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Abstract Small Pelagic Fish (SPF) exhibit large 
fluctuations in abundance and distribution in response 
to environmental variability. To maintain the resil-
ience of fishing communities and develop effective 
and equitable climate adaptation strategies, improved 
understanding of how the fishing industry responds 
to spatio-temporal shifts within and across SPF 

populations is of critical importance. In this paper, 
we examine the responses of the fishing industry 
and resource managers to shifts in SPF availability 
worldwide and identify the resulting socioeconomic 
impacts. Leveraging SPF case studies from around the 
globe, we synthesize and compare the social-ecologi-
cal linkages and feedbacks mediating how SPF fisher-
ies respond to changes in marine ecosystem structure 
and function associated with (1) spatial shifts in spe-
cies distribution and habitat availability, (2) ‘boom Supplementary Information The online version 
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and bust’ population dynamics, or (3) changes in fish 
size and quality. Our case studies illustrate multiple 
paths towards the resilience of small pelagic fisheries 
and the fishing industry dependent upon them while 
emphasizing the need for increased coordination 
and cooperation across sectors and scales as climate 
change progresses. Drawing from the lessons offered 
by historical responses, as environmental variabil-
ity increases, efforts to increase the flexibility and 
dynamism of SPF harvest portfolios and management 
strategies, licensing regimes, and international catch 
and allocation agreements may be required to ensure 
resource sustainability and human well-being.

Keywords Climate change · Small pelagic species · 
Fisheries · Socio-ecological systems · Communities’ 
adaptive responses

Introduction

Small Pelagic Fish (SPF) are critical for global 
food security (Robinson et al. 2022a) and make up 
25% of the world’s total fish catch (Hilborn et  al. 
2022). By volume, SPF comprise some of the larg-
est and most productive fisheries worldwide, includ-
ing both large-scale, industrial fishing fleets whose 
“reduction fisheries” (i.e., when fisheries catch 
is reduced to fish meal or fish oil) fuel the global 
aquaculture industry, and small-scale fisheries that 
provide fish for direct consumption to local markets 
and households and are considered a key source of 
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affordable and essential micronutrients for low and 
middle income countries (Robinson et  al. 2022a). 
SPF biomass is highly variable across space and 
time due in part to the strong sensitivity of their 
dynamics to environmental variability (Peck et  al. 
In Review, 2021; Chavez et  al. 2003; McClatchie 
et  al. 2017). Given their critical ecological role in 
transferring energy from the planktonic food web 
to higher trophic levels, changes in SPF availability 
and abundances impacts both directed SPF fisher-
ies and other dependent predators, including com-
mercially important higher trophic level finfish and 
endangered, threatened, and protected species such 
as turtles, mammals and seabirds.

Managers of SPF fisheries must negotiate volatile 
and cyclical population dynamics linked with 
environmental variability while balancing trade-offs 
between large-scale directed catch of SPF and their 
role in (1) supporting regional marine ecosystems 
as a forage base and (2) providing direct benefits to 
coastal communities as a source of livelihoods and 
nutrition. These fisheries have traditionally been 
managed using Maximum Sustainable Yield (MSY), 
Optimal Yield (OY), and other related principles 
rooted in classical bioeconomic theory. However, as 
the rate of global environmental change accelerates, 
fisheries scholars and practitioners seeking to manage 
for both ecological sustainability and human well-
being have been compelled to consider SPF and other 
fisheries as complex and adaptive social-ecological 
systems (SES). Indeed, it is increasingly recognized 
that managing for MSY alone may constrain the 
contributions of fisheries to nutrition (Robinson 
et al. 2022b), employment (Bavinck et al. 2024), and 
human well-being (Giron-Nava et  al. 2021). Those 
applying an SES framework to fisheries (Cinner 
et  al. 2018; Mason et  al. 2022) argue that system-
level outcomes are a product of the interactions 
and feedbacks between ecological, socioeconomic, 
and governance dimensions, and that managing for 
resilience (i.e., the capacity of a system to absorb 
disturbance while retaining its core attributes and 
capacity to regenerate) may require moving beyond 
broad-scale single-species management paradigms 
(Walker et  al. 2004; Wilson 2006; Frawley et  al. 
2021).

Climate change is already affecting the ocean and 
coastal ecosystems and the services they provide 
(IPCC 2021, 2022). At the current rate of greenhouse 

gas emissions, these changes are projected to 
impact fish distribution and productivity, including 
those of SPF (Cheung et  al. 2015; Schickele et  al. 
2021; Koenigstein et  al. 2022), sometimes with 
consequences for marine predators and ecosystems 
(Hilborn et  al. 2017; Free et  al. 2021; Guibourd 
de Luzinais et  al. 2023; Liu et  al. 2025) as well as 
resource dependent fishing communities (Smith 
et  al. 2021; Payne et  al. 2021; Mason et  al. 2022) 
and households (Green et  al. 2021). Improved 
understanding of how the fishing industry––which 
includes harvesters (individuals actively involved in 
harvesting fish), processors and dealers – responds 
to spatio-temporal shifts in SPF availability is 
paramount to developing adaptation strategies 
capable of buffering against climate shocks and 
stressors.

In this paper, we explore the adaptive response 
of the SPF fishing industry and management 
structures to shifts in resource abundance and 
spatial distribution by comparing case studies of 
SPF fisheries, and the unique local and/or regional 
context with which they are associated, from around 
the globe. Specifically, we discuss case studies for 
North-West Africa, South Africa, Japan, North East 
Atlantic macro-region, the Bay of Biscay, Portuguese 
Iberian waters, Southern Tyrrhenian Sea in Italy, 
U.S. West Coast, U.S. East Coast, Gulf of Mexico, 
Mexico Northwest Coast, and Peru. We allocate case 
studies into three different groups showcasing the 
coupled socio-ecological responses to (i) shifting 
stock distributions, (ii) the boom and bust dynamics 
of SPF, and (iii) changes in fish size and quality. 
This effort was initiated at the “Evaluating Inter-
Sectoral Tradeoffs and Community-Level Response 
to Spatio-Temporal Changes in Forage Distribution 
and Abundance” workshop convened on November 7, 
2022, as part of the PICES/ICES Small Pelagic Fish 
(SPF) Symposium on “New Frontiers in SPF Science 
and Sustainable Management” held in Lisbon, 
Portugal, which brought together 29 participants from 
across the globe.

While as yet undescribed unifying patterns and 
processes may exist, it is also likely that many responses 
are context-dependent, based on differences in local 
regulations, industry structures, market institutions, 
and social norms (OECD 2011). Indeed, even within 
the same set of institutions and regulations, harvesters 
and vessels might have heterogeneous responses 
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to similar drivers depending on their individual 
preferences and technological characteristics (Zhang 
and Smith 2011; Quezada et al. 2023a). In conducting 
our comparative case study analysis, we identify the 
dynamics and operations of the main SPF fisheries 
globally, shocks that have occurred over time and their 
impacts on fishing communities, and the common 
issues and challenges faced by both industry and 
managers worldwide due to climate-driven changes. 
By learning from historical patterns of responses to 
variability, we infer potential opportunities or barriers 
to climate adaptation and identify attributes of socio-
ecological systems that can foster resilience. Though 
our case studies focus on SPF, they are relevant to 
other global fisheries resilience frameworks (Cinner 
et  al. 2018; Mason et  al. 2022) that emphasize socio-
economic and governance responses that hinge upon 
available assets, flexibility, organization, learning, and 

agency (Steins et al. 2023). The case studies illustrate 
adaptation (and barriers to it) at the scale of individual 
harvesters, nations, and international commerce and 
governance, and support the assertion that economic 
factors that explain harvesters, processors and 
dealer’ behavior––especially the ones that depend on 
external factors beside the biological characteristics 
of the species or the environment, such as market 
prices, closures, and cost––must be considered when 
anticipating climate change impacts on fisheries 
globally (Haynie and Pfeiffer 2012).

Small pelagic fisheries around the world

Average annual catches reported by FAO FishStatJ 
(FAO 2020) show that South America is the most 
prominent global region for SPF landings (Fig.  1), 

Fig. 1  Average annual catches (2010–2020) of forage fish by region and taxonomic group (Million metric tons). Each number 
within a white circle corresponds to a particular case study. The number is linked to the first column in Table 2. Data: FAO FishStatJ
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with more than six million tons on average in annual 
catches. Global catches are driven mostly by landings 
of Peruvian anchoveta (Engraulis ringens). Other 
important species in terms of catches are mackerel 
(Scomber scombrus) and herring (Clupea harengus) 
in Northern and Eastern Europe, sardinella (Sar‑
dinella aurita and Sardinella maderensis) in Northern 
and West Africa, and mackerel and scad (Scomber 
japonicus, Scomber australasicus and Trachurus 
japonicus) in Eastern and South-Eastern Asia.

To better understand the institutional and 
operational context that the SPF fishery faces in 
different parts of the world, we summarize the 
operations of each case study region in Table 1. For 
a more detailed overview of landings, biomass, and 
price trends, and other relevant descriptions of the 
fishery operation, see the Supplementary Material.

Climate‑driven impacts on SPF and responses 
of the fishing industry and managers

In this section, we present case studies in three 
different groups to showcase different drivers of the 
response of SPF fisheries to spatio-temporal changes 
in forage distribution, abundance, and size or quality. 
For each case study, we analyze the responses 
or adaptation strategies that the fishing industry 
implemented and the management challenges that 
government agencies faced under these scenarios. A 
summary of each case study presented in this section 
is presented in Table 2.

Challenges to the industry from shifting stock 
distribution

Climate change is expected to drive shifts in the 
spatial distribution of marine species (Pecl et  al. 
2017), exposing fishing communities to climate 
change risk as target species availability over fishing 
grounds is altered (Rogers et al. 2019). When changes 
in spatial distribution lead to mismatches between 
species availability and supply of quota, conflicts can 
arise. Such conflicts can be exacerbated when species 
cross management boundaries (e.g., between states or 
countries), as exemplified by the North East Atlantic 
mackerel case study.

Transboundary issues in the North East Atlantic: 
the “mackerel war”

The northwest expansion of North East Atlantic 
(NEA) mackerel (Scomber scombrus) into 
Icelandic and Greenlandic waters during the 
summer feeding season since 2007 motivated 
a conflict between the European Union, Faroe 
Islands, Greenland, Iceland, and Norway, and 
with the United Kingdom (UK) since Brexit (Gray 
2021). The conflict began in 2009 when Iceland 
and the Faroe Islands decided unilaterally to 
increase their Total Allowable Catch (TAC) quota 
share and broke the TAC allocation agreement 
between member states of the North East Atlantic 
Fisheries Commission (NEAFC) (Gray 2021). At 
the beginning of the conflict, Iceland, Greenland, 
and the Faroe Islands argued that NEA mackerel 
had changed its distribution permanently, giving 
them the right to increase their quota share, while 
the European Union and Norway argued that the 
change might not be permanent. According to 
Olafsdottir et  al. (2019), the northward movement 
of NEA mackerel was motivated by an increase in 
stock abundance and sea temperature that led to a 
northward expansion of the distribution range.

The resulting significant mismatches between stock 
distribution and historical TAC quota share could 
lead to continued future conflict as climate change 
progresses. Under the United Nations Convention 
for the Law of the Sea (Tseng and Ou 2010), Coastal 
States have the right to exploit the fish resources 
that appear in their exclusive economic zone (EEZ). 
Additionally, mackerel is the stock with the highest 
quota transfer from the EU to the UK derived from 
the EU-UK negotiations (Popescu and Scholaert 
2022). The impact of this transfer on the small 
pelagic fishing fleets will depend on the country. For 
instance, fleets from Ireland, Netherlands, Germany, 
and France (in this order) are expected to be the most 
affected (Popescu and Scholaert 2022). Changes 
in spatial distribution are likely to happen in the 
future, necessitating realignment of quota shares 
with stock density, fisheries needs, and historical 
shares. Unfortunately, since 2010, there are no 
internationally agreed quotas, and the different parties 
set their quotas unilaterally, leading to fishing above 
the scientific advice (ICES 2023).
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Shifting SPF distribution outside Japanese EEZ

In the Pacific Ocean, SPFs, including Japanese 
sardine (Sardinops melanostictus), Pacific chub 
mackerel (Scomber japonicus), Japanese jack 
mackerel (Trachurus japonicus), Japanese anchovy 
(Engraulis japonicus), and Pacific saury (Cololabis 
saira), were initially caught mainly by Japan in the 
Japanese EEZ. Since the 2000s, however, catches 
outside the Japanese EEZ, including on the high 
seas and inside the Russian EEZ, have increased 
to the point where the total catch of China and 
Russia is now comparable to the Japanese catch. 
Managing saury, chub mackerel, and sardine on the 
high seas is currently being discussed at the North 
Pacific Fisheries Commission (NPFC), established 
in 2015. For saury, stock assessments and a TAC 
were first agreed upon in 2021, but this has not yet 
been achieved for the other species. The increase in 
catches outside of the Japanese EEZ is thought to be 
due to offshore shifts in the distribution associated 
with oceanographic changes (for saury; Kuroda and 
Yokouchi 2017) and an expansion in the distribution 
associated with increased abundance (for sardine; 
Furuichi et al. 2023).

By contrast, there is no regional fisheries manage-
ment organization (RFMO) that controls regional 
fisheries in the East China Sea and the Sea of Japan, 
where SPF have been caught by China, South Korea, 
and Japan. In addition to countries fishing within their 
own unique EEZ, fishing operations in areas where 
EEZs overlap are currently based on an agreement 
between two countries, but excluding the other (i.e., 
between Japan and South Korea, Japan and China, 
and China and South Korea). China is estimated to 
land the largest SPF catch in this area (FAO 2020), 
but publicly available fishery information is limited. 
Cooperation among surrounding countries would be 
necessary for more accurate stock assessment and 
effective fishery management.

Restructuring of the South African sardine fishery 
due to an eastward expansion of biomass

The South African sardine (Sardinops sagax) fish-
ery initially operated out of West Coast harbors 
only, with the first processing plant being opened in 
Lamberts Bay in 1947 (Jarre et  al. 2013) and up to 
17 canneries and processing factories located on the Ta
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West Coast by 1968 (M.D. Copeland, SAPIA, pers. 
comm). However, the boom in total abundance at the 
turn of the century (c.f. Sect. "Booms and busts in the 
South African sardine population") and almost simul-
taneous eastward expansion in biomass prompted an 
increase in fishing effort further east. Before 2005, 
more than 90% of the landings were taken, on aver-
age, off the West Coast. However, between 2005 and 
2008, when TACs remained relatively high, though 
decreasing rapidly with the sharp decline in biomass, 
an average of 60% of the landings were taken off the 
South Coast. This eastward expansion was supported 
by some infrastructure development, including estab-
lishing a new cannery in Mossel Bay on the South 
Coast in 2007. Before this, most of the directed sar-
dine catch off the South Coast was trucked back to 
West Coast processing plants at a substantial cost 
(van der Lingen 2021). Between 2006 and 2020, 27% 
of individuals or companies with a right to the sar-
dine fishery, known as right-holders, operated out of 
South Coast harbors (J. Coetzee, pers. comm).

The very low biomass levels for sardine off the 
West Coast, following a prolonged period of poor 
recruitment, together with research indicating that the 
sardine population consists of multiple components 
rather than a single homogeneous stock and 
additionally having the majority of surveyed biomass 
distributed off the South Coast in 17 out of 23 years 
since 1999, has resulted in spatial management 
measures (c.f. Section A.1.2, Supplementary 
Material) restricting catches off the West Coast since 
2014. These were initially non-binding, and given 
that right-holders operating from West Coast harbors 
prefer to catch closer to their home port to reduce 
costs, 70% of the 2014–2018 landings were from 
the West Coast. More restrictive spatial management 
measures in recent years have, however, resulted in, 
on average, more than 60% of the landings being 
taken off the South Coast between 2019 and 2023.

There was also an abrupt eastward shift in the 
adult biomass of European anchovies (Engraulis 
encrasicolus) in 1996 (Roy et  al. 2007), with most 
biomass being surveyed off the South Coast for the 
following two decades. However, unlike for sardines, 
this shift in distribution did not substantially affect the 
distribution of landings along the coast as the fishery 
primarily targets the recruits during their southward 
migration along the West Coast.

The case of round Sardinella fisheries in North‑West 
Africa

Over the past few decades, fishing effort in 
Mauritania has considerably increased. Prior to 2012, 
most SPF exploitation for fishmeal was conducted 
offshore by foreign industrial boats. In the event of 
a drop in catches, these boats left the area to seek 
better fishing grounds, since they could redeploy at a 
global scale. Although the stock was generally over-
exploited, this might have acted as a self-regulation 
of the local SPF fishing effort, and the fishery did 
not collapse during that period. After 2012, the 
development of fishmeal factories along the North-
West African coast increased significantly, with 40 
factories in Mauritania alone, closely aligned with the 
local abundance of SPF species (Thiao and Bunting 
2022). These factories were established to allow the 
exploitation of small pelagics beyond the local needs 
in terms of human food consumption (very small); 
in particular, it was assumed that a large unexploited 
small pelagic population existed in the coastal waters 
of Mauritania (Corten et al. 2017).

The expansion of fishmeal factories in Mauritania 
since 2012 had a noticeable effect on the distribution 
and intensity of fishing efforts (Corten et  al. 2017). 
The increased demand from these factories led 
to intensified overfishing in coastal areas, where 
catchability––the proportion of the stock caught 
by one unit of fishing effort––by artisanal purse 
seine is very high, exerting intense pressure on 
local stocks. By 2019, significant depletion of 
SPF stocks was observed in Senegal and Gambia 
(Brochier et al. 2023). Furthermore, round sardinella 
(Sardinella aurita) landings in Mauritania dropped 
dramatically after 2021, suggesting a collapse in 
the stock, and other species now seem under the 
same threat (Braham et  al. 2024a). As Mauritania 
enacts stricter fishing regulations—such as the 
removal of active gear from shallow waters (<  20 m), 
the prohibition of fishmeal processing of certain 
species, the requirement to set aside a proportion of 
the catch for freezing, and more rigorous fishmeal 
certification standards—the fishing industry has been 
forced to reduce their landings. In contrast, Senegal 
and Gambia, with fewer restrictions on fishmeal 
processing, continue to experience intense fishing 
pressure, further exacerbating the risks of collapse in 
their fish stocks (Braham et al. 2024b).
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How climate change will affect the marine 
southern Canary upwelling system and the habitat 
of round sardinella remains uncertain (Sylla et  al. 
2019). Changes in current strength and direction 
and in fish habitat parameters may impact the 
distribution of round sardinella. Observations 
between 1988 and 2015 have already documented 
a northward shift in SPF species, including round 
sardinella (Sarre et  al. 2024). It is expected that 
SPF stocks will decline in areas with high capital 
investment, such as Mauritania, mainly due to fishing 
pressure and potentially under the effect of future 
climate variability. This could leave significant 
fishing capacity underutilized, leading to job losses 
previously supported by fishmeal factories. However, 
models predict that a substantial portion of round 
sardinella will remain within the Mauritanian EEZ, 
with seasonal migrations northward or southward 
(Brochier et al. 2018; Lopez-Parages et al. 2018).

Changes in the distribution of Pacific sardine 
in Northwestern Mexico

Physical and biological processes across the Gulf 
of California are uniquely sensitive to interannual 
oceanographic variability (Lavín and Marinone 2003; 
Lluch-Cota et al. 2007; Frawley et al. 2019). Recent 
literature asserts that significant changes in the 
distribution and biology of Pacific sardine (Sardinops 
sagax) are expected as climate change progresses, 
with suitable habitat in the Gulf of California 
expected to decrease by as much as 95% (Petatán-
Ramírez et al. 2019). Historically, during cold water 
years, Pacific sardines tend to dominate alongside 
Pacific chub mackerel, as their range expands 
southward toward the mouth of the Gulf of California 
(Nevárez-Martı́nez et  al. 2001). By contrast, 
during warm water phases with reduced primary 
productivity (i.e., El Niño events), which coincide 
with a low local abundance of Pacific sardine, broad 
harvest portfolios, and increases in the abundance of 
tropical species offer the opportunity for substitution 
(Martínez-Zavala et al. 2015; Arreguín-Sánchez et al. 
2017). For instance, thread herring (Opisthomnema 
spp.) and Pacific anchoveta (Cetengralus mysticetes) 
may be targeted as substitutes — the relative 
abundance of thread herring and other species may 
increase (Arvizu-Martinez 1987) when the sardine 
distribution is restricted to the northern Gulf of 

California—while smaller quantities of Pacific chub 
mackerel, Northern anchovy (Engraulis mordax), 
red-eye round herring (Etrumeus teres) and leather 
jackets (Oligoplites spp.) are also landed.

However, under current market conditions, the 
catch value of these alternative species is substantially 
less. Thus, following recent trends, as harvesters 
migrate to follow shifting sardine distributions 
under such scenarios, fishing effort is expected to 
intensify across the West Coast of Baja California, 
where changes are anticipated to be less pronounced 
(Saldívar-Lucio et al. 2013). Potential risks associated 
with such dynamics may include additional and/or 
increasing conflict with the small-scale sector and a 
disruption of the Gulf of California-based network of 
collaborative stakeholders previously associated with 
sustainability certification and management success 
(Ojeda-Ruiz et al. 2022).

A management plan is in place to establish 
policies that encompass research lines, administrative 
provisions, regulations, and mechanisms for the 
responsible management of fisheries (DOF 2023). 
This management plan includes two categories 
of management: active and passive, with active 
management explicitly adjusting harvest control rules 
to prevent overexploitation, and passive management 
applying more generic or simpler rules. The general 
objectives of both categories of management are: 
to evaluate biomass and recruitment, conserve 
yield and economic benefit, reduce the impacts 
of environmental interactions, promote economic 
benefits for society and ensure the quality of fishery 
products. To achieve full utilization, indicators of 
overexploitation, overfishing, and optimal yield 
(Catch Control Rule) in the SPF fishery were 
explicitly defined, as well as management actions 
that must be adopted when reaching or exceeding 
reference points for each indicator. It is expected that, 
with these tools, including fleet zoning, the impact 
of climate change on the distribution of SPF can be 
mitigated.

Hypoxic events and the Gulf of Mexico menhaden 
fishery

The most significant hypoxia event in the United 
States and the entire western Atlantic Ocean (Rabalais 
and Turner 2001) happens annually in the northern 
Gulf of Mexico due to Mississippi River discharge, 
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which drives high levels of nutrient loading, 
increased primary production in surface waters, and 
(after sinking and decay) subsequent depletion of 
oxygen in the lower water column. These events 
overlap in time and space with the Gulf menhaden 
(Brevoortia patronus) population and fishery, the 
second-largest fishery by volume in the United States 
(Langseth et  al. 2014). Langseth et  al. (2014) found 
shifts in the fishing fleet with shifts in the size and 
distribution of the Gulf of Mexico hypoxic event; 
in particular, the fishery moved closer to shore and 
westward during hypoxic events, further from their 
home ports than they would normally be in years 
with less hypoxia. Due to higher travel costs, the cost 
of fishing is expected to increase during a hypoxic 
event. However, during a hypoxic event, the fish 
are also expected to aggregate near the edges of the 
hypoxic waters, allowing for larger catches per unit of 
effort (increased catchability) (Langseth et al. 2014), 
which may reduce fishing costs. Therefore, the actual 
economic impact of a hypoxic event is uncertain.

In terms of management, as hypoxic events become 
more recurrent, and taking into consideration that the 
size and duration of hypoxia events is hypothesized 
to increase with climate change, the probability of 
giving potentially inaccurate advice regarding catch 
limits and sustainability would increase t (Langseth 
et al. 2014, 2016). Catchability is typically estimated 
as a constant value within stock assessments (Wilberg 
et  al. 2009); therefore, with environmentally driven 
(e.g., hypoxia driven) fleet dynamics, the catchability 
could be estimated with a bias. Then, the overall 
fishing mortality rate would also be estimated with 
a bias, and the resultant catch advice could be more 
risk-prone than intended.

Shocks driven by boom and bust dynamics

Forage fish populations exemplify boom and bust 
cyclical dynamics driven by environmental sensitivity, 
high natural mortality, autocorrelation in recruitment, 
and short timeframes between recruitment and 
spawning (Szuwalski et al. 2019), even in the absence 
of fishing (Schwartzlose et al. 1999). Fishery closures 
have been implemented globally to reduce fishing 
effort and decrease the risk of species collapse. In 
the case of SPF fisheries, closures are generally 
implemented during an environmentally driven bust 
cycle. Closures might be effective (e.g., the anchovy 

stock was considered rebuilt in the Bay of Biscay 
after a five-year fishery closure when two consecutive 
years of successful recruitment occurred (Uriarte 
et al. 2023)). However, their application might bring 
several consequences to the socio-economic system 
as harvesters (and processors) might be forced to 
switch species or even exit fishing (e.g., because of 
decommissioning schemes or loss of the market). 
Historical responses to SPF boom and bust cycles 
and associated regulatory interventions allow us 
to assess the historical adaptive capacity to boom-
bust dynamics of different fishing communities 
and evaluate what factors would increase their 
resilience in the future. For instance, we can observe 
harvesters’ alternative sources of livelihood or how 
they design their portfolio strategies. Moreover, we 
can observe how the industry reacted in terms of 
investment or divestment in response to prolonged 
booms and busts in SPF fisheries. In this section, we 
present case studies highlighting the socio-economic 
consequences of booms and busts in SPF dynamics, 
starting with one of the earliest in modern recorded 
history, the collapse of the Pacific sardine on the U.S. 
West Coast in the late 1940s.

The collapse of the Pacific sardine on the U.S. West 
Coast in the late 1940s

The sardine stock off the West Coast of the U.S. 
undergoes boom and bust dynamics in the absence 
of fishing (Baumgartner et  al. 1992), but overfishing 
can exacerbate busts (Essington et  al. 2015). In its 
heyday, the fishery was initially largely unregulated, 
except for laws in California limiting the use of 
whole fish for reduction (Uber and MacCall 1990). 
It collapsed in the late 1940s due to a combination 
of overexploitation and unfavorable environmental 
conditions and was eventually closed in the late 1960s 
(Zwolinski and Demer 2012). It reopened in the late 
1980s but was closed again in 2015 as the biomass 
fell below a 150,000 mt cutoff specified in the harvest 
control rule (PFMC 2020). In the early sardine fishery, 
most sardines were used for canning and reduction, 
and the collapse impacted harvesters and many fish 
processing workers (Uber and MacCall 1990). Some 
vessels and processing plants diversified by switching 
to Dungeness crab (Metacarcinus magister), rockfish 
(Sebastes spp.), albacore (Thunnus alalunga), salmon 
(Oncorhynchus spp.), and, particularly in the Pacific 
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Northwest, to the nascent groundfish fishery (Uber 
and MacCall 1990; Herrick et  al. 2006). Those 
unable to switch gears focused on Northern anchovy, 
market squid (Doryteuthis opalescens), Pacific chub 
mackerel, and yellowfin (Thunnus albacares) and 
bluefin (Thunnus orientalis) tuna (Uber and MacCall 
1990; Herrick et  al. 2006). As the anchovy biomass 
increased in the late 1960s, the anchovy fishery 
increased in importance and was largely harvested for 
reduction until the 1980s (Bergen and Jacobson 2001). 
However, not all fishery participants could diversify, 
and many vessels, canning equipment, processing 
equipment, and reduction machinery were sold and 
transferred to other nascent SPF fisheries, such as the 
ones in Peru and Chile (Uber and MacCall 1990).

When the sardine fishery reopened in the late 1980s, 
managers were careful to prevent overcapitalization 
and set up both limited entry (i.e., limiting the number 
of vessels operating) and catch limits. Catch limits 
for sardine are modified in response to sea surface 
temperature to reduce harvesting during periods 
of supposedly low stock productivity (Kuriyama 
et al. 2024; PFMC 2024). It is hoped that the current 
collapse will not be as prolonged as the first since 
the fishery was closed as soon as biomass fell under 
a specified cutoff, unlike in the 1940s when fishing 
pressure on the remaining sardine stock continued into 
the 1960s (Radovich 1982). Furthermore, since today’s 
fishery is smaller and less labor-intensive, as there is 
no large-scale canning or reduction capacity left on the 
U.S. West Coast, the socio-economic impacts of the 
2015 closure were less harsh. Sardine vessels also still 
participate in multiple fisheries, and most were able 
to switch to other target species, such as Dungeness 
crab or market squid, rather than exiting the fishery 
(Quezada et al. 2023a). Some of them have switched to 
anchovy, as abundance has been high. However, unlike 
in the 1960s, harvesters have a low market incentive 
to target anchovy as there is no reduction capacity, 
negatively affecting the market for this fishery. 
Processors nowadays also have other species to fall 
back on in years of no sardine quota, such as market 
squid, groundfish, and shrimp.

The collapse of the anchovy fishery in the Bay 
of Biscay

In the Bay of Biscay, the fishery of anchovy 
(Engraulis encrasicolus), one of the main targets of 

the French and Spanish fleets, was closed from 2005 
to 2009. The stock collapsed due to its extremely 
low abundance resulting from a combination of 
changes in environmental conditions (Taboada and 
Anadón 2016), successive recruitment failures in 
the early 2000s (Borja et  al. 2008; Bueno-Pardo 
et al. 2019), and suboptimal management leading to 
high exploitation––e.g., a fixed TAC set to 33,000 
tons for about twenty years, despite scientists’ 
recommendations to reduce it (del Valle et  al. 
2001; Uriarte et al. 2023). As a consequence of the 
collapse of anchovy, the European Commission 
initiated the development of a long-term 
management plan in 2007 (CEC 2007) to prevent 
another fishery collapse in the future. The fishery 
was reopened in 2010 after the recovery of the 
anchovy stock, and the management plan has been 
revised several times since (Sánchez et  al. 2019; 
Uriarte et al. 2023). As mentioned in section A.3.1.2 
(Supplementary Material), the current management 
plan includes a TAC based on harvest control rules, 
early recruitment indicators and technical measures.

Even though the anchovy stock recovered, the 
socio-economic system did not return to its pre-
collapse status (Beckensteiner et  al. 2024). The 
consequences of the moratorium have been a 
decrease in the fishing effort mainly due to the 
decline of the French pelagic trawler fleet  (−  70%), 
a reduction in the Spanish fleet (− 20%), less 
competition between French and Spanish pelagic 
trawler and purse seiners fleets, and a displacement 
of fishing effort increasing pressure on other species, 
such as sea bass (Dicentrarchus labrax), mackerels 
(Scomber scombrus and Trachurus trachurus) and 
bluefin tuna (Thunnus thynnus) (Daurès et al. 2009; 
Andrés and Prellezo 2012; Beckensteiner et  al. 
2024). Additionally, once the fishery was reopened, 
the anchovy prices did not rebound to pre-closure 
market prices, probably related to a lower demand 
in the canning industry for local anchovy, which 
had increased imports from other regions during the 
closure (Pita et  al. 2014; Uriarte et  al. 2023). The 
fishery in both countries received financial public 
compensation to make up for the losses of being 
unable to harvest anchovy. In Saint-Gilles-Croix-
de-Vie, the second most important French port of 
pelagic trawlers, most vessels were scrapped under 
national decommissioning schemes––most of the 
time, this coincided with ship-owners reaching 
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their retirement age. In Galicia, Spain, a temporary 
conversion was often observed into the construction 
industry, but with professionals returning to the 
fishery once the stock had recovered in the 2010s 
(Beckensteiner et  al. 2024). While there was also 
a reduction in the Spanish purse seiner fleet, the 
consequences depended on the fleet segment 
(Andrés and Prellezo 2012; Beckensteiner et  al. 
2024); overall, there were fewer scrapped boats than 
in France.

Declining trend of the stock of Atlantic Iberian 
sardine

Before 2012, the Atlantic Iberian sardine (Sardine 
pilchardus) stock faced significant challenges and 
concerns regarding its abundance and sustainability. 
The declining trend of the stock raised alarm among 
fisheries scientists and managers, primarily due to 
low levels of recruitment observed since 2004 and a 
subsequent decrease in biomass. The inability of the 
stock to adequately replenish itself was a cause for 
action and prompted the implementation of improved 
management strategies, as mentioned in section 
A.3.1.3 (Supplementary Material).

To address these concerns, a multiannual 
management plan was introduced, with common 
measures agreed upon by Portugal and Spain for 
the period between 2012 and 2026, with subsequent 
updates (DGRM 2012, 2018, 2021). This plan aimed 
to ensure the conservation and recovery of the sardine 
stock. Several key measures were established as part 
of the plan. Firstly, an annual catch limit was set 
for sardines, ensuring that fishing effort remained 
within sustainable levels. Due to the significant 
reduction of the sardine annual quota, this period was 
called the “sardine ban” period. Additionally, daily 
catch limits based on the overall length range were 
implemented, with strict restrictions on capturing 
juvenile sardines. A complete prohibition on sardine 
landings for a specific period, usually a minimum of 
three consecutive months, was imposed to protect 
the spawning periods and allow for stock recovery. 
The fishing season for sardines was adjusted based 
on the stock’s status, typically commencing on May 
1st each year and generally ending in the last quarter 
of the year. To safeguard highly sensitive sardine 
recruitment areas, "no take areas" were established, 
and real-time closures could be enforced when the 

percentage of juvenile sardines in catches exceeded 
30%, as reported by fishing observers or skippers.

The decline of the sardine stock and the 
implementation of stricter regulations have forced 
harvesters in Portugal to adapt their fishing practices. 
They have been compelled to move far away from 
their home ports along the Portuguese coast in search 
of alternative fishing grounds or to target different 
species to maintain their revenue and support 
sustainability efforts (Feijó et  al. 2022). Fishing 
efforts have been directed towards multiple species 
rather than solely targeting sardines, involving three 
to four SPF species. Regarding the canned fish 
industry, they had to adapt its production in terms of 
location and timing, leading to an increase in imports 
of sardines from other areas.

The active involvement of fisheries managers 
in developing and implementing these measures 
demonstrates their commitment to balancing the 
economic benefits of the sardine fishery with the 
long-term sustainability of the stock. By controlling 
fishing effort, setting catch limits, establishing 
fishing seasons, and protecting vital spawning areas, 
managers aim to ensure the health and abundance 
of the Atlantic Iberian sardine stock. However, fleet 
displacement has increased operational costs and 
social and economic impacts on harvesters and their 
communities depending on various factors, such as 
the availability of alternative species, market demand, 
and the effectiveness of conservation measures.

Booms and busts in the South African sardine 
population

A boom in sardine landings in the late 1950s and early 
1960s occurred relatively soon after the purse seine 
fishery targeting sardine and Cape horse mackerel 
(Trachurus capensis) in South African waters began. 
In response to the rapid drop in sardine landings once 
the boom passed, the industry adapted and diversified 
to additionally target European anchovy.

In more recent years, adaptation measures 
implemented by the industry to navigate the low 
sardine TAC years have included importing frozen 
sardines to keep factories operational and staff 
employed, and continue to meet local demand. 
However, such measures are not risk-free. For 
example, pathogens to which native sardines are 
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naive could be introduced through frozen imports 
(van der Lingen 2021).

Adaptation management measures to navigate 
and take advantage of the boom periods without 
increasing the risk of unintended resource depletion 
have included Management Procedures with a 
‘two-tier’ system, whereby the normal constraints 
on the maximum extent of interannual TAC 
reduction are modified when TACs rise above a 
specified threshold (Moor et al. 2011). Some fishing 
companies were able to respond to take advantage 
of the short-term increase in TACs at the turn of 
the century by chartering additional vessels from 
Namibia that were available at that time.

While the rapid expansion in the small pelagic 
fishery in the 1940s-50  s produced much-needed 
employment, with an influx of workers to the 
West Coast, the reduction in TACs in the early 
2000s resulted in the closure of two West Coast 
factories and, in particular, the downscaling of the 
small pelagic fleet in Lambert’s Bay (Jarre et  al. 
2013). Exacerbated by the eastward expansion of 
the biomass and fishing effort, with right holders 
now operating out of South Coast harbors (c.f. 
Sect.  "Restructuring of the South African sardine 
fishery due to an eastward expansion of biomass"), 
by 2024, only six canneries and factories were 
operating off the West Coast (M.D. Copeland, 
SAPFIA, pers. comm).

The South African small pelagic fishery has 
been identified as vulnerable to climate change 
(e.g., Cochrane et  al. 2020). Climate change, such 
as changes in sea surface temperature, which are 
hypothesized to impact upwelling and primary 
productivity, could cause substantial changes in 
SPF abundances (van der Lingen 2021). Harmful 
algal blooms (HABs) have also had substantially 
negative impacts on the sardine population, with 
substantial reductions in the body condition of 
sardine within HAB areas, and catches off the 
South Coast (van der Lingen 2021). Poor body 
condition is hypothesised to negatively impact 
spawning success and subsequent recruitment as 
successful reproduction is dependent on stored 
energy (see van der Lingen (2021) for more details). 
In addition to importing frozen sardines, further 
diversification by expanding the fishery for round 
herring (Etrumeus whiteheadi), which is currently 
estimated to be underexploited, is a means to 

potentially help the industry weather rapid and 
substantial changes in SPF abundances. Utilization 
of mesopelagic fish was also previously attempted 
with some success, but is not currently targeted 
as further experimentation is required to ensure a 
continuously profitable operation. Opening new 
markets, particularly for the processing of anchovy 
for human consumption and bait and the canning 
of round herring for human consumption, with 
associated infrastructure development, have been 
suggested as further adaptation measures to address 
climate-induced changes in resource abundances 
(van der Lingen 2021).

Changes in fish size and quality

Together with shifting spatial distribution and boom-
bust cycles, climate variability can also affect the 
size and quality of SPF individuals. Increases in 
temperature or changing forage composition can 
affect nutrient content and metabolism, resulting 
in shifts in size-at-age, declines in body condition, 
and compromised fish health (Audzijonyte et  al. 
2020; Alfonso et  al. 2021; Lindmark et  al. 2022). 
These changes in fish size and tissue quality affect 
marketability and product value in addition to stock 
productivity. Although there has been extensive 
focus on the effects of fishing pressure on changes in 
size-at-age of certain fish stocks (Hixon et al. 2013), 
here we focus our case studies on exogenous events 
causing changes in fish size and quality and the 
resultant impacts on related fisheries and markets.

Lower anchovy average size in the Tyrrhenian Sea

In Southern Italy (Tyrrhenian Sea; Geographical Sub 
Area (GSA) 10), the SPF fleet has decreased since 
2017. This has been associated with a sharp decline 
in total landings in the last decade (FEAMP––ISSPA 
2023). As abundance has not been a significant 
problem for this fishery, the decline in the fleet and 
landings is thus primarily attributed to a decline in 
the profitability of the SPF fishery.

One of the reasons that profitability has declined 
is because the average size of European anchovy 
individuals has been generally lower in recent 
years. The GSA10 fishery exploited mainly age-1 
individuals from 2011–2016 (Maiorano et  al. 2019). 
Basilone et  al. (2017) highlighted a lower length at 
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age-1 for anchovies in the Tyrrhenian Sea compared 
to those observed in the Strait of Sicily (GSA16), 
linking such differences to habitat conditions. The 
evidence of differences in trophic webs in the two 
ecosystems (GSA10 and GSA16) corroborated 
this hypothesis (Rumolo et  al. 2016). Moreover, 
competition with other fleets has amplified the lower 
profitability observed in GSA10. For instance, small 
vessels that exclusively land SPF were affected 
by market competition by bigger vessels targeting 
tuna-like species that sporadically landed larger 
quantities of bigger-size anchovy. Since 2022, the 
latter fleet segment stopped catching SPF in light 
of an agreement among fisheries associations to 
assist the economic losses of the small-scale sector. 
Additionally, imported fish from the Adriatic Sea 
(GSA17) have also impacted market prices negatively 
due to an increased supply composed mostly of 
small-size SPF––the Adriatic Sea fleet mainly caught 
SPF with midwater trawls, which is associated with 
smaller-size catch.

The current conditions in GSA10 have obligated 
the purse seine harvesters to stay close to the landing 
ports to minimize risks and fuel consumption as 
well as to achieve a lower but secure price rather 
than improve the fish size by exploring more distant 
fishing areas (Tsitsika and Maravelias 2008).

Decline in anchovy sizes in the Bay of Biscay

In the Bay of Biscay, several studies have corroborated 
a decrease in individual size and body condition for 
the European anchovy (Chust et al. 2022; Menu et al. 
2023; Boëns et al. 2023; Taboada et al. 2024). This led 
to difficulty in finding large individuals for processing 
industries, especially for French fleets (Doray et  al. 
2022), and to a westward movement of the Spanish 
fleets targeting the stock, implying an increase in fuel 
costs for the Basque fleets (whose base port is located 
in the northeastern part of the Cantabrian Sea) and 
a reduction of these costs for the rest of the Spanish 
fleets (Aldanondo et al. 2023). This change in size and 
weight, along with other market factors, has strongly 
affected the marketing value of the anchovy (Andrés 
and Prellezo 2012; Pita et al. 2014; García-del-Hoyo 
et  al. 2023), with a 30% reduction of anchovy first 
sale prices between 2013 and 2022 (Aldanondo et al. 
2023). Furthermore, before the closure (see Sect. "The 
collapse of the anchovy fishery in the Bay of Biscay"), 

50% of fresh anchovy imports by Spain originated 
from France, while during the moratorium, when the 
production collapsed, imports of fresh anchovy from 
Italy and preserved anchovy from Morocco and Peru 
increased (García-del-Hoyo et al. 2023; Beckensteiner 
et  al. 2024). Now, even though the anchovy stock 
recovered, French fresh anchovy imports to Spain have 
almost disappeared, only contributing to 5% of fresh 
anchovy imports in 2021, to the benefit of Portuguese 
fresh anchovies. The correlation between the decrease 
in the individual size of anchovy in the Bay of Biscay 
and the competition from new sources of imports 
has entailed a structural change in the conditions for 
market access for the products of the French fishing 
industry, facing lower prices than expected. This 
structural change is all the more profound as the 
decrease in individual size and body condition is 
also observed in sardine, the other emblematic small 
pelagic fish exploited in the Bay of Biscay (Véron 
et al. 2020; Menu et al. 2023; Boëns et al. 2023).

Increasing probability of catching small‑size 
anchoveta in Peru under compression of the habitat 
and fishing grounds

Under normal conditions smaller anchovetas are 
distributed closer to the coast than larger individuals 
(Moron et  al. 2019; Castillo et  al. 2022). The first 
5 nautical miles (nm) are closed to the industrial 
fisheries so the fishery targets mostly the distribution 
area of the larger anchovetas (Oliveros-Ramos 
et  al. 2021). However, under warm conditions and 
especially El Niño and other heatwaves, the smaller 
anchovetas move even closer to the coast, while 
the larger anchovetas also move inshore and deeper 
(Bertrand et  al. 2004; Espinoza-Morriberón et  al. 
2022; Díaz et  al. 2024). Following these changes 
in the distribution, the fishery ground reduces 
and becomes more coastal too (Joo et  al. 2014). 
There is an overall reduction in the accessibility 
of the anchoveta to the fishery, and an increased 
probability of juvenile by-catch (Cuadros Caballero 
et  al. 2024). On top of that, during warming events, 
there’s a higher juvenile mortality that could lead 
to a recruitment failure (Díaz et al. 2024). For these 
reasons, the anchoveta assessment needed to include 
a clear and explicit recognition of the environmental 
uncertainty and its impact on the population 
(Oliveros-Ramos et al. 2021).
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Anchoveta is managed with a regime of two 
fishing seasons per year, starting around April and 
October. The fishing season normally starts with an 
“exploratory fishing” aimed to update information 
about the spatial distribution of anchoveta and the 
zones with a higher probability of juvenile by-catch. 
During the season, intense 24/7 fisheries monitoring, 
with nearly 100% coverage, allows near real-time 
management actions like temporal spatial closures 
to protect juvenile fish. More recently, this has also 
allowed the monitoring of a “juvenile TAC” that can 
lead to the end of the fishing season even if the global 
TAC is not reached (Oliveros-Ramos et al. 2021).

However, during the 2020s, an increased frequency 
of El Niño-like heatwaves that have impacted the 
fishing process has been observed. A regime shift in 
the average TAC can be detected around 2014, with 
lower TACs after 2014 and an increased frequency 
of seasons where the TAC is not fully landed due to 
unfavorable environmental conditions, particularly 
during the last decade. In particular, 2022 and 2023 
have not had a normal fishing season, including 
a complete moratoria in the first season of 2023 
(Bouchon 2024).

These distribution shifts in depth and distance 
to the coast have been very disruptive to the fishing 
process, impacting the fishery and its management. 
There is a need for new fishing technologies and 
strategies, in particular to reduce the juvenile by-catch 
under the more frequent overlap with the adult 
population. Besides the biological consequences of 
targeting juvenile anchovies, there is also an economic 
one regarding the yield of the fishery, given the lower 
proportion of fatty acids in the smaller anchovies.

Discussion and conclusions

In this article, we have presented 13 case studies from 
11 regions/countries. The description of the fisheries 
in each region/country emphasizes the importance 
of SPF for the fishing industry and local economy 
(Supplementary Material). For instance, SPF is South 
Africa’s largest fishery in terms of landings mass, 
while in Portugal it is the largest in terms of economic 
value and historical significance. In Japan, it accounts 
for almost half of the total fisheries catches in the 
country.

To identify common policies, responses, and 
impacts of the changes in fish distribution and vari-
ability, size, and quality, we categorize responses and 
impacts from each case study following Table 2 and 
then summarize them by group in Fig.  2. Based on 
this, we discuss potential opportunities or barriers to 
climate adaptation and identify attributes of socio-
ecological systems that can foster resilience.

Socio-economic impacts

During bust periods or when the size and quality of 
the fish decreased, markets where the fishing industry 
sold their fish were lost, and profitability was reduced 
(Fig. 2). Vessels and processors impacted by closures 
or size reductions might have trouble re-entering the 
supply line once a fishery rebounds (e.g., Bay of Bis-
cay anchovy, Sect.  "Decline in anchovy sizes in the 
Bay of Biscay") as global sourcing of similar or lower-
quality products (as noted by Beckensteiner et  al., 
(2024)) increases competition within a traditional or 
local market. In the case of Tyrrhenian anchovy, the 
shift in SPF size and associated reduced prices was 
absorbed and ultimately reinforced by the market.

Conflicts and rent redistribution were only 
observed when a shift in distribution occurred 
(Fig. 2). As we saw in the North East Atlantic mack-
erel case study, under transboundary management, 
allocation agreements can bring uneven distribution 
of rents and can cause tension, particularly when a 
quota is not increasing, and countries losing out may 
expect side payments (Miller and Munro 2004). As 
demonstrated in the Mexico and South African case 
studies, distribution shifts within domestic waters 
can also potentially lead to serious socio-economic 
impacts and similar tensions between domestic quota 
holders.

Capital reduction seems a likely path in all the 
scenarios studied (Fig. 2). For instance, the eastward 
expansion of the South African sardine brought a 
reduction of the capacity in the West Coast ports, 
while the collapse of the U.S. West Coast sardine 
fishery in the late 1940s forced harvesters to sell 
their equipment and vessels, with a reduction in 
shore-based infrastructure (Uber and MacCall 1990). 
Small-scale vessels in the Tyrrhenian Sea have exited 
the fishery due to lower sizes observed for anchovy.
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Fig. 2  Summary of responses and impacts to changes in fish dynamics, size, and quality. Case studies corresponding to each of these 
responses and impacts are given by the circled numbers, corresponding to the same numbers used in Fig. 1
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Fishing industry’s responses

An intuitive harvester’s response to a shift in stock 
distribution, would be to follow the fish, which is 
observed in three of our six case studies under this 
scenario (Fig. 2). However, this might not always be 
the case as harvesters’ adaptive responses may be 
constrained, even when stock spatial shifts are pri-
marily within national boundaries. ‘Following the 
fish’ may not be a viable option for SPF harvesters 
with limited options for delivering catch to port-based 
processors, for instance, given costs and concerns 
about spoilage. As we observed in the South African 
case study, before 2007, due to a shift in spatial distri-
bution, the directed sardine catch off the South Coast 
was trucked back to the West Coast at a substantial 
cost (van der Lingen 2021). South African harvesters 
were able to sustain the sardine fishery as new can-
neries were established on the South Coast in 2017. 
However, without this investment, ‘following the fish’ 
would not have been a sustainable option. Quezada 
et al. (2023b) found that U.S. West Coast purse sein-
ers reported limiting operations within 30–90 km of 
home ports. As discussed below, this may mean that 
SPF vessels are more likely to ‘adapt in place’ via 
switching species than to ‘adapt on the move’ (sensu 
Samhouri et  al. 2024). Vessels with greater flexibil-
ity––such as access to other species – may adjust their 
operations through portfolio diversification, while 
vessels constrained by capital or a lack of suitable 
alternative species may be more inclined to pursue 
their target species as it moves.

Under boom and bust dynamics, harvesters 
respond differently than they do to shifts in species 
distribution. ‘Bust’ conditions in one area may force 
fleets to move long distances to find (relative) ‘boom’ 
conditions elsewhere. We observe this in the case of 
the Iberian sardines in Portugal, where harvesters 
moved far away from their home ports along the 
Portuguese coast to find new fishing grounds. 
Nevertheless, this response is not as common as 
exiting the fishery or switching species, as we only 
observe it in this particular case study within the 
boom and bust dynamics group. As we saw in the 
U.S. West Coast case study, modern sardine vessels 
often participate in multiple fisheries, and processors 
have other species to rely on during years with no 
sardine quota, such as market squid, groundfish, 
and shrimp. Under boom and bust dynamics, 

harvesters’ response will differ substantially in 
response to both the severity of the collapse and the 
management response. For instance, in the case of 
the Atlantic Iberian sardine, even though a low level 
of recruitment was observed in 2004 and biomass 
subsequently decreased, the implementation of 
improved management strategies likely reduced 
the severity of the collapse and allowed harvesters 
to continue fishing for sardines, albeit in different 
fishing grounds. Meanwhile, the severe collapse of 
the Pacific sardine on the U.S. West Coast in the late 
1940s was exacerbated by weak management that 
permitted overexploitation, and forced part of the 
industry to exit the fishery and sell their capital to 
other SPF fisheries. Additionally, the duration of the 
shock matters: other literature suggests that fisheries 
may be resilient to short-term “pulse” events (Swinea 
and Fodrie 2021), but more vulnerable to “press” 
(i.e., persistent) events such as climate change.

No adaptation strategy (i.e. maintaining the same 
strategy) was only observed in our case studies when 
there was a change in fish size or quality, specifically 
in the case of the SPF fleet in the Tyrrhenian Sea. 
Lower but secure prices for European anchovies in 
the Tyrrhenian Sea have deterred harvesters from 
exploring other areas for larger-sized anchovies 
or other species, staying in their historical fishing 
grounds. The risk involved in exploring further 
fishing grounds in terms of safety and income 
uncertainty is a clear barrier for this fishery to adapt 
to a shift in fish size and quality.

The case studies presented in this paper support 
the assertion that fishing behavior not only depends 
on fish availability but also on social, economic, and 
regulatory variables (Selden et al. 2019). For instance, 
in Japan, harvesters/processors have preferred a more 
profitable species, such as Pacific chub mackerel 
(Makino 2011, 2018; Yatsu 2019), than a species 
that is abundant but not economically appealing (e.g., 
Japanese anchovy). A similar case happens in the 
U.S. West Coast, where a healthy Northern anchovy 
stock has been observed but was not targeted as the 
price was low compared to other SPF. Therefore, 
access to infrastructure, market demand, and costs 
associated with fishing operations will constrain or 
facilitate adaptation to climate change (Haynie and 
Pfeiffer 2012; Selden et al. 2019; Beckensteiner et al. 
2023).
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Management responses

Our evaluation of the case studies indicated that 
management responses to the boom and bust dynam-
ics were the most diverse, including all identified 
potential management actions (Fig. 2). Some of these 
measures reflect relatively static frameworks that 
define the fishery (e.g., limited entry, no-take areas), 
but others can be enacted and retracted on shorter 
timeframes (e.g., catch limits, size limits, closures). 
Size limits and closures seem to be popular manage-
ment tools to promote the recovery of a fishery during 
a bust cycle, or when the average size of the individu-
als in the population has decreased. It is important 
to be cautious when advocating for total closures, as 
such moratoriums may have unintended economic 
consequences. While total closures are generally more 
effective for species recovery, as they allow depleted 
stocks to rebound, it remains unclear whether a com-
plete shutdown is superior to reducing fishing effort 
to lower, sustainable levels. Beckensteiner et  al. 
(2024) advocate for maintaining a minimum quota 
during periods of low abundance, rather than entirely 
closing the fishery, to strike a balance between con-
servation and economic stability. A reduction in effort 
can preserve critical market opportunities, helping to 
maintain both the vessel and onshore fishing capital 
during these challenging periods.

As demonstrated above, in the boom and bust case 
studies in the U.S. West Coast and Bay of Biscay, as 
well as observed in the Japanese SPF fishery (Makino 
2011, 2018; Yatsu 2019), these cyclical dynamics 
could encourage overcapitalization through invest-
ment in fishing vessels, gear, and infrastructure dur-
ing boom periods that remain or come online after 
transition to a bust phase. To avoid this situation, a 
limited entry permit was implemented for the U.S. 
West Coast Coastal Pelagic Species (CPS) fishery, 
and a long-term management plan that includes a 
maximum threshold for the TAC was implemented 
for both U.S. West Coast CPS fishery and the Bay of 
Biscay anchovy fishery. This maximum TAC level 
was defined to provide TAC stability at high stock 
levels, on the basis of fleet capacity evolution (based 
not only on the number of vessels but also on the sta-
tionary availability of the resource) and the market 
absorption capacity. Moreover, in the Bay of Biscay 
anchovy fishery, the inclusion of a maximum TAC 
level in the Harvest Control Rule (HCR) reduced 

the biological risks and maximized the economic 
performance of the fleet, supporting the stakehold-
ers’ preference for a capped harvest strategy (Uriarte 
et  al. 2023). In contrast, the two-tier Management 
Procedure implemented in South Africa allows larger 
annual changes in the TAC but only when the TAC is 
high.

The use of catch limits is a common approach 
across our case studies, most of which focus on 
regions with larger-scale vessels and substantial 
government investment in fisheries monitoring and 
enforcement. The effectiveness of this tool to reduce 
overfishing and to deal with climate-driven changes 
in species abundance and distribution, would depend 
on the degree to which it can be monitored––for 
SPF, the most effective monitoring programmes are 
based on fishery-independent surveys (Barange et al. 
2009)––and enforced. In developing countries, 
enforcing a TAC might be costly, and illegal fishing 
(e.g., unreported fishing) might be a relevant problem 
for the sustainability of the resource (Oyanedel et al. 
2018). In North-West Africa, a RFMO produces 
yearly catch limit recommendations, but these are 
generally not taken into account by managers and 
largely overlooked. In Mauritania, more attention 
is paid to spatial planning (e.g., limiting access to 
coastal/nursery areas), fish processing regulation 
(e.g., the prohibition of fishmeal processing of certain 
species and a requirement to set aside a proportion 
of the catch for freezing), or the use of certification 
standards (Braham et al. 2024b).

Timeframe of the shocks and the resist-accept-direct 
framework

Fishing industry and management responses in 
our case studies can be understood in the context 
of the Resist-Accept-Direct framework of Smith 
et  al. (2022), considering also the timeframe of the 
shocks related to SPF distribution, abundance, and 
size or quality. The Resist-Accept-Direct framework 
describes a continuum of responses to system change: 
“resisting transformation by working to maintain or 
restore …historical or current conditions; accepting 
transformation by allowing … the system to change 
unimpeded; or directing transformation by actively 
shaping change…” (Smith et  al. 2022). In many 
cases, we see long term evidence of species shifts, 
consistent with the “press” nature of climate changes. 
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In contrast, within our case studies, SPF abundance 
typically continued to oscillate, with booms follow-
ing busts (e.g., U.S. West Coast sardine and Bay of 
Biscay anchovy recovery), consistent with “pulse” 
events, but at scales of a decade or more. The time-
frames associated with declines in fish size or qual-
ity are less clear; in our case studies for Peru and the 
Tyrrhenian Sea, the shocks appear related to tempo-
rary habitat and oceanographic events, but globally 
we expect long-term declines in fish size under warm-
ing waters (Atkinson 1994). Therefore, the case stud-
ies mostly summarize long-term shocks, to which the 
fishing industry and managers exhibited substantial 
“Direct” actions aimed at “actively shaping change” 
in the fishery structure (Smith et  al. 2022). Exam-
ples of such “Direct” actions include shifts in fishing 
ports and rights within South Africa, and new levels 
of diversification of some of the French pelagic fleets 
in the Bay of Biscay (Fig.  3). Managers also have 
taken “Direct” actions, for instance via formation of 
RFMOs in the Pacific, and developing more robust 
harvest rules for Bay of Biscay anchovy (Fig.  3). 
Though we did see examples of the less proactive 
“Resist” strategies, aimed at only maintaining status 
quo, or “Accept” strategies that allowed deterioration 
of historical benefits, many SPF fisheries exhibited 
more proactive responses to long-term changes in 
conditions.

Paths for resilience

With climate change, we can expect allocation 
challenges for SPF to increase (Baudron et  al. 
2020). Our case studies demonstrate that long-term 
stock shifts away from historical landings ports 

with associated infrastructure, processing plants, 
and established networks of stakeholders will pose 
challenges for dependent communities. Projections of 
shifts in distributions can warn managers of potential 
risks, and precautionary responses can be devised. 
Increased flexibility in international agreements, with 
side payments as an essential component, has been 
proposed as a potential strategy to build resilience 
(Miller and Munro 2004). Adaptive reallocation 
schemes have also been proposed (Bell et  al. 2020). 
The North East Atlantic mackerel case also showed 
how a lack of agreement on the science regarding 
the permanence of the distribution change added to 
the political tension. This stresses the importance of 
cooperation in establishing a common, solid scientific 
understanding of observed changes before allocation 
redistribution discussions can arise. For instance, the 
Japanese case study demonstrated how establishing 
RFMOs can reduce potential conflicts by facilitating 
international cooperation and data sharing across 
member countries. This is an essential precursor to 
accurate assessments and effective management of 
transboundary populations (Aguero and Gonzalez 
1996; Munro 2003).

In a changing and uncertain environment, with 
impacts on resource quality, difficulties for industry 
planning are expected to increase, increasing 
investment risk in the fishing industry. Fishing fleets 
relying on SPF of a particular size or quality are 
highly restricted in their ability to adapt to these 
changes. Often, these fleets cannot change their 
fishing grounds due to established no-take areas in 
nearshore habitats (e.g., Peruvian anchoveta) and 
limits on distance from home port imposed by costs 
and fast spoiling times of their catch. Some potential 

Fig. 3  Examples of “Direct” actions taken by the fishing industry and managers to system change by case study groups
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solutions may partially relieve, if not solve, issues 
related to changing SPF size and quality. Coordination 
among fleet sectors to enforce size restrictions may 
mitigate impacts on highly vulnerable fisheries. In 
the case of Tyrrhenian anchovy, agreements between 
anchovy and tuna fisheries reduced competition 
for the remaining larger fish (Sect.  "Lower anchovy 
average size in the Tyrrhenian Sea"). However, when 
broader ecosystem shifts lead to changes in size 
and quality, size limits will likely be insufficient. 
Dynamic spatial management (i.e., time-area 
closures) may increase catch per unit effort for vessels 
remaining in the fishery (e.g., Peruvian anchoveta, 
Sect.  "Increasing probability of catching small-size 
anchoveta in Peru under compression of the habitat 
and fishing grounds"). In some cases, it may be 
possible to forecast in-season distribution of high-
quality SPF using short-term species distribution 
models tuned for body condition of the catch, 
increasing consistency in catch quality for canning or 
reduction (e.g., Asche et al. 2014; Gücü et al. 2018; 
Bolin et al. 2021). Ultimately, when changes in SPF 
body condition are a result of system-wide, climate-
driven forces rather than fishery-induced truncation 
of size structure, fisheries and managers should be 
prepared to face the resulting long-term demographic, 
trophic, and ecosystem transitions related to these 
changes (Levangie et al. 2022; Friedland et al. 2023).

Specialization might seem profitable in the short 
run, but in the case of boom and bust dynamics, it 
can cause negative impacts due to overcapitalization 
(Ward et  al. 2018; Maltby et  al. 2023; Schwoerer 
et  al. 2023). Inherent natural cycles of boom and 
bust may be worsened by incentives that encourage 
fleet expansion during the prosperous phase of 
population growth cycles. This expansion aims to 
capitalize on the increasing fishing opportunities 
resulting from the growth of target populations. 
Delayed investment completion in fleet expansion, 
known as time-to-build effects, can prolong fleet 
growth even after the population has stabilized or 
started to decline. This can lead to surplus capacity 
in the fleet when fishing opportunities diminish, 
resulting in stranded capital. Without management 
measures to control fleet expansion during boom 
phases, there is a risk of the fleet growing to a size 
that leads to overfishing. In the U.S. West Coast, this 
time-to-build effect likely aggravated the decline 
of the sardine fishery in the mid-twentieth century, 

extending its economic repercussions beyond the fleet 
to affect supporting fishing industries in Monterey, 
California. Governance dimensions (Mason et  al. 
2022), such as limited entry permit systems, may be 
helpful to curtail pro-cyclical fleet expansion and 
prevent overfishing during boom periods, enhancing 
the resilience of the whole socio-ecological system. 
However, these practices could be combined with 
policies that foster species diversification to reduce 
overcapitalization and income risk during future 
climate events (Anderson et  al. 2017; Fisher et  al. 
2021; Frawley et  al. 2021). Alternatively, managers 
could allow the temporary use of vessels from other 
countries to allow the industry to take advantage of a 
short-term boom period without increasing the risk of 
overcapitalization, as occurred in South Africa at the 
turn of the century (see, for example, Sect.  "Booms 
and busts in the South African sardine population"). 
Employing portfolio fishing strategies can mitigate 
adverse economic effects for fishery participants 
susceptible to boom-bust cycles and related fishing 
communities, increasing harvesters’ resilience (Oken 
et al. 2021; Kroetz et al. 2022). Mason et al. (2022) 
identified this socioeconomic flexibility as a resilience 
attribute, even though it may require additional assets, 
such as gear or permits for new SPF. Diversification 
has allowed, for instance, the Portuguese SPF fleet 
to adopt seasonal switching or ‘sequential targeting’ 
between target species to reduce the impact of stock 
fluctuations. SPF research should focus on how to 
improve resilience within and between ecological 
and socio-economic SPF subsystems. For this, it is 
critical to evaluate the optimal design of policies that 
allow harvesters flexibility to adapt but, at the same 
time, take into consideration sustainable harvest 
goals. Limited to no regulation of access to a fishery 
(e.g., open-access) could result in “maladaptation,” 
whereas well-designed adaptive management 
could enhance fisheries outcomes (Beckensteiner 
et  al. 2023). Fishery practitioners often understand 
flexibility as a key aspect of adaptive capacity, for 
instance as demonstrated in a recent study in the U.S. 
(Golden et  al. 2023, 2024). Fishery managers must 
ask: How can flexibility be enhanced given limited 
entry and other management constraints? Is there a 
policy design that encourages the adoption of a more 
diverse portfolio? How do markets function to limit 
diversification even when permits are flexible?
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In the quest for improving resilience, manag-
ers have to take into consideration that adaptation 
attempts by harvesters, managers, and proces-
sors may have unintended consequences (Becken-
steiner et al. 2023) or may fail in some ways while 
strengthening resilience in other respects. For 
instance, Feijó et al. (2022) describe the social con-
sequences of the displacements and targeting shifts 
as harvesters coped with the decline in Portuguese 
sardine (i.e., economic solutions with social costs). 
Similarly, Ojeda-Ruiz et  al. (2022) detail a loss of 
certain knowledge networks and types of coopera-
tion as the Mexican fleet shifted operations from the 
Gulf of California toward the Pacific. Unintended 
consequences may also arise in terms of market 
access, for instance, in the case of French vessels 
in the Bay of Biscay that suffered the anchovy 
moratorium and then experienced reverberations 
in terms of loss of markets to Peruvian and Moroc-
can anchovy. The interaction between Norwegian 
Spring Spawning (NSS) herring fisheries and Bar-
ents Sea capelin is a good example of unintended 
responses to changes in target species for fisher-
ies. Following the decline in NSS herring from the 
1950s until the stock collapsed in the late 1960s 
(Nakken 1998), the fishery was allowed to shift to 
the Barents Sea capelin. Little was known about 
the stock size before 1970, and the maximum catch 
peaked in the mid-1970s with nearly three million 
tons. A stock collapse in capelin became evident 
in the mid-1980s, with a stock reduction of close 
to 95% (Gjøsæter 1998). The first known collapse 
of the Barents Sea capelin had severe ecosystem 
effects on top predators, as other forage species 
were simultaneously low (Johannesen et  al. 2012). 
The collapse and ecosystem effects eventually led 
to a change in how the Barents Sea capelin fishery 
is managed, including taking into account the pre-
dation level caused by the Northeast Atlantic cod 
stock and not letting the spawning stock fall below 
200,000 tons (Gjøsæter et al. 2015).

Our case studies suggest that the fishing industry 
and resource managers have demonstrated substantial 
ability to adapt to past SPF shocks, and that they will 
continue to do so under climate change, despite the 
possibilities of unintended consequences and faltering 
steps. However, a notable constraint is the slower pace 
at which managers respond and adapt. This delay can 
lead to losses over time due to their lagging responses 

(Beckensteiner et  al. 2023). Local responses will 
continue to be shaped by local adaptive capacity 
– assets, flexibility, organization, agency, and learning 
(Cinner et  al. 2018; Mason et  al. 2022). Adaptation 
occurs due to the biological situations discussed here 
(boom-bust dynamics, distribution shifts, and size or 
quality shifts), but also due to new situations, such 
as the effects of the Covid-19 epidemic on fishing 
operations (Smith et  al. 2020), increase fuel prices 
(Bastardie et  al. 2022), or toxins such as domoic 
acid that accumulate in some SPF during marine 
heatwaves (McCabe et al. 2016), which are expected 
to increase under warming conditions (Frölicher et al. 
2018).
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