seasonal datasets, 
but detailed time series data for anchovy were lacking.

Spawning spatial variability
Spatial data on spawning migrations in the 
Mediterranean were notably limited (Figures 4 and 5, 
Table S2 from the Online Supplemental Material), 
likely due to the absence of comprehensive seasonal 
surveys. Historical (fixed picture) data were available 
for anchovy and sardine in the Adriatic Sea (GSA 
17–18, Morello and Arneri 2009) and for anchovy in 
part of the Aegean Sea (GSA 22) (Mantzouni et  al. 
2007). Interannual data covering over 14 years for 
anchovy were available in GSA6 (Pennino et  al. 2020). 
Seasonal migrations variability has been modeled, both 
mechanistically (in Greece for anchovy) and statisti-
cally (NW Mediterranean, see cited references), using 
data from acoustic and demersal surveys, as well as 
landings (Figure S1 and Table S2 from the Online 
Supplemental Material). In the Black Sea, historical 
and fixed-picture information exists regarding repro-
ductive migrations of anchovy and sprat (Chashchin 
1996; STECF 2013).

Spatial time series for spawning areas was found 
for approximately 75% of Mediterranean anchovy 
stocks and about 50% of sardine stocks (Figure 4), 
but were scarce for Round sardinella and sprat. 
Anchovy exhibited relatively long interannual datasets 
in the Central Mediterranean (e.g., Patti et  al. 2020; 

Quinci et al. 2022) and the Northwestern Mediterranean 
(GSA07, Maynou et  al. 2020), spanning up to 20 years 
(Figure 5, Figure S7 and Table S2 from the Online 
Supplemental Material). In the Black Sea, spatial time 
series data were available for anchovy spawning but 
were lacking for sprat. Much of the data for the two 
LME has been derived from egg and larval surveys 
(Figure 7, Table S2 from the Online Supplemental 
Material). Statistical methods have been utilized to 
create fixed snapshots for comprehensive datasets cov-
ering both the Mediterranean and Black Seas 
(Schismenou et  al. (2008), Figure S1). For sardine, 
spatial data were limited to fixed pictures from a few 
years’ data. These include statistical habitat models 
for the entire Mediterranean using acoustic data 
(Tugores et  al. 2011), including the Adriatic (GSAs 
17–18, Morello and Arneri 2009), Tunisia (GSA 14, 
Zarrad et  al. 2020), and Greek areas (Somarakis et  al. 
2006; Ganias 2008), although there are likely raw 
acoustic data available to extract further information 
(Leonori et  al. 2021). While longer interannual maps 
exist for the Northwestern Mediterranean, large time 
gaps were present (Olivar et  al. 2001; Olivar et  al. 
2003; Maynou et  al. 2008). In the Alboran Sea, 
approximately 10 years of acoustic-based data were 
available (FAO 2022c). The few spatial data with 
higher resolution than a single survey per year 
(Northwestern Mediterranean) were monthly and con-
centrated in one year (Sabatés 1990). Only three data-
sets were found for Round sardinella, predominantly 
short-interannual and based on eggs and larval sur-
veys (Figures 5 and 7), one of them for the entire 
Mediterranean, associated to a statistical predictive 
model (Schismenou et  al. 2008), and another for the 
Northwestern Mediterranean (Maynou et  al. 2020).

Recruitment processes and spatial variability
Information on egg and larval connectivity was pri-
marily available for anchovy, covering approximately 
50% of its stocks (Figure 4). The longest interannual 
time series, nearly 20 years without gaps, pertain to 
anchovy in the Central Mediterranean (GSAs 17–18), 
including eggs surveys, catch data, acoustic surveys, 
and mechanistic (Lagrangian) transport models (Patti 
et  al. 2020, Figures 5 and 7, Figure S1 and Table S2 
from the Online Supplemental Material). Shorter 
series, utilizing a range of data types and IBM models, 
have elucidated anchovy larval connectivity in the 
Northwestern Mediterranean (GSA 6 and 7) 
(Ospina-Alvarez et  al. 2015) and southwestern 
Mediterranean (Catalán et  al. 2013). In the Black Sea 
(GSA29), anchovy larval routes have been studied 
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using short-term (<3 years) hydrodynamic data cou-
pled to an IBM (Fach 2014).

Spatial data for round sardinella were available in 
the central Mediterranean, including IBM modeling 
studies (Torri et  al. 2018), likely because their summer 
spawning coincides with anchovy, facilitating research 
efforts. Statistical modeling has been employed to 
analyze and model larval connectivity for sardine in 
the Northwestern Mediterranean (Pennino et al. 2020). 
In many stocks, surveys using DEPM (e.g., Somarakis 
et  al. 2006) can potentially provide initial positions 
for eggs to initialize connectivity analyses (e.g., sensu 
Ospina-Álvarez et  al. 2013). Nevertheless, these data 
typically represent only a fraction of the spawn-
ing season.

Spatial data on nursery areas were scarce and only 
accessible for sardine and anchovy in the Mediterranean 
Sea and for sprat in the Black Sea (Figures 4 and 5, 
Figure S8 from the Online Supplemental Material). 
Active nurseries often exhibit temporal mismatches 
with general acoustic surveys, necessitating specific, 
often more coastal surveys. Some works utilized early 
juveniles to characterize nursery grounds. Most avail-
able data comprise modeled static images from a few 
years of surveys (Figure S1). Figure 7 and Table S2 
(Online Supplemental Material) show that data were 
generated from “general surveys” (e.g., Morello and 
Arneri (2009) for both species in the Adriatic) or 
from acoustic surveys (e.g., Catalán et  al. 2013; 
Giannoulaki et  al. 2013; Ventero et  al. 2021). The 
longest spatial time series for nursery area sampling 
was observed for sardine in the Northwestern 
Mediterranean, spanning 14 years and utilizing various 
survey methods, underpinning a statistical model to 
predict nursery habitat (Pennino et  al. 2020).

Estimates of juvenile and immature biomass esti-
mates were often derived from acoustic surveys, yet 
there was dearth of spatial distribution time series 
(Figures 4 and 5). In the entire Mediterranean, a spa-
tial statistical model served as a “fixed picture” for 
sardine juveniles, based on five years of environmental 
and acoustic survey data (Giannoulaki et  al. 2011). 
Such models were not available for other species 
(Figure 7, Figure S1 and Table S2 from the Online 
Supplemental Material). In the Black Sea, historical 
and fixed-picture information exists regarding the 
juvenile presence of sprat (STECF 2013).

Regarding nursery areas, the longest interannual 
spatial time series spanned 14 years for sardine in the 
Northwestern Mediterranean (Figure 5, GSAs 6 and 
7) and was based on a statistical model incorporating 
several data sources (Pennino et  al. 2020). Another 
interannual spatial time series for sardine, coupled to 

a statistical spatial model based on acoustic surveys, 
covered three years in the Eastern Mediterranean 
(GSA 22, Tsagarakis et  al. 2008). This stock is shared 
with Turkey, although the available data only covered 
the Greek part. For anchovy, there exists an eight-year 
interannual spatial time series in the Alboran Sea 
(GSA 1), based on collaborative work from Spain, 
Morocco, and Algeria (FAO 2022c).

Feeding areas and migrations
Feeding areas are typically identified through trophic 
analyses across different life stages in different areas 
and temporal periods, but such data were scarce. 
Fixed depictions of adult feeding areas based on iso-
topic analyses and stomach content analyses were 
found for sprat, anchovy, and sardine in the Gulf of 
Lions (Figure 7, GSA 7 and parts of GSA 6; Le Bourg 
et  al. 2015; Bachiller et  al. 2020). A representation of 
feeding areas for the Greek segment of the 
Greek-Turkish anchovy stock was established through 
mechanistic modeling (Figure 7, Mantzouni et  al. 
2007). The only interannual spatial time series for 
feeding areas was again for sardine in the Northwestern 
Mediterranean (Pennino et  al. 2020). Notably, there 
was a lack of comprehensive data for round sardinella 
feeding areas in the Mediterranean and for anchovy 
in the Black Sea. For sprat in the Black Sea, historical 
data offered a fixed-picture view of feeding areas 
(STECF 2013).

Out of over 40 Mediterranean datasets examined, 
only three furnished data on feeding migrations 
(Figures 5 and 7). Two studies offered fixed snapshots 
for anchovy and sardine in the Adriatic Sea (GSA 
17–18, Tičina et  al. 2000; Morello and Arneri 2009) 
and one consisted of a statistical model output for 
sardine in the Northwestern Mediterranean (Pennino 
et  al. 2020). In the Black Sea (GSA 29), there was a 
fixed picture of feeding migration for sprat. Location 
and timing of the feeding migration of anchovy in 
the Black Sea was more speculative, relying primarily 
on observations from fisheries rather than focused 
research studies (STECF 2013).

The only dataset on overwintering migration per-
tained to sardine in GSA 6 (Catalan coast), consisting 
of a model-based interannual analysis spanning 
14 years. In the Black Sea, research on the migration 
and overwintering of anchovy and sprat (STECF 2013) 
included short-term studies under three years 
(Chashchin 1995; Prodanov et  al. 1997; Guraslan et  al. 
2017) (Table S2 from the Online Supplemental 
Material). Two migration patterns have been identi-
fied: i) Azov anchovies spawn and forage in the Sea 
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of Azov (GSA30) from May to August and migrate 
through the Kerch Strait into the Black Sea (GSA29) 
in autumn (Chashchin 1996); ii) In the Black Sea, 
anchovy migration from the northern to the southern 
part as water temperatures decline (Prodanov 
et  al. 1997).

Key messages

• Short-duration acoustic surveys in the 
Mediterranean, focusing on the two key species, 
have provided limited year-round spatial infor-
mation on biomass and presence for several spe-
cies at both regional and smaller scales. Leveraging 
the growing availability of harmonized acoustic 
data is recommended to expand spatial knowl-
edge and address these limitations.

• Data on spawning areas has been primarily 
obtained from surveys of eggs and larvae, cov-
ering only about 50% of the stocks. Although 
statistical models offer some predictive insights, 
their general applicability and validation for 
many areas and stocks remain limited.

• The scarcity of mechanistic models hinders 
predictions of future impacts; however, existing 
bioenergetic models for certain species could 
be used to study several stocks. It is recom-
mended to utilize surveys of spawning female 
distributions to develop spatial models of larval 
connectivity, coupled with IBM, to address the 
lack of studies on this critical spatial compo-
nent of the life cycle.

• Enhancing research efforts to improve spatial 
time-series data for juvenile populations is 
advised. Currently, only one species has compre-
hensive coverage throughout the Mediterranean, 
and interannual time series for the main two 
species are restricted to specific areas. Additionally, 
there is a lack of information on annual spatial 
changes in diet and limited data on seasonal or 
interannual variations in feeding areas, which 
could illuminate environmental drivers behind 
observed trends in body condition. Similar gaps 
exist regarding seasonal movement patterns, such 
as spawning migration.

Canary Current

Overview of spatial data and variability
Four exploited SPF species are present in the Canary 
Current system between the northern Atlantic border 
of Morocco and the southern border of Guinea- Bissau 

(Figure 2, Figure S9 and Table S1 from the Online 
Supplemental Material): European sardine, European 
anchovy, round sardinella and flat sardinella (Sardinella 
maderensis). Sardine accounts for around 50% of the 
annual catches (FAO 2021). Each species is assigned to 
one stock in the area, except for sardines, which are 
divided into northern and central stock, and southern 
stock. Due to the absence of stock identity data for 
sardinellas, despite being a research priority for over a 
decade (FAO 2020), each sardinella species is considered 
a single stock.

Seminal studies on the spatial distribution, spawn-
ing grounds, and seasonal migrations of sardine and 
sardinellas rely on data from 1930s (e.g., Boely 1982; 
Boely et  al. 1982; Garcia 1982) accessible through 
COPACE/CECAF reports (e.g., Boely and Freon 1979) 
and other publications (Freon 1988). Due to chal-
lenges in accessing metadata for these surveys, includ-
ing sampling years, seasons, and methods, they were 
not included in the data analysis, although relevant 
publications are cited.

European sardine dominates in colder northern 
communities, while round sardinella dominates at 
lower latitudes (Brochier et  al. 2018). Each species 
exhibits year-round spawning with distinct thermal 
preference-related peaks: sardines peak during winter, 
while anchovy and sardinellas peak in summer 
(Berraho et  al. 2005; Berraho 2007; Diankha et  al. 
2018; Abdelouahab et  al. 2021). Spawning occurs in 
coastal areas (Roy et  al. 1989) with anchovy spawning 
closer to the shelf break than the other species. Eggs 
and larvae disperse offshore, with greater retention 
than previously assumed due to mesoscale features 
like eddies and filaments (Brochier et al. 2011; Moyano 
et  al. 2014). Lagrangian models have been used to 
study dispersal (Brochier et  al. 2011). Round sardi-
nella’s spawning peaks across Mauritania and Senegal 
are thought to balance local retention and food avail-
ability (Mbaye et  al. 2015). A mechanistic full life 
cycle model has been created for round sardinella, 
revealing insights into seasonal migrations and hom-
ing (Brochier et  al. 2018), highlighting the importance 
of the coastal area off Mauritania, which has been 
subject to intense fishing since 2014 (Corten et  al. 
2017). Acoustic surveys have been conducted region-
ally every 2-5 years by Morocco, Senegal, and 
Mauritania, as well as international expeditions 
(EAF-Nansen program, Russian cruises onboard R/V 
Atlantida, or RV AtlantNiro). These datasets have 
rarely been collectively analyzed to explore system-wide 
patterns (Braham et  al. 2024).

All SPF stocks in the Canary Current system had 
spatial data on adult presence or biomass (Figure 4). 
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These interannual data spanned 27 years with minimal 
interruptions (< = 2 years) (Figure 6, Figure S9 and 
Table S2 from the Online Supplemental Material), 
primarily originating from acoustic surveys (Figure 8, 
Figure S9 from the Online Supplemental Material). 
Each nation conducts surveys within its national 
waters, supplemented by international surveys 
(EAF-Nansen program, Russian cruises onboard R/V 
Atlantida, or RV AtlantNiro). Data was often limited 
to national waters in any given year, generally seasonal 
surveys extending several weeks and spanning differ-
ent seasons.

Regular seasonal acoustic surveys have contributed 
to describing seasonal migrations for sardine, anchovy, 
and round sardinella (Belveze and Erzini 1983; 
Arístegui et  al. 2009; Brochier et  al. 2018). Fishery 
operations have also provided relevant information 
on adult presence and biomass for sardine and round 
sardinella (Thiaw et  al. 2017; Brochier et  al. 2018; 
Braham et  al. 2024). Before regular acoustic cruises, 
an intense research period with dedicated cruises (not 
included in the dataset) occurred in the 1970s and 
1980s. These included catch (e.g., Freon 1988) and 
acoustic data (Demarcq et  al. 1991).

A comprehensive IBM focusing on round sardinel-
la’s spatial distribution was developed (Brochier et  al. 
2018), utilizing environmental factors like currents, 
temperature, and plankton, considering reproductive 
success related to coastal ichthyoplankton retention 
and temperature preferences. As a result, it offered 
insights independent of fishery data.

Spawning spatial variability
Spawning migrations have been described for sardine 
and sardinellas but not for anchovy (Figures 4 and 
6, Table S2 from the Online Supplemental Material). 
Most studies were published decades ago (Garcia 1982; 
Belveze and Erzini 1983), and current surveys lack 
comprehensive seasonal coverage, leaving a large 
knowledge gap on the spawning migrations of 
European sardine (spatial component 2, Figure 4). 
Seasonal migration variability has been mechanistically 
modeled for round sardinella along the 
Mauritanian-Senegalese coast (Brochier et  al. 2018).

Spatial time series for spawning areas exist for all 
four SPF species (Figure 4), based on ichthyoplankton 
surveys by Morocco and international expeditions 
(e.g., Nansen program and Russian cruises). These 
time series were limited to a few years (Ettahiri et  al. 
2003; Berraho et  al. 2005; Abdelouahab et  al. 2021). 
More extensive datasets were available for the north-
ern and central sardine stock and the Senegalese 

round sardinella (Conand and Fagetti 1971; Conand 
1977). These datasets have also been used to study 
environmental windows for spawning for sardine and 
anchovy (Cury and Roy 1989; Brochier et  al. 2009) 
and round sardinella (Diankha et  al. 2018).

Recruitment processes and spatial variability
Information on eggs and larvae was collected for sar-
dine, anchovy, and round sardinella, but not flat sar-
dinella (Figure 4). Time series from ichthyoplankton 
surveys were relatively short (10–16 years) with gaps 
(3–5 years) (Figure 6). Moreover, several fixed cruises 
have been conducted in the Canaries Coastal Transition 
Zone, which have provided valuable data on connec-
tivity across the Northwestern African coast and to 
the Canary Islands (Rodriguez et  al. 2009; Moyano 
et  al. 2014). All these datasets were used to validate 
a Lagrangian model studying larval connectivity 
(Brochier et  al. 2011).

Information on nursery areas was available for all 
four species from international ichthyoplankton sur-
veys (Figure 4). Additional information is available 
for the sardinellas in Mauritania and Senegal from 
older studies based on acoustic or fisheries data (Boely 
et  al. 1982; Garcia 1982), but source datasets were 
not specified.

Biomass of juvenile or immature individuals is 
often derived from acoustic surveys, matching trends 
for presence/biomass of adults for all 4 SPF (Figures 
4 and 6) (spatial component 1). These surveys did 
not target juveniles, who are generally closer to shore 
than adults, at least for sardine and sardinellas (Boely 
and Freon 1979). As with adults, datasets covering 
the entire Northwestern African coast have been rarely 
analyzed collectively.

Feeding areas and migrations
Feeding areas are typically identified through trophic 
analyses across different life stages in different areas 
and times, although such type of data is limited for 
the four SPF in this region. Only a fixed picture was 
found for the two sardinella species (Figure 6) (Roy 
et  al. 1989).

General seasonal migrations related to feeding have 
been described in punctual studies for sardine and 
sardinellas (e.g., Belveze and Erzini 1983; Boely 1982; 
Boely and Freon 1979; Garcia 1982), but specific data 
sources are unclear. For example, Boely and Freon 
(1979) mention that migration maps were based on 
i) industrial fisheries from non-riparian countries 
(large-scale fishing), which generally follow the move-
ments of adult concentrations (particularly purse 
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seiners); ii) semi-industrial and artisanal fisheries in 
Senegal, mainly capturing juveniles and young spawn-
ers (beach seining, encircling net fishing, line fishing); 
and iii) experimental fishing by oceanographic 
research vessels.

Key messages

• Providing access to metadata from surveys in 
the Canary Current region, following the FAIR 
principles, will be a crucial first step to prop-
erly evaluate the existing knowledge and data 
for SPF in the region. While some metadata 
are summarized in CECAF reports and the 
metadata for the Nansen cruises have recently 
been made publicly available on the FAO web-
site (https://figisapps.fao.org/fishery/eafnansen/
en/eafnansen/survey/search), accessing infor-
mation from other cruises remains difficult.

• There is a lack of comprehensive spatial infor-
mation on biomass and presence for many 
species and throughout most months. Expanding 
the analysis of spatial time series data for juve-
nile SPF can enhance our understanding of 
juvenile populations and contribute to more 
effective management strategies in the region. 
While some of these data may be available 
through regular acoustic surveys, they have 
rarely been analyzed outside of the stock 
assessment process.

• Round sardinella has been the focus of recent 
research in the region. For this species, apply-
ing otolith-based methods to further validate 
the existing full life cycle IBM as suggested by 
Sakamoto et al. (2022), is recommended. Recent 
intensive research has already achieved a rela-
tively good understanding of their seasonal 
migrations and connectivity, and the available 
IBM has been validated using seasonal vari-
ability of Catch Per Unit Effort (CPUE) in 
Mauritania and Senegal, as well as fisher eco-
logical knowledge in Senegal.

• For sardine, anchovy, and round sardinella, 
collecting annual-based spatial data on the dis-
tribution of adults and their seasonal and feed-
ing migrations is desirable, as current 
information is limited to punctual studies with-
out annual spatial changes. Additionally, con-
ducting regular studies to document annual 
spatial changes in diet is recommended, since 
existing insights are derived from occasional 
studies.

South Benguela system

Overview of spatial data and variability
The main two species of SPF in one well-studied part 
of the Benguela ecosystem were reviewed: the 
European anchovy (E. encrasicolus), and South African 
sardine (S. sagax), in the south and south-west of 
Africa. Part of the southestern area, the Agulhas bank, 
was also included as one of the stocks inhabits both 
areas. The West Coast redeye round herring (Etrumeus 
whiteheadi) is increasingly important but was excluded 
from this review. Together, these three species com-
prise over 95% of the pelagic purse seine harvest 
(DFFE 2023). Anchovy and sardine are critical to 
South Africa’s SPFs, encompassing 3 stocks (Ramírez 
et  al. 2022, Figure 2).

Sardine populations along South Africa’s west and 
south coastlines (continental shelf waters between 
Hondeklip Bay (∼30°S) off the west coast and Durban 
off the east coast), were long considered a single, 
well-mixed population for evaluation and manage-
ment. Recent genetic markers and other analyses indi-
cate adaptation to water temperature, supporting the 
existence of two stocks (Figure 2, Table S1 from the 
Online Supplemental Material): one linked to South 
Africa’s warm-temperate west coast and the other to 
its cool-temperate south (DFFE 2023). The anchovy 
stock in the southern Benguela upwelling ecosystem, 
situated off the west coast of southern Africa, is char-
acterized by spawning and nursery grounds located 
in separated regions.

Data on these three stocks were available from 
semiannual hydroacoustic surveys and numerous ich-
thyoplankton surveys (see van der Lingen and Huggett 
2003), which have improved the understanding of 
adult and juvenile biomass, spawning migration, and 
spawning and nursery areas (Figure 4, Figure S10 
from the Online Supplemental Material). The first 
hydroacoustic survey typically occurs in November, 
targeting adult biomass, whereas the second, known 
as the “recruit survey”, takes place in May/June and 
surveys 0-year-old fish (Coetzee et  al. 2008, Figure 6).

Since the early 1940s, South Africa has supported 
a substantial sardine purse-seine fishery in St Helena 
Bay, initially driven by food requirements during World 
War II (Crawford 1981). Sardine dominated catches 
until overfishing led to a substantial decline, prompting 
a shift in 1964 to target juvenile anchovy (van der 
Lingen and Huggett 2003). Time series of sardine land-
ings have been available from 1949 onward, with 
anchovy records starting in 1964 (Figure 8). Commercial 
catch samples provide data on species composition, 
catch position, date, and length frequency distributions, 
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critical inputs for species-specific population dynamics 
models (DFFE 2023).

The annual November pelagic spawner biomass 
hydro-acoustic survey (Figure 8, Figure S10 from the 
Online Supplemental Material) (Coetzee et  al. 2022), 
has been conducted since 1984, with one interruption 
in 2021 (38 years; Figure 6). It covers the shelf between 
Hondeklip Bay and Port Alfred to coincide with peak 
anchovy spawning. The survey helps estimating the 
biomass and length composition of anchovy and sar-
dine (Barange et  al. 1999), essential for stock assess-
ments and setting annual Total Allowable Catches. 
Acoustic surveys provide reliable estimates compared 
to modeling from commercial catch data, allowing 
optimal resource utilization during periods of high 
biomass and protection during periods of low biomass 
(DFFE 2023).

Over 50 years of ichthyoplankton surveys provided 
insights into spawning areas and larval distributions 
(Van der Lingen and Huggett 2003; Figure 6 and Table 
S2 from the Online Supplemental Material). CalVET 
net samples taken during the spawner biomass survey 
offered a long time series on the distribution and 
abundance of anchovy and sardine eggs (composite 
maps over 38 years), allowing regional comparisons of 
spawning habitats. Early surveys between 1950 and 
1969 covered regions from Lamberts Bay to Saldanha 
Bay, extending to Quoin Point in 1959 and to Cape 
Infanta in 1961, covering around 80 sampling stations 
(Figure 8 and Table S2 from the Online Supplemental 
Material). South African SARP ichthyoplankton sur-
veys performed monthly between August 1993 and 
March 1994 and between September 1994 and March 
1995 encompassed 17–189 stations on west and south-
west coasts (Figure 8, Figure S10 and Table S2 from 
the Online Supplemental Material). In addition, SARP 
monitoring line targeted ichthyoplankton samples 
bimonthly from 1995 to 2003 off Cape Peninsula 
encompassing 12–20 stations (Figure 8, Figure S10 
and Table S2 from the Online Supplemental Material).

Spawning spatial variability
Anchovy mainly spawn over the Agulhas Bank during 
austral spring/summer (September to March), peaking 
in November (Huggett et  al. 1998; van der Lingen 
et  al. 2001). Since the 1990s, the main spawning areas 
shifted from the western Agulhas Bank (Shelton et  al. 
1993; Roel et  al. 1994) to offshore regions of the 
central and eastern Banks (van der Lingen et al. 2002). 
Recently, Coetzee et  al. (2022) have updated the infor-
mation of spatial and temporal spawning variability 
of sardine in South African coasts. Sardine can spawn 

year-round and is more widespread than anchovy. The 
peak spawning season off the west coast occurs 
between September and February, while the peak 
occurs between June and November for the spawning 
season off the south coast (Coetzee et  al. 2022). 
During winter, sardines spawn off the east coast, rep-
resenting a genetically separate population, with com-
mon spawning dates from June through November 
(Coetzee et  al. 2022). Environmental characteristics 
of the spawning habitat vary among the west (17 °C), 
south (19.5 °C), and east coast (22 °C) (Mhlongo 
et  al. 2015).

Biophysical models and observations (Figure 8) 
indicate that eggs spawned off the west coast are car-
ried northward to nursery grounds north of Cape 
Columbine by a jet current linked to a strong thermal 
front between warmer oceanic water and colder 
upwelled water (Miller et  al. 2006; McGrath et  al. 
2020). Most south coast-spawned eggs were retained 
in local nursery grounds, with a small portion trans-
ported to the west coast, contributing to recruitment 
there (Lett et  al. 2006). Anchovy eggs from the 
Agulhas Bank are carried to the west coast nursery 
area by a shelf-edge jet current passing through the 
upwelling center near Cape Pont and Cape Columbine 
(Hutchings et  al. 1998). Simulations based on bio-
physical models (Figure 8) including several mecha-
nisms, such as advection, growth, buoyancy, and diel 
vertical migration for anchovy eggs and larvae (Parada 
1999; Parada et  al. 2003, 2008) confirm that these 
transport mechanisms align with juvenile distributions 
(Parada et  al. 2008).

Recruitment processes and spatial variability
A May hydro-acoustic survey covering the west coast 
from the Orange River to Cape Infanta on the east 
coast has estimated anchovy and sardine recruits 
(Figure 8). These surveys have been undertaken annu-
ally since 1984, with one gap in 2022 (38 years, DFFE 
2023, Figure 6, Figure S10 from the Online 
Supplemental Material). The survey area was expanded 
eastward in the late 1990s to verify the assumption 
made in modeling and management that recruitment 
was negligible east of Cape Infanta (Barange et  al. 
1999). Pre-recruit surveys have been carried out annu-
ally since March 1991 – onwards on the west coast 
using a Methot frame trawl (O’Toole and Crous 1989; 
van der Lingen and Huggett 2003).

Anchovy recruitment success is influenced by the 
transport of eggs and larvae from spawning to nursery 
grounds (Hutchings et  al. 1998). Eggs spawned in this 
area may be carried shoreward by the Agulhas Current 

https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869
https://doi.org/10.1080/23308249.2025.2458869


30 I. A. CATALÁN ET AL.

onto the western Agulhas Bank and into the jet stream 
to the west coast, retained on the central and eastern 
Agulhas Banks, and recruit on the south coast. 
Another possibility is that eggs are entrained into the 
southern Indian or Atlantic Oceans, where they are 
unlikely to contribute to recruitment (van der Lingen 
et  al. 2002).

Feeding areas and migrations
Available information came from conceptual models 
or single-point studies (Table S2 from Online 
Supplemental Material). Sardine and anchovy in 
southern Benguela have a migratory life cycle, involv-
ing a migration to the more productive west coast 
for recruitment and feeding after adult spawning on 
the Agulhas bank (Teske et  al. 2021; Ortega-Cisneros 
et  al. 2024). Sardine spawns off the west and south 
coasts (van der Lingen et  al. 2001), while anchovy 
migrates from west coast nursery grounds to the 
Agulhas Bank in spring for spawning (Hutchings et  al. 
1998). Early life stages of both species, including some 
south coast spawned sardines, are transported to nurs-
ery regions to the north of the west coast (van der 
Lingen and Huggett 2003). Return migration to 
spawning areas starts at juvenile stages, arriving at 
Agulhas Bank during fall and winter. Recent modeling 
has linked the migration of anchovy and sardine to 
environmental variables. With a stronger relationship 
for anchovy (Ortega-Cisneros et  al. 2024).

Sardines migrate to the subtropical east coast of 
South Africa during the “sardine run”, which occurs 
from the eastern part of their temperate core habitat 
(van der Lingen et  al. 2010). Teske et  al. (2021) found 
that sardines participating in the sardine migration 
were mainly from the Atlantic, preferring cooler 
waters. During brief times of cold-water upwelling, 
they move into temporarily advantageous habitat in 
the Indian Ocean. When the upwelling stops, they 
are left in a subtropical habitat that is physiologically 
challenging and become highly vulnerable to predators.

Key messages

• Long-term time series from ichthyoplankton, 
pre-recruits, and acoustic surveys have consid-
erably advanced our knowledge of the life his-
tory of sardine and anchovy in south Benguela. 
Further, research is recommended on the hori-
zontal and vertical distribution of pre-recruit 
stages off the west coast, their interactions with 
meso- and submesoscale oceanographic features, 
and implications for survival. Further, examining 

aspects like the importance of parental condi-
tion, and its spatial dependencies could be key 
to understanding the potential impacts of cli-
mate change on spawner biomass and physio-
logical resilience to environmental shifts.

• Spawning and nursery regions are geographi-
cally separated, underscoring the significance 
of transport processes in influencing recruit-
ment strength. The potential of these processes 
to predict recruitment, particularly for anchovy, 
has been emphasized. Although spatial and 
temporal changes in spawning habitats have 
been monitored and characterized, we recom-
mend a larger effort in the study of the poten-
tial effects of climate-associated variables, such 
as deoxygenation, warming, and acidification, 
on these habitats.

• Data on species composition, capture position, 
dates, and length frequency distributions from 
commercial catches are routinely collected and 
are crucial for species-specific population 
dynamic models. Isotope analysis, microstructure 
studies, and genomic data have confirmed the 
existence of two mixed sardine stocks off the 
coast of South Africa, each adapted to different 
water temperatures. Fitness and survival dimin-
ish outside these temperature ranges. These find-
ings have important ramifications for sardine 
fisheries management, suggesting that 
spatial-temporal differentiation in a multiple-stock 
sardine management strategy could be the way 
forward to avoid overexploitation.

Bering Sea, Aleutian Islands, and Gulf of Alaska

Overview of spatial data and variability
Despite hosting some of the largest groundfish and 
salmon fisheries in the world, SPF fisheries in 
Northeastern Pacific systems are limited and essen-
tially focused on one species, Pacific herring (Clupea 
pallasii), an abundant and important commercial spe-
cies in this region (Figure 2, Table S1 from the Online 
Supplemental Material). Pacific herring live up to 15 
years and mature (first spawn) at age 3–5 (Barton 
and Wespestad 1980). Herring inhabit continental 
shelf regions and spend much of their lives nearshore 
(Hay 1985) and overwinter in dense schools nearshore 
as juveniles and offshore as adults (Stokesbury et  al. 
2002). In March, adults migrate to spawning beaches 
(Norcross et  al. 2001); spawning begins mid-April and 
lasts 5–21 d. Embryonic herring incubate in intertidal 
and shallow subtidal areas for 22–24 d prior to 
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hatching in May (Brown et  al. 1996). Pelagic larvae 
are retained in nearshore nursery areas by local cur-
rents (McGurk et  al. 1993).

There are several management areas designated for 
discrete Pacific herring stocks in the Chukchi Sea, 
BS, AI, and GOA. These include the Norton Sound 
and Arctic Management areas in the Beaufort, 
Chukchi, and northern BSs (Tiernan et  al. 2021), the 
Alaska Peninsula-AI Management Area in the Alaska 
Peninsula and AI (Keyse and Lawson 2023), and 
Prince William Sound (Shepherd and Haught 2019) 
and southeast Alaska stocks in the GOA (Hebert 
2020). Pacific herring are managed to maintain thresh-
old spawning biomass and monitored via catch data 
(all areas), aerial surveys (GOA), hydroacoustic sur-
veys (GOA), spawn deposition and dive surveys 
(GOA), and test fisheries (GOA, BS; Figures 6 and 8).

Adult presence or biomass has been estimated pri-
marily through fishing operations and aerial or acous-
tic surveys, but also as sampled in diets and non-target 
surveys (Gunther et al. 2024). Data spanned 20–48-year 
timeframes, depending on the dataset and region 
(Figures S11–S13 and Table S2 from the Online 
Supplemental Material). Stock assessments have been 
conducted for management (Hebert 2020; Keyse and 
Lawson 2023), including Bayesian analyses (Muradian 
et  al. 2017) and in some cases extensive research and 
monitoring programs are supported (Pegau and 
Aderhold 2021; Lindeberg et  al. 2022). Forecasts for 
herring biomass use either age-structured analysis or 
biomass accounting methods where estimates of 
growth and mortality are applied to observed spawn-
ing biomass and age composition.

Spawning spatial variability
Spatial data on spawning migrations were relatively 
well documented, predominantly via aerial surveys of 
spawn deposition along coastlines (Tiernan et  al. 2021; 
McGowan et  al. 2021). Data supported both mecha-
nistic and statistical models of explicit movement and 
timing (Figures S11–S13, Table S2 from the Online 
Supplemental Material). In March and April adult 
herring migrate toward spawning beaches. Spawning 
begins mid-April and lasts from 5 to 21 d, although 
spawning phenology is influenced by environmental 
and population-level factors (Dias et  al. 2022). 
Spawning, feeding and overwintering areas may be 
separated by 1000s of kilometers (Tojo et  al. 2007; 
Beacham et  al. 2008) and migration patterns may vary 
according to local populations within a spawning 
aggregation. In the GOA and AI, movements after 
spring spawning are largely unknown. Previous studies 

of movement in the GOA used mark-recapture tech-
niques (Hay and McKinnell 2002) or catch-per-unit 
effort (Tojo et  al. 2007). Herring spawning in the BS 
have geographically distinct northern and southern 
feeding and overwintering grounds (Tojo et  al. 2007); 
fish spawning in exposed coastal areas migrate off-
shore, while fish spawning in mainland inlets remain 
resident.

Due to targeted fisheries on spawning herring, large 
amounts of data were available on spawning aggrega-
tion or biomass, timing, and location (Menard et  al. 
2022). Spatial patterns in spawning have been deter-
mined by population size and processes that affect 
site fidelity and dispersal (Ware and Schweigert 2001). 
Interannual variations in herring spawn timing have 
been primarily attributed to population demographics 
and temperature (Hay 1985; Ware and Tanasichuk 
1989). In populations comprising multiple age cohorts, 
spawning may be staggered in waves with older fish 
spawning earlier than younger fish (Hay 1985; Ware 
and Tanasichuk 1989). During spawning, females 
deposit eggs on kelp in the inter-tidal zone, and these 
egg-encrusted kelp fronds are harvested by spawn-on-
kelp fisheries. This phenomenon facilitates egg and 
larval surveys and aerial surveys (45-year time series), 
which inform statistical and mechanistic models of 
movement. The location and timing of spawning can 
affect subsequent recruitment (McGowan et  al. 2021).

Recruitment processes and spatial variability
Dynamics related to larval stages and transport are 
well-documented and monitored in certain regions 
(GOA; Doyle et  al. 2019) and support both mecha-
nistic and conceptual models (Gibson et  al. 2022). 
Pelagic larvae are thought to be retained in nearshore 
nursery areas by local currents (McGurk et  al. 1993; 
Ormseth et  al. 2019) but may be widely distributed 
in areas with strong currents and tidal dynamics (e.g., 
Shelikov Strait, Doyle et  al. 2019; Bering Strait, Baker 
et  al. 2022).

Research on nearshore areas used by SPF in the 
Northeastern Pacific is limited, although aerial and 
beach seine surveys are extensive in certain regions 
(e.g., Prince William Sound; Dias et  al. 2022) and 
nearshore embayments in the GOA (Ormseth et  al. 
2019). The complex topography and bathymetric relief 
prominent in these nearshore areas (Baker et  al. 2019) 
appear to provide important habitat for juvenile her-
ring (Hay and McCarter 1997). Data on juvenile or 
pre-recruit presence and abundance were extremely 
limited. Juvenile fish have been recorded in beach 
seine surveys in the nearshore in the GOA and AI 
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(Ormseth et  al. 2019) and in predator diets in the BS 
(Gunther et  al. 2024), but are poorly sampled in typ-
ical surveys, including trawl and acoustic surveys. 
Data were available on juvenile growth and condition 
(Sewall et  al. 2019).

Feeding areas and migrations
Although limited in both space and time, data were 
available on adult foraging patterns through trawl 
surveys, directed net surveys, acoustics, and diet anal-
yses. Data on feeding migration are limited but 
non-target surveys, tag data (Hay and McKinnell 2002; 
Bishop and Eiler 2018), and fisheries observations of 
bycatch (Funk 1990; Tojo et  al. 2007) provide some 
insight. Data on overwintering and winter movement 
patterns were not available in most areas, though there 
is evidence that juvenile herring overwinter in dense 
schools nearshore while adults remain offshore 
(Stokesbury et  al. 2002) and recent analyses provide 
insight to dynamics in southeast Alaska (Boswell et  al. 
2016) and Prince William Sound (Sewall et  al. 2019).

Key messages

• Although information on adult foraging pat-
terns exist, comprehensive data on feeding 
areas and migrations of Pacific herring in these 
LMEs were limited. More extensive research 
using diverse methods including targeted trawl 
surveys, net surveys, acoustics, and diet anal-
yses would enhance understanding of adult 
foraging and movement. These approaches 
would also enhance monitoring and interpre-
tation of recent shifts in distributions in 
response to climate.

• Data on overwintering and winter movement 
patterns of Pacific herring were scarce. Further 
age-specific studies on seasonal distributions 
might provide insights with relevance to under-
standing how these shifts might inform stock 
differentiation and inform assumptions related 
to assessments of recruitment, abundance, and 
ecosystem interactions (e.g., availability to 
predators). Comparisons of genetic composition 
in overwintering and spawning grounds might 
also provide greater insight to population 
structure.

• The presence and abundance of juvenile Pacific 
herring are poorly sampled in typical surveys. 
Enhanced data collection efforts, including beach 
seine surveys, mid-water offshore assessments, 
and predator diet analysis, are necessary to better 

understand juvenile stages, early-stage survival, 
and pre-recruit dynamics.

• Nearshore areas for SPF in the Northeastern 
Pacific are poorly understood. Given the com-
plex topography and bathymetric relief in these 
areas, particularly throughout the GOA, focused 
research on these habitats is crucial to under-
stand early life stages and recruitment processes 
of Pacific herring.

California Current

Overview of spatial data and variability

The California Current Large Marine Ecosystem 
(CCLME), comprising the United States and Mexico, 
hosts two exploited clupeoids: Pacific sardine, S. sagax 
and Northern anchovy, Engraulis mordax. Comprehensive 
ecological studies for these species have been conducted 
over the last 75 years (e.g., Talbot 1973; Finney et  al. 
2002; Litz et  al. 2008; Demer et  al. 2012; Lindegren 
et  al. 2013; Koslow et  al. 2014; Kaplan et  al. 2017; 
Sydeman et  al. 2020; Swalethorp et  al. 2023). Three 
subpopulations for each of these species (Figure 2) 
have been defined based on serological studies 
(Vrooman 1964; Vrooman et  al. 1981) without signif-
icant evidence to support genetic differentiation 
(Hedgecock et  al. 1989; Lecomte et  al. 2004).

The northern subpopulation of Pacific sardine (cold 
stock) ranges from northern Baja California, Mexico 
to southeastern Alaska, U.S.; the southern subpopu-
lation (temperate stock) ranges from the tip of the 
Baja California peninsula, Mexico to southern 
California, U.S.; the third subpopulation (warm stock) 
occurs in the Gulf of California, Mexico (Smith 2005). 
The northern and southern subpopulation adults syn-
chronously migrate northward in late spring and sum-
mer, and southward in the fall and winter. Although 
their ranges overlap, they have separate spawning 
aggregations; the northern subpopulation spawns in 
southern California and adjacent northern Baja 
California, and the southern population does so off 
central Baja California (Ahlstrom 1954; Ahlstrom 
1967). The subpopulation in the Gulf of California 
spawns in the central Gulf in late winter and early 
spring (Hammann et  al. 1988).

Northern anchovy is separated into northern (British 
Columbia, Canada to central California, U.S.), central 
(San Francisco, California to central Baja California 
peninsula, Mexico), and southern (mid Baja California 
peninsula, Mexico and into the Gulf of California) 
subpopulations (Schwartzkopf et  al. 2022). The north-
ern subpopulation of Northern anchovy primarily 
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spawns in the summer, in coastal areas from southern 
Washington to central Oregon. The central subpopu-
lation spawns monthly from late winter to early spring, 
peaking in February, across multiple coastal areas in 
southern and central California. The southern subpop-
ulation spawns year-round, with a peak in winter, in 
coastal areas off the Baja California peninsula.

A variety of trawl surveys in the northern CCLME 
have been conducted over different time periods, col-
lectively providing adult presence/biomass data on 
northern subpopulations of Pacific sardine and north-
ern anchovy (Litz et  al. 2008). Monthly trawl surveys 
were conducted for 16 years in central and southern 
California providing adult presence/biomass informa-
tion on Pacific Sardine, Northern Anchovy, and other 
taxa (Figures 6 and 8). Subsequently, acoustic capa-
bilities were added to these pelagic fish surveys with 
a reduction in sampling frequency to quarterly sur-
veys. An extended break (6–10 years) ended with the 
development of the interannual Acoustic–Trawl–
Method survey, which extended the sampling region 
to the northern extent of the CCLME and in recent 
years (2022–2023) southward to central Baja California, 
Mexico (Renfree et  al. 2023). A third trawl survey 
focused primarily on juvenile rockfishes (Sebastes spp.) 
has been conducted with minimal interruptions off 
California providing valuable information on juvenile 
sardine and anchovy (Sakuma et  al. 2016). All three 
trawl surveys provide adult presence/biomass data as 
well as data on adult spawning migration and feeding 
areas, nursery areas, and juvenile presence/biomass 
for sardine and anchovy subpopulations in U.S. waters 
and partially for subpopulations of both species off 
northern Baja California, Mexico (Table S2 from the 
Online Supplemental Material). For Mexico, adult 
presence/biomass, spawning migration, and nursery 
areas for both species are based on conceptual models 
from catch and landings data (Hammann et  al. 1988; 
Félix-Uraga et  al. 2004).

Spawning spatial variability
Extensive research based on egg and larval surveys 
conducted continuously from 1949 to present (Figure 
S14 and Table S2 from the Online Supplemental 
Material) has been instrumental in developing the 
DEPM for Northern Anchovy and Pacific Sardine in 
the CCLME, which includes critical information on 
spawning area, and space/time variability (Lasker 
1985; Lo et  al. 1996). Similar surveys in the Gulf of 
California have estimated spawning areas for these 
species (Table S2) (Hammann et  al. 1988; Félix-Uraga 
et  al. 2004).

Recruitment processes and spatial variability
Egg and larval studies in the CCLME provide the 
longest time series data in the region from which stud-
ies on larval routes and connectivity have been con-
ducted (Figure S14 and Table S2 from the Online 
Supplemental Material) (e.g., Thompson et  al. 2014; 
Weber et  al. 2015; Valencia-Gasti et  al. 2018; 
Aceves-Medina et  al. 2019). These data, along with 
juvenile surveys, have been used to infer suitable nurs-
ery areas for both anchovy and sardine in the northern 
and central CCLME (Brodeur et  al. 2003; Sakuma 
et  al. 2016) and catch and derived environmental data 
in the southern CCLME (Hammann et  al. 1988; 
Félix-Uraga et  al. 2004). Annual abundance trends for 
juvenile sardines and anchovies in the central and 
northern CCLME were similar to those of adults for 
most years based on trawl surveys (Figure 8, Table S2 
from the Online Supplemental Material) (Emmett et  al. 
2005; Sakuma et  al. 2016). Research in the Gulf of 
California has detailed local sardine migration patterns, 
including juvenile distribution (Hammann et  al. 1988).

Feeding areas and migrations
Trawl and acoustic-trawl surveys throughout the 
CCLME provide data on feeding areas and migra-
tions for both anchovy and sardine species in the 
region (Table S2 from the Online Supplemental 
Material; e.g., Emmett et  al. 2005; Demer et  al. 2012; 
Zwolinski et  al. 2017 and references therein). Habitat 
models on Pacific Sardine based on acoustic-trawl 
and egg and larval surveys suggest sardines migrating 
from the south in spring do not overwinter in the 
north (Zwolinski et  al. 2011). Spawning migrations 
have been modeled for the central subpopulation of 
Northern Anchovy, and all three subpopulations of 
the Pacific sardine utilizing a variety of methods 
(e.g., statistical habitat and spatial distribution mod-
els) based on trawl, acoustic-trawl, and egg and lar-
val surveys (Figure 8, Figure S1 and Table S2 from 
the Online Supplemental Material) (e.g., Hammann 
et  al. 1988; Sydeman et  al. 2020). Results from an 
early (1936–1942) Pacific sardine tagging study pro-
vided one of the first descriptions of sardine migra-
tion patterns along much of the Pacific coast of 
North America (Clark and Janssen 1945).

Key messages
• Many studies based on the rich datasets on 

Pacific sardine and Northern anchovy in the 
CCLME conclude that both species inhabit 
waters within specific temperature ranges 
throughout ontogeny.
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• Independent fishery datasets, often supplemented 
with catch and landings data, are vital for 
understanding population dynamics in the 
CCLME. In Mexico, multiple species are grouped 
into “Pacific Sardine” when landings are reported, 
which can obfuscate results and interpretation. 
It is recommended to incentivize a better clas-
sification of this commercial category to improve 
data accuracy and interpretation.

• Despite extensive ecological research in the 
CCLME, gaps persist, particularly in studies on 
juvenile’s presence/biomass and nursery areas. 
Basic biological studies have not been conducted 
in over a decade in large areas. Refining existing 
sampling programs could yield more precise 
data on these aspects for both species.

Humboldt Current

Overview of spatial data and variability
Four SPF species inhabit the Humboldt Large Marine 
Ecosystem (HLME), encompassing the coast of Peru, 
Chile, and the Patagonian shelf: Peruvian anchoveta 
(E. ringens), common sardine or Araucanian herring 
(Strangomera bentincki), South American sardine  
(S. sagax), and Chilean sprat (Sprattus fuegensis) 
(Figure 2, Figures S15 and S16 and Table S1 from 
the Online Supplemental Material). These species play 
vital roles in trophic interactions and possess relevant 
economic value, constituting well over half of the 
catches and including the largest SPF fishery in the 
world, centered on anchoveta (see the Online 
Supplemental Material). Even though the Chilean sprat 
inhabits parts of another LME, the Patagonian Shelf, 
it is included here for geographic proximity and 
because the Patagonian shelf LME from the Atlantic 
side is not dealt with in this work.

Extensive literature covers the ecology of anchoveta 
in both Chile and Peru. Anchoveta exhibits year-round 
spawning with two peaks, a primary one in winter 
and a secondary one in late summer (Perea et  al. 
2011; Claramunt et  al. 2014). In Peru, key manage-
ment measures include fishing bans during peak 
spawning periods, which can span at least six months 
per year.

Over the past decade, northern stocks in both 
countries have shown an increase in juvenile fish pro-
portions within the population, while total biomass 
remains stable (Gutierrez et  al. 2022, in review). 
Various hypotheses have been proposed to explain 
this variation, including shifts in the distribution of 
adults and juveniles and the detection of large nursey 
areas (Gutierrez op cit.), with no clear pattern in the 

distribution of early life stages (Flores-Valiente 
et  al. 2023).

In northern Chile, anchoveta distribution extends 
from near the coast out to 60 nautical miles in winter 
(Castillo et  al. 1993). Spawning grounds, located on 
the coastal edge, exhibit important spatiotemporal 
variability in their zonal, and southern extent (Moreno 
and Claramunt 2022). Juveniles typically recruit to 
the fisheries around five months after hatching 
(Castillo and Plaza 2016).

In central Chile (third stock), the spawning season 
occurs between winter and early spring (Böhm et  al. 
2017), with spawning grounds located in coastal bays 
where coastal retention increases (Bucarey et  al. 2021) 
between 20°S and 31°S. In central-southern Chile, 
within a seasonal upwelling system influenced by rivers, 
anchoveta, and common sardine share the same repro-
ductive and feeding habitat (33°–41°S). Here, the con-
tinental shelf widens, and the distribution of SPF 
extends up to 20 nm offshore, with spawning grounds 
located in gulfs and bays. The common sardine spawns 
during the southern winter, while anchoveta has a lon-
ger spawning season from late winter to spring (Cubillos 
et  al. 2001). Recruitment of anchoveta and common 
sardine occurs during the summer/autumn, with spatial 
distribution linked to ENSO-scale circulation dynamics 
(Vásquez et  al. 2016; Aedo et  al. 2020).

The Chilean sprat is distributed between northern 
Patagonia in Chile and southern Argentina through 
the ecosystem of channels and fjords. In northern 
Patagonia, it inhabits an estuarine system where the 
spawning grounds are located. There is little evidence 
of the recruitment of this species, although acoustic 
surveys have detected it in the same spawning loca-
tions (Galleguillos et  al. 2012). In this region, sprat 
cohabits with anchoveta and common sardine, sup-
porting a mixed fishery where 65% of the catches 
consists of sprat (Aranis et  al. 2006).

The anchoveta fishery has been intensively moni-
tored since the 1960s, not only at landing points but 
also aboard the fleet during synoptic surveys called 
Eureka (Gutiérrez et  al. 2000). The two stocks in Peru 
have been assessed annually during multidisciplinary 
surveys since 1983 (Figure 8), including acoustic 
assessments of both adult and juvenile segments 
(Gutiérrez et  al. 2012).

In Chile and Peru, all the SPF stocks now benefit 
from spatial data on adult and juvenile presence or 
biomass from scientific surveys (Figure 4). These data 
are typically collected annually, with some stocks 
undergoing assessments twice a year, such as ancho-
veta in Chile and Peru, and common sardine in 
central-southern Chile. The primary source of these 
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data has been regular acoustic surveys (Figure 8). For 
the northern Chilean anchoveta stock (second stock, 
shared with Peru), scientists have applied the DEPM 
since the early 1990s to estimate spawning biomass, 
furnishing spatial insights into the spawning structure. 
This method has been similarly applied to anchoveta 
(fourth stock) and common sardine since the early 
2000s in central-southern Chile and, more recently, 
from 2015, in the central Chile anchoveta stock 
(third stock).

On the Patagonian shelf, regular acoustic surveys 
have been conducted since the mid-2000s to estimate 
the biomass of adults and recruits for Patagonian 
sprat, anchoveta, and the common sardine inhabiting 
the inland sea of northern Patagonia. Most data orig-
inate from surveys extending over a few weeks, ren-
dering spatial variability in presence/biomass for 
certain processes, such as spawning aggregations, 
while understanding of space occupancy during other 
months remains limited.

Spawning spatial variability
During the first decades of the fishery, experiments 
in Peru and northern Chile studied possible seasonal 
migration of anchoveta. Tagging and analysis of recap-
tured individuals failed to reveal discernible patterns. 
Eggs, larvae, post-larvae, juveniles, and adults are 
observed throughout the region without timed latitu-
dinal or longitudinal gradients. In central-southern 
Chile, no mark-and-recapture experiments have been 
carried out to study reproductive migrations of SPF. 
Nevertheless, from seasonal multidisciplinary surveys 
including acoustic detection of recruits and adults 
(Figures 4 and 8), general patterns of reproductive 
migrations for anchoveta and common sardine have 
been established. On the Patagonian shelf, spatial 
information is notably limited, and migratory patterns 
remain largely uncharted.

Monitoring of spawning areas and their variability 
dates to the establishment of the Sea Research Institute 
(IMARPE) in Peru and the Institute of Promotion of 
Fisheries (IFOP) in Chile in 1963, and long time 
series of up to 60 years were available (Figures 6 and 
8, Table S2 from the Supplemental Online Material). 
In both countries, anchoveta has been observed as a 
partial spawner throughout the year, with two distinct 
peaks in winter and summer (Perea et  al. 2011).

In northern Chile, since 1992, the DEPM has been 
conducted once a year during peak reproductive activ-
ity. Planktonic cruises with high spatial resolution 
have delineated and quantified the spawning area and 
its interannual variability. During periods of high 

population abundance, anchoveta expands its spawn-
ing area southward and offshore, coinciding with 
periods of larger female predominance (Moreno and 
Claramunt 2022). Spatial variations in spawning stock 
distribution have also been linked to ENSO dynamics 
influencing the habitat of northern Chile 
(Hernández-Santoroet al. 2019). In central-southern 
Chile, similar scientific surveys have been ongoing 
since 2002 to evaluate anchoveta and common sardine 
spawning (Figures 6 and 8, Table S2 from the 
Supplemental Online Material). Both species show 
overlapping distributions, with egg densities mainly 
associated to shallow and coastal zones, emphasizing 
the significance of coastal topography and bottom 
depth for their spawning (Castillo-Jordán et  al. 2007). 
On the Patagonian shelf, where anchoveta, common 
sardine, and Patagonian sprat coexist, specific projects 
using short-term series have identified their spawning 
areas (e.g., Castro et  al. 2015). These SPF species have 
low spatial segregation of spawning grounds, associ-
ated with coastal margins of inland seas near river 
mouths characterizing this estuarine region.

Recruitment processes and spatial variability
Brochier et al. (2008) used a coupled physical-biological 
spatially explicit IBM to investigate factors influencing 
egg and larval survival rates of anchoveta in the 
northern Humboldt upwelling region off Peru (Figure 
S15 from the Online Supplemental Material). The 
study examined spatial and temporal variability in 
release locations of retained virtual particles, compar-
ing findings to observed egg concentration patterns 
reconstructed from a 40-year monitoring period. 
Results indicated maximal coastal retention near the 
surface in winter and in deeper layers in summer. 
Egg buoyancy and larval vertical behavior significantly 
impacted coastal retention. The model suggested an 
optimal temporal spawning pattern with two peaks, 
in austral winter and summer, with higher retention 
observed from 10° S to 20° S.

Similar approaches have been applied to anchoveta 
in central-southern Chile Parada et  al. 2012; 
Soto-Mendoza et  al. 2012). These studies coupled a 
climatological ROMS with an IBM, showing that 
northward circulation forced by seasonal winds pro-
motes transport of anchoveta eggs and larvae, facili-
tating recurrent nursery grounds between 35° and 
37°S. Vásquez et  al. (2016) expanded this approach 
by incorporating interannual variability in atmospheric 
forcing and freshwater input from rivers, in addition 
to time- and space-varying biological parameters, 
highlighting considerable interannual variability in 
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coastal circulation influenced by ENSO dynamics, 
resulting in higher levels of coastal retention during 
positive ENSO phases. On the Patagonian shelf, cli-
matological modeling suggested high levels of reten-
tion of SPF eggs and larvae associated with estuarine 
dynamics of the inland sea of northern Patagonia 
(Castro et  al. 2015). Coupled modeling with interan-
nual variability was developed for anchoveta from 
northern Chile (Vásquez et  al. 2016), demonstrating 
that the transport routes of eggs and larvae primarily 
follow a northwest direction with high interaction 
with the stock distributed in southern Peru, varying 
interannually in response to ENSO dynamics.

Since 1983, nursery areas for anchoveta have been 
observed along the Peruvian coast, showing a consis-
tent trend where pre-recruits are increasingly found 
closer to the coast. The primary nursery area is 
located from 6 to 8° S, a pattern stable from 1983 to 
2009. From 2010 onward, there was an increase in 
the proportion of juvenile fish (smaller than 12 cm) 
in the population. Despite interannual variations, since 
2016, the juvenile proportion has risen to 80% of the 
population in terms of number of fish and 60% in 
terms of biomass (Gutierrez et  al. 2022, in review). 
Consequently, nursery areas are now observed along 
the coast, primarily south of Callao (12°S).

In northern Chile, monitoring of anchoveta nursery 
grounds has been ongoing since the early 1990s 
through multidisciplinary scientific surveys (Figusre 
8). Anchoveta pre-recruits are found near the coast, 
with highest concentrations between 22° and 26°S. 
This pattern remained stable during the 1990s. 
Nevertheless, since 2016, there has been an increase 
in the proportion of juveniles, distributed in a more 
restricted latitudinal band, possibly due to phenotypic 
variation in response to habitat conditions, mirroring 
the trend in the shared stock of southern Peru and 
northern Chile (2023, Dec 10 email from M Gutierrez).

In central southern Chile, nursery grounds of 
anchoveta and common sardine have been docu-
mented since the early 2000s through multidisciplinary 
surveys. These nursery grounds are located further 
north than the spawning areas, centered between 35° 
and 37°S. In general, the location of nursery grounds 
has remained stable over time, although recent studies 
have shown that El Niño/La Niña events modify the 
distribution of early juveniles of both species (Aedo 
et  al. 2020). On the Patagonian shelf, records of 
Patagonian sprat nursery grounds are more recent, 
with pre-recruits distributed near spawning areas in 
response to higher retention in inland seas.

Continuous monitoring is in place along the coast 
of Peru and central and northern Chile through 

multidisciplinary surveys. In central-northern Peru, 
acoustic surveys are conducted twice a year. A ded-
icated survey to assess anchoveta spawning is con-
ducted annually, while in southern Peru/northern 
Chile, annual acoustic surveys are performed. In 
central-southern Chile, where anchoveta and 
Araucanian herring are jointly evaluated, surveys are 
conducted twice a year. In addition, permanent size 
control of fish at landing points allows detection of 
the presence and biomass of juvenile SPF.

Feeding areas and migrations
Espinoza and Bertrand (2008, 2014) analyzed historical 
data dating back to 1954 to gain insights into the onto-
genetic and spatiotemporal variability in the diet of 
anchoveta. They found that, whatever the period, 
anchoveta foraged mainly on macrozooplankton, with 
the significance of euphausiids in its diet directly 
related to their abundance. This bottom-up effect was 
also observed at smaller scales, as the proportion of 
euphausiids in the diet increased with anchoveta total 
length and euphausiids accessibility. By selecting larger 
prey like euphausiids, anchoveta gains an energetic 
advantage in an ecosystem where oxygen depletion 
imposes strong metabolic constraints on pelagic fishes. 
The authors concluded that the plasticity of anchoveta 
allows it to cope with the highly variable environment 
it encounters.

No clear pattern of feeding migrations is evident 
in anchoveta. Extensive process cruises conducted 
from 1967 to 1970, and from 2002 to 2010 as part 
of surveys on behavioral ecology, failed to detect sea-
sonal migrations (Figure 4). Tagging and recapturing 
fish were equally unsuccessful in identifying migration 
among the three anchoveta stocks along the Chilean 
and Peruvian coasts.

Rather than dedicated seasonal migrations, ancho-
veta exhibits changes in coastal distribution, expand-
ing further offshore during cold conditions and 
contracting during warmer conditions such as El Niño 
events. Forced migrations may occur during strong 
El Niño events, resulting in decreased biomass, as 
demonstrated by Gutierrez et  al. (2012). Bertrand 
et  al. (2004) hypothesized that during the strong El 
Niño event of 1997–1998, anchoveta sought refuge in 
coastal areas out of reach of fishing and research 
vessels. Anchoveta biomass decreased from 9 MT in 
April 1997 to 1.2 MT in September 1998, later rebuild-
ing to 2.8 MT in December 1998 and 5.2 MT in March 
1999. Subsequent acoustics surveys (four per year 
since 1998–2002) monitored latitudinal variations to 
explain the biomass decrease, but no gradient was 



REVIEWS IN FISHERIES SCIENCE & AqUACULTURE 37

observed, supporting the loophole hypothesis pro-
posed by Bertrand et  al. (2004).

As previously discussed, anchoveta in the Humboldt 
Current lack defined migration patterns, with migra-
tion events primarily associated with warm El Niño 
conditions. Anchoveta, a partial spawner, releases 
12–14 egg batches annually, peaking in summer and 
winter, with each female producing 12,000–15,000 
eggs per batch (Perea et  al. 2011). In the southern 
Humboldt region, no SPF mark-and-recapture studies 
have examined active migrations. Nevertheless, draw-
ing from multidisciplinary surveys and biological-fishery 
data, Cubillos et  al. (2007) proposed a conceptual 
model for anchoveta’s spatial dynamics, applicable to 
common sardine.

During summer-autumn (January-March), recruit-
ment occurs with an average size of 6–7 cm, primarily 
north of the Gulf of Arauco. Adults (>11 cm, over 
one-year old) tend to concentrate south of 38°20′S 
(from Isla Mocha to Corral) and secondarily in the 
north (Carranza, Itata river mouth). In autumn-winter 
(April–August), juveniles from the previous year’s 
spawning develop into pre-adults, and adults over 
one-year old actively migrate to form pre-reproductive 
aggregations. Surviving juveniles in protected coastal 
areas achieve sexual maturity at one year, completing 
their life cycle by spawning for the first time near their 
nursery grounds, particularly between Constitución and 
the Gulf of Arauco. Subsequently, individuals that have 
spawned for the first time disperse north and south. 
In the southern sector, the largest individuals may 
eventually migrate northward toward the coast to 
reproduce in spawning areas during the spawning sea-
son, exhibiting natal homing behavior.

Key messages

• While evidence indicates that ENSO dynamics 
affect the spatial distribution of SPF (e.g., 
Gutierrez et  al. 2012; Moron et  al. 2019; Aedo 
et  al. 2020; Armas et  al. 2024), the mecha-
nisms, particularly during early, hard-to-mon-
itor stages, are not well understood. 
Uncertainties are heightened by the diversity 
of El Niño events (coastal vs. canonical), their 
triggers, and their impacts on SPF spatial 
dynamics. Comprehensive regional surveys are 
recommended to investigate SPF population 
responses to ENSO variability, focusing on 
transboundary and widely distributed species 
like anchoveta and sardine in this LME.

• In the northern Humboldt region, anchoveta 
size decreases with scarce zooplankton (e.g., 
euphausiids and copepods), yet the specific 
effects of prey fluctuations on anchoveta size 
and health remain unclear, necessitating 
detailed research. Despite stable abundance 
over 25 years, an increase in juveniles suggests 
possible phenotypic responses to habitat 
changes, such as earlier spawning due to lim-
ited food availability and reduced fat content, 
that require further study. Anchoveta biomass 
appears to depend on successful recruitment 
conditions rather than spawning alone, possibly 
influenced by unmonitored migration of larger 
adults (e.g., Gulf of Guayaquil, IPIAP 2023). 
This monitoring gap underscores the need of 
implementing migration tracking programs and 
studying recruitment factors to enhance species 
management and conservation.

• Although surveys and monitoring have provided 
insights into SPF spatial dynamics in the 
Humboldt system, the underlying mechanisms 
remain inadequately understood. Environmental 
changes, including climate change, pose signif-
icant concerns due to the species’ diverse hab-
itats: equatorial upwelling systems, river- 
influenced seasonal upwelling, and Patagonian 
estuaries. In regions, such as central-southern 
Chile and the Patagonian shelf, coexisting SPF 
populations share habitats and support mixed 
fisheries but exhibit varying responses to envi-
ronmental fluctuations, necessitating further 
research into species-specific responses.

• The hypothesized spatial life cycles patterns for 
anchoveta and common sardine in southern 
Humboldt stocks, based on spawning areas, 
adult distribution, and larval transport, require 
further study. Research should focus on vari-
ations in spawning, nursery, and feeding areas 
relative to population size and environmental 
conditions, considering the diverse coastal eco-
systems they inhabit, such as seasonal upwell-
ing systems, freshwater-influenced regions, and 
upwelling bays.

• In the southern Humboldt region, data on 
annual spatial diet variation and spatial infor-
mation on seasonal or interannual changes in 
feeding areas are lacking for most stocks. 
Similarly, there is insufficient information on 
seasonal movement patterns, such as spawning 
migrations.
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South Brazil Shelf

Overview of spatial data and variability
Two main exploited SPF species are found in the 
South Brazil Shelf LME: the Brazilian sardine (S. 
brasiliensis) and the Argentine anchovy (Engraulis 
anchoita). These species are managed independently 
as two stocks (Figure 2, Figure S17 and Table S1 from 
the Online Supplemental Material). The Brazilian sar-
dine is a strategic resource locally, accounting for up 
to 13% of Brazil’s total fish catches. It is the main 
target for the Brazilian purse seine fisheries and is 
promptly processed as canned fish by local industries, 
although its total production may not equate to the 
same level of importance as other small pelagic spe-
cies (online supplemental material). The Argentine 
anchovy is economically important only to the 
Argentine and Uruguayan fishery fleets and is con-
sidered to be in “healthy” state (Carvalho and Castello 
2013; CTMFM 2022).

Adults of the Brazilian sardine are found between 
10 m and 50 m depth, often associated with thermal 
fronts created by subsurface intrusions of the South 
Atlantic Central Water (SACW), mostly during the 
austral summer. Reproduction occurs between October 
and March, with multiple spawning events during the 
reproductive season. Juveniles remain close to the 
coast and inside bays and estuaries.

Due to its restricted distribution within the 
Southeastern Brazilian Bight (SBB), the Brazilian sar-
dine population is considered as a single stock unit, 
even though different aggregation areas can be inferred 
from acoustic surveys (Johanneson 1975; Rijavec and 
Amaral 1977) and fisheries data (Moraes, Gherardi, 
et  al. 2012). Geographic differences in biochemistry, 
growth patterns, size-class distribution, and spawning 
behavior for the Brazilian sardine led some authors 
to hypothesize the existence of northern and southern 
population sub-units (Vazzoler and Ngan, 1976; 
Vazzoler et al. 1987; Saccardo et al. 1988). Nonetheless, 
Matsuura (1998) highlighted that truncated size struc-
tures could result from space-time shifts in spawning 
events during extended spawning seasons, rather than 
distinct population units with independent life 
histories.

The Argentine anchovy is broadly distributed from 
the Gulf of San Jorge (Argentina, 48°S) to Cape São 
Tomé (Brazil, 20°S) (Bakun and Parrish 1991) and 
spawns year-round with a peak in the SBB during 
late spring and early summer (Matsuura et  al. 1992). 
Within this wide geographic distribution, three stocks 
with biological differences have been identified, of 
which only one belongs to this LME: the Patagonic 

(48°−41°S; Argentina), the Bonaerense (41°−28°S; 
northern Argentina, Uruguay, and southern Brazil) 
and the SBB stock (Carvalho and Castello 2013; 
Favero, Katsuragawa, Oliveira, et  al. 2017; Favero, 
Katsuragawa, Oliveira, et  al. 2017). While the 
Bonaerense stock exhibits older individuals up to age 
4, the SBB stock predominantly consists of 1-year-old 
individuals (Carvalho and Castello 2013).

Data on the acoustic spatial distribution of adult 
S. brasiliensis were found to be scarce and irregular 
over time, limited to two survey reports from the 
1970s (Johanneson 1975; Rijavec and Amaral 1977) 
and later surveys conducted after the 1990s (ECOSAR 
cruises), with data available mostly as grey literature 
(Castello et  al. 1991; IBAMA 1995; IBAMA 2011) 
(Figures 6 and 8, Table S1 from the Online 
Supplemental Material). A more consistent spatiotem-
poral dataset was provided by compiling logbook data 
acquired between 2000 and 2006, covering more than 
80% of the SBB (Moraes 2012) (Figures 4 and 6, 
Figure S17 from the Online Supplemental Material). 
This allowed the identification of recurrent spatial 
patterns and interannual variability in fisheries aggre-
gations, even though the underlying oceanographic 
(e.g., local enrichment and feeding areas) and biolog-
ical (social interactions and schooling behavior) driv-
ers remain subjects for further investigation.

Scientific survey data were scarce for S. brasiliensis 
and have been often acquired as ancillary data on 
recent acoustic surveys (Figures 6 and 8; ECOSAR 
cruises) (Castello et  al. 1991; IBAMA 1995; IBAMA 
2011). Adult biomass estimates using Virtual 
Population Analysis (VPA) was provided by Cergole 
et  al. (2002), spanning from 1977 to 1997, but no 
explicit information on spatial distribution is provided. 
Knowledge about the spatial variability of Argentine 
anchovy is limited to the SBB stock, and a compre-
hensive assessment of the whole South Brazil Shelf 
LME is still lacking (see Figures 4 and 6, Table S2 
from the Online Supplemental Material).

Spawning spatial variability
It is not yet known whether Brazilian sardines per-
form spawning migrations within the South Brazil 
Shelf LME. Results from spawning probability maps 
based on ichthyoplankton surveys (Figure 8 and 
Figure S17) suggest that the reproductive strategy is 
based on the selection of the nearest suitable spawning 
areas (Gigliotti et  al. 2010; Dias et  al. 2014). This is 
reinforced by a lower probability of occurrence of 
spawning events at the northernmost sector of the 
SBB (Figure S1 from the Online Supplemental 
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Material), influenced by seasonal coastal upwelling 
where optimal conditions for larval development (i.e., 
vertical stability; warmer temperatures) are less 
frequent.

There were no available spatial data on spawning 
migrations of Argentine anchovy in the South Brazil 
Shelf (Figures 4 and 6, Table S2 from the Online 
Supplemental Material). Acoustic surveys supple-
mented by midwater trawling from five cruises 
(August 1980, October/November 1982, October 1987, 
September 1988, and January 1990) showed that 
during the austral winter, adults of Argentine anchovy 
migrate from Uruguayan and Argentinean waters off 
the Plata River (35 − 34°S) to Brazilian waters (34–
29°S) where favorable spawning and feeding condi-
tions seem to prevail, returning southward in late 
spring (Lima and Castello 1995, data not available). 
Eggs sampled during the winter in the northern sector 
of the SBB are larger than those sampled in summer, 
possibly because larger adults coming from the south 
are spawning (Favero, Favero, Katsuragawa, Oliveira, 
et  al. 2017; Favero, Katsuragawa, Oliveira, et  al. 2017).

Information on the spatiotemporal variability of 
spawning and nursery grounds for Brazilian sardine 
was first presented by Gigliotti et  al. (2010), based 
on geostatistical modeling of egg and larvae data 
acquired in ichthyoplankton surveys between 1976 
and 1993 (Figure S18, Table S2 from the Online 
Supplemental Material). The spatial arrangement of 
spawning habitats determined from geostatistical and 
individual-based modeling (Gigliotti et  al. 2010; Dias 
et  al. 2014) (Figure 8, Figure S17 and Table S2 from 
the Online Supplemental Material) indicated the pres-
ence of six spawning areas. Eggs released from these 
spawning habitats induced the concentration of larvae 
along the mid to southwestern portion of the South 
Brazil Shelf, being mostly coastal (<50 m depth) and 
patchy. Spawning areas with high egg and larvae con-
centrations were connected by areas with lower con-
centrations and tend to experience periods of 
expansion and contraction (Gigliotti et  al. 2010).

There was only one dataset on spawning variability 
of the E. anchoita in this LME, based on eggs and 
larval surveys (Figures 6 and 8) spanning 19 years but 
with many missing years (Figure S17 and Table S2 
from the Online Supplemental Material). Eggs and 
larvae were sampled throughout the SBB, but no con-
sistent or recurrent spawning areas were identified. A 
large patch around 27°S with high probability of egg 
presence (>0.6) was classified as occasional spawning 
area in the southern portion of the SBB. Other occa-
sional spawning areas were identified in the central 
portion of the SBB, off Santos Bay and north of São 

Sebastião Island (Favero, Favero, Katsuragawa, Oliveira, 
et  al. 2017; Favero, Katsuragawa, Oliveira, et  al. 2017). 
Egg abundance sharply decreased toward deeper sites 
and farther from the coast. Spawning sites exhibited 
local depths between 12 and 115 m, with a preference 
range from 26 to 70 m. Areas with depths greater than 
115 m and more than 55 km from the coast were 
mostly avoided (Favero, Favero, Katsuragawa, Oliveira, 
et  al. 2017; Favero, Katsuragawa, Oliveira, et  al. 2017).

Recruitment processes and spatial variability
Using the same ichthyoplankton surveys carried out 
between 1976 and 1993 (Figure S17 from the Online 
Supplemental Material), Moraes, Paes, et  al. (2012) 
showed that Brazilian sardine nursery grounds were 
spatially structured at scales ranging from 50 km to 
400 km. Shorter spatial scales are also likely but could 
not be assessed due to the coarse (> 37 km) sampling 
resolution of the cruises. Results highlighted a spatial 
persistence of the main spawning grounds, even 
though expansions and contractions may occur inter-
annually (Gigliotti et  al. 2010). Argentine anchovy 
eggs were more aggregated than larvae, and the fre-
quency of occurrence of larvae was higher (e.g., from 
1974 to 2010), even in sites distant from where eggs 
were sampled (Favero et  al. 2018). Nonetheless, spatial 
data on nursery areas for Argentine anchovy were 
scarce, as the long time series presented large gaps 
between 6 and 10 years (Figures 4 and 6, Figure S17 
from the online Supplemental Material). No data were 
available for juveniles (Figures 4 and 6, Table S2 from 
the Online Supplemental Material).

Feeding areas and migrations
There were no data on the spatial structure of feeding 
habits and diet for Brazilian sardine, and available 
studies were limited and local, covering both larval 
and adult stages and seasonal differences in diet 
(Goitein 1978; Kurtz 1999; Schneider and Schwingel 
1999). For Argentine anchovy, there were no feeding 
data in this LME (Figures 4 and 6, Table S2 from the 
Online Supplemental Material).

Argentine anchovy may show some cross-shelf 
movement during winter, but knowledge on overwin-
tering migrations in the area is still lacking. Feeding 
and overwintering migrations of the Brazilian sardine 
can be hypothesized from recurrent temporal shifts 
in fishing aggregations. For example, probability maps 
for sardine catches generated from logbook data 
acquired between 2000 and 2006, covering more than 
80% of the SBB, showed five consecutive periods: 
post-spawning (March–April),  pre-wintering 
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(May–June), wintering (July–August), post-wintering 
(September–October) and pre-spawning (November) 
(Moraes 2012). Spatiotemporal patterns of the Brazilian 
sardine fishing operations seem to be well adjusted 
to the onset of the spawning activity and the main 
enrichment mechanisms of the SBB. Increased activity 
in northern fishing areas during austral spring and 
summer coincides with the intensification of the 
SACW intrusions from the outer shelf. Wintering 
concentration of fisheries in the southernmost areas 
coincides with a northward influx of cold surface 
waters from the Brazilian Coastal Current. Both pro-
cesses generate thermocline fronts, vertical stability, 
and potential feeding grounds (Castro and Miranda 
1998; Muelbert et  al. 2008).

Key messages

• The Brazilian sardine is a geographically con-
fined stock that demands high spatial resolu-
tion (< 30 km) and continuous shallow-water 
(< 70 m) surveys of larvae and adult abun-
dances to allow a more accurate determination 
of its spatial structure.

• Coastal currents and upwelling dynamics can 
affect the spatial structuring of the Brazilian 
sardine stock, influencing all developmental 
stages, their dietary components, and potential 
predators. Their role needs to be assessed to 
support stock management strategies.

• Modeling the effects of fisheries on the pelagic 
ecosystem with end-to-end or mass-balance 
systems would help to test alternative manage-
ment policies in the absence of data.

• The Argentine anchovy is not a commercially 
important resource in the South Brazil Shelf 
LME and is not a priority for investment in 
stock assessment.

Kuroshio and Oyashio LME and their transition 
region

Overview of spatial data and variability
The main target SPF species in the Kuroshio–Oyashio 
area are the Japanese anchovy Engraulis japonicus, 
Japanese sardine S. melanostictus, and Pacific round 
herring Etrumeus micropus. The first two species are 
the most abundant and commercially important 
pelagic fish in the western North Pacific. Both 
Japanese anchovy and sardine are distributed from 
the subtropical Kuroshio to the subarctic Oyashio 
areas along the Pacific coastal waters off Japan, 

leading to the management of these two species as 
the Pacific stock in Japan (Figure 2, Figure S18 and 
Table S1 from the Online Supplemental Material). For 
anchovy, there is another subpopulation in the 
Kuroshio area, known as the Seto Inland Sea stock. 
The fisheries catch in the Seto Inland Sea stock is 
comparable with that in the Pacific stock and the 
third, Tsushima Warm Current (TWC) stock. The 
distribution range of round herring is limited to  
the Kuroshio area, resulting in the SPF in the Kuroshio 
area comprising three species with four stocks, whereas 
in the Kuroshio–Oyashio and the Oyashio area there 
are two species (Japanese anchovy and sardine) and 
two stocks.

All mentioned stocks undergo assessment based on 
fishery-dependent data, including catch, effort and 
age-specific catches. Catch variability for Japanese sar-
dine is larger in the Pacific coastal waters off northern 
Japan than in central and southern regions. Fishing 
areas for Japanese anchovy and round herring pre-
dominantly lie in the central and southern Pacific 
coastal waters and southern waters, respectively. 
Fishery-independent surveys include a coastal-wide 
monthly survey of eggs and larvae using plankton 
nets, conducted by prefectural fishery stations and 
Japan’s fisheries research institute (Takasuka et  al. 
2008; Niino et  al. 2021). To gauge recruitment abun-
dance, particularly for Japanese sardine, midwater 
trawls, and acoustic surveys are performed in the 
Kuroshio–Oyashio transition area in late spring and 
the subarctic Oyashio region in late summer.

Spawning spatial variability
Information on spawning areas and seasons has been 
mainly based on egg and larval surveys and spatio-
temporal changes in maturation index of fisheries 
catch of SPF fish off the Pacific coast of Japan, pro-
viding long time from the late 1970s (Figures 4, 6, 
and 8, Table S2 from the Online Supplemental 
Material). Spawning of Japanese sardine occurs mainly 
in the Pacific coastal waters off southern Japan along 
the Kuroshio Current from January to May. The 
spawning grounds expand toward offshore waters 
south of the Kuroshio Current as the population 
increases (Watanabe et  al. 1995; Watanabe et  al. 1996; 
Takasuka et  al. 2008). Japanese anchovy spawns 
year-round, except in winter, in areas overlapping with 
those of Japanese sardine (Takasuka et  al. 2008). In 
the Kuroshio–Oyashio transition and Oyashio regions, 
the spawning season for Japanese anchovy is shorter 
than that in the Kuroshio region and the Seto Inland 
Sea region (Suhara et  al. 2013). The spawning 
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occurrence of Japanese anchovy in the Pacific coastal 
waters off northern Japan is regulated by water tem-
perature and day length, as observed in egg and larval 
surveys during the 1980s–2010s (Hayashi et  al. 2019). 
Round herring spawns in the Pacific coastal waters 
off southwestern Japan throughout the year excluding 
in summer, and the egg abundance has increased with 
the rise in stock biomass (Nyuji et  al. 2022).

Recruitment processes and spatial variability
Larval transport information for Japanese anchovy 
and sardine has been investigated using particle track-
ing models based on datasets of egg distribution and 
horizontal water velocity and direction (Figures 4, 6, 
and 8, Table S2 from the Online Supplemental 
Material). Studies were conducted during 1978–1988 
(Kasai et  al. 1997), in 1993 and 1994 (Heath et  al. 
1998), and during 1978–2004 (Itoh et  al. 2009). The 
results indicated that more than half of the particles 
released in the anchovy spawning area were trans-
ported eastward by the Kuroshio Current, moving 
from the Kuroshio region to the Kuroshio–Oyashio 
transition region (Itoh et  al. 2009).

Two different nursery areas have been postulated 
for Japanese anchovy and sardine in the Pacific stocks 
based on spawning area and larval transport data 
(Figures 4, 6, and 8, Table S2 from the Online 
Supplemental Material). One is the shore region cor-
responding with the shirasu (“larva” in Japanese) fish-
ing area, in the Pacific coastal waters off southern 
Japan. The other is the offshore waters along the 
Kuroshio, the Kuroshio Extension, and the Kuroshio–
Oyashio transition regions. The nursery area varies 
with the population size of Japanese anchovy and 
sardine in both the coastal waters (Nakata et  al. 2000) 
and the offshore Kuroshio–Oyashio transition region 
(Takahashi et  al. 2009).

Recruitment abundance of SPF in the Kuroshio–
Oyashio transition region has been assessed since the 
mid-1990s using midwater trawl surveys (Figures 6 
and 8). Data sets were accessible for Japanese anchovy 
and sardine (Takahashi et  al. 2001; Takahashi et  al. 
2008; Takahashi et  al. 2009; Furuichi et  al. 2020; Niino 
et  al. 2021). Sardine juvenile abundance in these sur-
veys has been used as an indicator of the recruitment 
abundance in the Pacific stock.

Feeding areas and migrations
While comprehensive information on feeding areas 
was limited for all SPF, the feeding migration of 
young-of-the-year sardine has been researched using 
a Two-Dimensional individual-based fish movement 

model coupled with fish bioenergetics (Figure 8; 
Okunishi et  al. 2009; Okunishi et  al. 2012). Recently, 
combining thermal trajectories indicated by otolith 
oxygen isotope ratios with numerical simulations has 
revealed migration routes for young-of-the-year sar-
dine feeding through the Kuroshio Extension, the 
Kuroshio–Oyashio transition, and the Oyashio regions 
(Sakamoto et  al. 2019).

Historically, spawning migration has been studied 
based on seasonal changes in size-specific distribution 
in fishery catches for Japanese anchovy (Kondo 1969) 
and sardine (Kondo 1988). These studies identified a 
large-scale southward migration along the Pacific 
coastal waters off northern Japan from winter to 
spring in the mid-1960s for anchovy and in the late 
1980s for sardine. Additionally, a small-scale migration 
for sardine spawning has been observed through 
acoustic surveys around the major spawning grounds 
off southern Japan in winter (Aoki and Inagaki 1993).

Key messages

• While there was some information on the feed-
ing migration of young-of-the-year sardine, 
comprehensive data on feeding areas and 
migration patterns for all SPF in these regions 
was limited. Enhanced research using modern 
techniques like individual-based movement 
models and otolith oxygen isotope ratio anal-
ysis (e.g., Sakamoto et  al. 2019) is needed to 
better understand these aspects.

• The spawning season and area of Japanese sar-
dine and anchovy in these regions is known, 
but details on the variability of these events in 
relation to environmental factors like water 
temperature and day length, need further 
exploration.

• Despite some studies on larval transport and 
recruitment abundance, there is a need for 
more robust and continuous data collection in 
the offshore nursery and feeding grounds, espe-
cially in the Kuroshio–Oyashio transition 
region.

East China Sea and Sea of Japan

Overview of spatial data and variability
As on the Pacific side, the main targeted SPF in the 
East China Sea, Yellow Sea, and Sea of Japan area are 
Japanese anchovy E. japonicus, Japanese sardine S. 
melanostictus and round herring E. micropus. Both 
anchovy and sardine are distributed along the TWC, 
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encompassing the region from the East China Sea to 
the Sea of Japan, leading to their management as the 
TWC stocks in Japan (Figures 2 and 3, Figure S19 
and Table S1 from the Online Supplemental Material). 
Round herring is limited to the East China Sea and 
the southwestern Sea of Japan and is also managed 
as the TWC stock. Thus, there are three SPF species 
and three stocks along the TWC in this region.

All stocks are regularly assessed using both 
fishery-dependent and independent data. Catch vari-
ability of Japanese sardine is higher in central Japan’s 
coastal waters compared to western Japan, while 
Japanese anchovy and round herring show greater 
variability in western than in central Japan in the Sea 
of Japan. Fishery-independent surveys, including egg 
and larvae studies, also extend to the East China Sea 
and Sea of Japan. However, midwater trawl and acous-
tic surveys in these areas face spatial limitations and 
have a shorter history than those on the Pacific side 
(Figures 6 and 8), leading to knowledge gaps in 
recruitment and spawning migration processes, espe-
cially for the TWC stocks of Japanese sardine.

Spawning spatial variability
Knowledge on spatial variability in spawning in 
the East China Sea and Sea of Japan has back-
ground studies based on eggs and larval surveys 
and spatiotemporal changes in maturation indices 
of fisheries catches in the Pacific side (Figures 4, 
6, and 8, Table S2 from the Online Supplemental 
Material). Japanese sardine spawning occurs mainly 
in the Japanese coastal waters of the Sea of Japan 
along the TWC from February to May. The main 
spawning ground shifted to the southwestern Sea 
of Japan, corresponding with the upstream waters 
of the TWC, during the population increase in the 
late 1970s and early 1980s (Goto 1998; Kim et  al. 
2006; Furuichi et  al. 2020). The distribution range 
of Japanese sardine expands into an entire area of 
the Sea of Japan with population increase (Muko 
et  al. 2018). Spawning of Japanese anchovy was 
reported in the southern waters off the Korean 
Peninsula during 1993–1994 based on ichthyo-
plankton surveys (Kim and Lo 2001). Mature 
females of Japanese anchovy appear from spring to 
fall in the Japanese coastal waters of the East China 
Sea and Sea of Japan (Shimura et  al. 2008; Suhara 
et  al. 2013). Round herring spawns along the TWC 
in the East China Sea and the Sea of Japan from 
winter to spring, with the spawning area positively 
correlated with spawning stock biomass during 
1997–2013 (Suzuki et  al. 2018).

Recruitment processes and spatial variability
The spatial scale for estimating larval transport in the 
East China Sea and the Sea of Japan was smaller than 
that in the Pacific side (Figures 6 and 8). Takeshige 
et  al. (2015) demonstrated that the larval transport 
of Japanese anchovy in the northern East China Sea 
is associated with long-term changes in intensity of 
the onshore-offshore current toward the western 
Kyushu during the 1960s–2000s, based on a particle 
tracking model. Recent developments in analyzing 
otolith oxygen and carbon isotope ratios have allowed 
addressing the transportation routes for larvae of 
Japanese anchovy and sardine in the Toyama Bay in 
the central Sea of Japan (Nishida et  al. 2020).

Four retention areas for larval anchovy were iden-
tified using a particle tracking model, with variable 
instantaneous retention rates from spring to summer 
in Chinese coastal waters in the Yellow Sea (Xing 
et  al. 2020). Considering wintering areas as nursery 
areas, the location of wintering areas for Japanese 
anchovy shows a meridional shift based on the expan-
sion of a cold-water mass indicated by the 10 °C iso-
therm seasonally from November to March in the 
Yellow Sea and East China Sea (Iversen et  al. 1993) 
and interannual variations in the latitude of the center 
of biomass during 2000–2015 in the Yellow Sea (Niu 
and Wang 2017). There are no reports of distinct 
nursery areas between coastal and offshore waters in 
the Sea of Japan, as opposed to the Pacific area, 
mainly due to limited survey areas in each of the 
surrounding countries.

The distribution of young-of-the-year Japanese sar-
dine has been reported in the western waters off 
Kyushu, Japan, in 1992 and 1993 during a population 
collapse (Ohshimo et  al. 1997). Trawl and acoustic 
surveys for estimating juvenile abundance are cur-
rently in progress in the East China Sea and the Sea 
of Japan. Consequently, there are fewer published 
reports on indices of recruitment abundance compared 
to the Pacific side.

Feeding areas and migrations
Information on adult feeding areas from fishing oper-
ations is vast for the TWC Japanese sardine, but 
scarce for other stocks and life stages (Table S2 from 
the Online Supplemental Material). Young-of-the-year 
Japanese sardine are distributed in summer in the 
central Sea of Japan, where the quality and quantity 
of prey organisms were higher than in the coastal 
spawning grounds in the southwestern Sea of Japan 
(Yasuda et  al. 2021). Among larval Japanese sardine 
hatched in the coastal spawning ground in the 
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southwestern Sea of Japan in spring, individuals with 
faster growth rates are considered to migrate to the 
offshore nursery grounds in the central Sea of Japan 
in summer (Aono et  al. 2024).

Spawning migration has been assessed based on 
seasonal changes in size-specific distribution in fishery 
catches for Japanese sardine (Ito 1961). Although 
spawning area varied depending on population size 
(Goto 1998; Furuichi et  al. 2020), there was no infor-
mation on variability in the spawning migration.

Key messages

• There is information on the distribution and 
migration of Japanese anchovy and sardine, 
although its amount is limited compared to 
that of the Pacific side.

• There are few reports on the variability in the 
feeding and nursery areas and their causes for 
these LME. Further studies are needed to iden-
tify and understand the causes of changes in 
feeding habits and migration patterns of these 
species.

• Cooperative research among countries sur-
rounding the Sea of Japan is needed to reveal 
recruitment processes and spawning migrations, 
especially for Japanese anchovy and sardine. 
This will help in developing effective manage-
ment strategies for the sustainable exploitation 
and conservation of SPF species in these 
regions.

Evaluation and synthesis

This study compiled and critically compared the avail-
able time series of spatial data for nine key compo-
nents in the life cycle of SPF, for 77 stocks and 17 
species worldwide. The existence of information gaps 
was evident before start: a process-oriented multiple 
hypotheses approach may be the only way to tackle 
this persisting problem (Hare 2014), and information 
at several spatial scales and life stages may be needed 
for successful assessments and Management Strategy 
Evaluations (Punt et  al. 2016; Siple et  al. 2021). The 
gap analysis revealed important disparities in the 
availability and comprehensiveness of data across dif-
ferent regions and species of SPF. Figures 4, 6, and 
8 delineate these knowledge deficiencies at the level 
of stocks and provide a good snapshot of where more 
effort should be made. Nevertheless, knowledge on 
all spatial components is not needed for all stocks. 
For example, knowledge on the location and timing 

of overwintering migration or some other mid-scale 
(hundreds of km) adult movement are only valuable 
for metapopulations from EBUS and for relatively 
long-lived species, whereas more confined stocks may 
not display important migrations throughout the year.

Most of the information retrieved in this review 
has been presented and discussed within specific sec-
tions for each of the LME. Therefore, this section 
briefly summarizes the limitations of the study, distills 
the most important information gaps, and provides 
recommendations for better understanding 
stage-specific variability in spatial habitat use, import-
ant to life cycle closure and population dynamics.

Limitations of the study

The collection of spatial datasets was challenging. 
Despite the large effort in metadata compilation, only 
a sample of potential LME are included, and some of 
them are only partly represented (e.g., the south of 
Benguela). Furthermore, it is acknowledged that the 
information compiled is restricted to what can be 
retrieved from WoS and what is available to the 
experts involved, including assessment and cruise 
reports. Some information in different languages from 
grey literature may have been missed. Despite this 
potential misrepresentation of some spatial compo-
nents, it is believed that the general, comparative 
picture across LME is robust. Some information 
sources were deliberately excluded. For example, 
genetic information was included to describe the 
potential cohesion of a given stock (Table S1 from 
the Online Supplemental Material), but otherwise it 
was not included in the analysis, as these analyses 
seldom offer information on variability at ecological 
scales. Furthermore, data that potentially offer import-
ant information on connectivity, such as otoliths, may 
have been unintentionally omitted for some spatial 
components, as “otoliths”, was not made explicit in 
our search string. Nevertheless, data provided by 
microchemistry have been incorporated in the defi-
nition of ecological coherence of the stocks when the 
assessment of that stock incorporated such data. 
Further, mention to this and other techniques is made 
throughout the LME summaries.

Some research has been conducted on present-day 
and projected (future) spatial patterns of stage-specific 
(potential) habitat residency at scales larger than LME, 
based on multiple regional surveys (e.g., Lima, 
Garrido, et  al. 2022; Lima, Baltazar-Soares, et  al. 
2022). These have not been included in the graphs, 
as their information was captured by regional data 
compilations.
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Some data from models applied to short-time series 
may have been overlooked in this review if richer 
(longer-term) model data were available for a specific 
stock in an LME, and these short-term data may be 
important to better calibrating and validating models.

The broad classification of spatial processes aggre-
gated subpopulation processes that involve “contin-
gents”. These processes typically involve transient 
environmental constraints separating these contin-
gents, or behavioral processes (schooling, learning) 
that can strengthen or weaken the spatial coherence 
of stocks. It is assumed that the components covered 
in our review, in most cases, capture this sub-structure. 
Furthermore, this global review focused on the avail-
able information on the spatial structure of officially 
defined stocks (both targeted and untargeted) and not 
contingents. In this sense, it would be interesting to 
collect data on variability in growth and abundance, 
as spatial processes can be partly explained by 
density-dependent processes. These explanatory mech-
anisms potentially causing spatial changes were beyond 
the scope of this work.

Conclusions and recommendations

The analysis of each LME section and recommenda-
tions shows that there are common knowledge gaps 
in the spatial variability that are necessary to better 
understand life cycle closure of SPF. Some LME, how-
ever, show knowledge deficiencies that should be spe-
cifically addressed. Most of the gaps already stand out 
from Figures 3 to 8.

The following bullet points synthesize the main 
identified gaps and recommendations to improve them.

• Addressing the limitations of acoustic-based 
spatial information is recommended by extend-
ing survey durations for some stocks and 
improving accessibility to survey data. This has 
been mentioned in multiple LME, including 
Barents and Norwegian Seas, Baltic Sea, 
Mediterranean and Black Sea, and the Canary 
Current. The vast potential of acoustic data for 
developing phenomenological or mechanistic 
models of changes in spatial distribution at 
different ages remains largely underutilized. The 
scientific community is urged to move beyond 
using acoustic data solely for basic assessments 
and to focus also on describing spatial variation 
with this data. In some regions of the globe, 
useful initiatives exist compiling acoustic and 
trawl surveys (e.g., the ICES Northeastern 
Atlantic and Baltic Sea Acoustic trawl surveys 

https://acoustic.ices.dk/). The authors advocate 
for the construction of similar public databases 
in other areas, enabling scientists and govern-
ing agencies to fully exploit such information. 
It is also recommended to upload more disag-
gregated data for re-processing.

• Knowledge on some spatial components of 
stocks, including migration patterns, feeding 
grounds, or nursery areas was lacking for some 
stocks in almost all LME, partly due to the 
lack of temporal coverage of the surveys. When 
it exists, it was often based on historical infor-
mation or short-term surveys and was fre-
quently represented in the form of conceptual 
static diagrams. While extensive and frequent 
surveys may not always be feasible due to rea-
sons like the low value of these fisheries or 
decarbonization policies, exploring the conse-
quences of this lack of information on the 
reliability of assessments is suggested. 
Furthermore, work is needed to understand the 
minimum frequency, spatiotemporal coverage, 
and resolution at which surveys need to be 
conducted to capture how SPF stocks may be 
responding to environmental drivers during 
these times of rapid, climate-driven changes 
within LME.

• Managing SPF stocks coherently with their eco-
logical distribution, as revealed by population 
markers including molecular or biochemical 
tools, is advocated. In only five out of 19 LME 
examined here were all SPF stocks managed 
coherently in this way. In many cases, man-
agement units and data collected for stock 
assessment and management may be inappro-
priate for understanding spatial variability in 
habitats utilized by many SPF metapopulations. 
Efforts to harmonize of data from countries 
sharing stocks should continue, as well as 
proper identification of the seascape used by 
the stocks through a combination of approaches 
and new technologies, such as life history and 
habitat reconstruction from otoliths, spatially 
explicit full life cycle models, SDMs, and novel 
molecular tools.

• Leveraging data-rich stocks occur in archetyp-
ical systems (e.g., EBUS, boreal seas, and river 
plumes) to inform survey designs in similar 
data-poor regions is recommended, especially 
where investment to conduct surveys is limited. 
Compiling a database on time series length of 
several spatial processes, like the one in this 
work, can help choosing a reasonable dataset 

https://acoustic.ices.dk/
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for a given species to capture the expected 
variability. Such knowledge can then be incor-
porated into ecological or Management Strategy 
Evaluation models in data-poor areas (e.g., 
Punt et  al. 2016).

• Previous overarching projects, such as Global 
Ocean Ecosystem Dynamics (GLOBEC) estab-
lished national or multi-national regional pro-
grams (e.g., Peck et  al. 2012) that offer 
opportunities to make consistent cross-ecosystem 
comparisons of data needed to identify com-
monalities across different SPF stocks. We 
encourage such programs, as they can identify 
spatial and temporal data gaps and align survey 
designs to fill these gaps. Currently, the appli-
cation of new methods to extract patterns from 
vast amounts of data could bolster the identi-
fication of these data needs, and how knowl-
edge could be directly used across similar 
ecosystems. Within large areas in Europe (e.g., 
through ICES Working Groups like WGACEGG, 
WGALES), national survey datasets (acoustic 
and eggs) are now set in common to build 
maps (https://www.ices.dk/data/data-portals/
Pages/Eggs-and-larvae.aspx) of adult and egg 
distribution of some SPF species, together with 
their environmental covariates. These maps 
reveal the main spots of spawning aggregation 
in a consistent manner at the scale of the spe-
cies distribution range within Europe. 
Additional progress can still be made based on 
large-scale multinational projects using genetic 
studies and process-oriented studies (e.g., larval 
drift modeling experiments and movement 
ecology studies), especially when combined, to 
study the connectivity within and between 
LME, at different temporal scales.

• Analyzing spatial patterns with regard to age 
or size structure to distinguish the effects of 
environmental factors and fishing is recom-
mended, as both drivers usually have distinct 
impacts. Spatial distribution and abundance 
patterns can be altered by both by the envi-
ronment and by fishing. Analyzing these spatial 
patterns can indicate differential pressures. 
While spatially explicit management at high 
resolution is increasingly advocated for, typi-
cally only a few life history components are 
typically used (Siple et  al. 2021), which limits 
opportunities to improve short-term forecasts. 
To address this, stock-specific research needs 
have been identified and will need to be cov-
ered in the coming years.
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