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Abstract: Marine environmental variability and climate change are interconnected; they
are the main causes of the fluctuations in ecosystems and cyclically affect fisheries. This
work has four main goals. The first is to present a broad historical review of international
research activities on fisheries and climate change, mainly in European waters. We have
recovered a selection of seminal international scientific publications from 1914 to 1995,
which aroused great interest among the scientific community at that time, although most of
these publications have fallen into oblivion in the 21st century. The second goal is to review
the main intergovernmental initiatives on climate and marine research from the 1980s to
the present, detecting gaps and a lack of unanimity in some guidelines from international
organizations. The third goal is to analyze decadal warming/cooling in the Canary Current
Upwelling System (extending from the NW Iberian Peninsula to Senegal), to understand
the current rapid tropicalization of pelagic and benthic ecosystems in Southern European
Atlantic seas. The fourth goal is to identify priority research lines for the future, including
the need to promote an international retrospective on fisheries oceanography research, for
at least the last hundred years.

Keywords: climate change; fisheries; ecosystems; indicator species; species turnover;
oceanography; historical research; anthropogenic warming; natural warming; solar variability

1. Introduction

“Knowing the past is vital for developing a vision of the future. The oceans and inshore
seascapes of the world are rapidly changing, and understanding the human and marine
ecosystem forces, trajectories and responses—sometimes over centuries or millennia—is
vital for their informed management” [1]. To better understand the future of unexploited
marine populations and fisheries in a given region, it is necessary to study their fluctuations
in the past, e.g., refs. [2-4], preferably during the last 100 years. This is essential to develop
a less uncertain prediction about the future than that based on mathematical models
generated with short time series.

Documenting the past is necessary to reconstruct historical environmental scenarios in
meteorology and oceanography and document the evolution of human interaction with fish-
eries and marine ecosystems. Herein, we follow the example of multidisciplinary research
efforts carried out internationally during recent decades such as efforts aiming at improving
our understanding of the interaction between humans and the marine environment from
the earliest times and the historical variability in coastal and open-sea ecology [5-8]. In
this context, the work of the ICES Working Group on the History of Fish and Fisheries
(WGHIST) says that “a forum for interdisciplinary research on social-ecological change
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in marine and fisheries systems over multi-decadal to centennial and even millennial
timescales” [9] is noteworthy. Additionally, the recovery of data series and old scientific
literature on specific marine regions and areas has been intensifying. This will allow for
the description of historical changes in marine populations and submerged ecosystems
derived from cyclical fluctuations in the environment (oceanography and meteorology)
and/or increased human pressure on renewable resources, e.g., refs. [10-18].

We suggest that current scales of temporal change considered by contemporary fishery
or marine biologists (from seasonal and inter-annual variability to decadal changes), should
be extended across the centuries of the Anthropocene from c. 1800, e.g., ref. [19]. This would
allow looking for connections/relationships between physical and fishery variables on a
longer temporal scale. We also support research on a geological time-scale (from thousands
to million years) such as the study of ancient fish remains, and any other research aiding in
the reconstruction of past marine environments, e.g., refs. [20,21].

It is significant to highlight two shortcomings in 21st-century publications examining
changes in climate and marine resources in European waters. First, the recovery of historical
information generally does not begin before 1945-1950, as this is the period for which
the most accessible oceanographical and meteorological databases are available (AMO,
NAO, EA, SST, tide gauge records, FAO fishery statics. . .). Second, we observe an almost
generalized forgetting of reference to seminal international scientific publications from the
period of 1914-1995. The information and results provided by these publications can be of
great interest, and they are an extraordinary source of knowledge that can provide insights
and perspectives to differentiate between natural environmental /climate variabilities and
human-induced changes in the ecosystems and, therefore, can potentially contribute to
developing a more realistic vision of the future of different fishes and fisheries. We identify
two methodological biases in the recent fishery science literature consulted. First is the
use as a baseline of the size of the study population and the composition of species that
was known at the beginning of the authors’ respective research careers. The use of such
baselines as reference points to evaluate system changes is an error that was already noticed
almost 30 years ago [22-25]. Second, researchers are generally interested exclusively in
contemporary publications and ignore publications from previous decades.

To better understand the current state of research on fishery science vs. climate change
and develop guidance for future research, it is necessary to first review the international
multidisciplinary bibliography of the period of 1914-1995, selecting a sample of seminal
publications on the influence of climate variability and climate change on regional and
global fisheries and marine ecosystems.

Since the 1980s, there have been important intergovernmental efforts to promote
global meteorological research on climate change, and essential global research on the
ocean (oceanography, fisheries, and ecosystems) was not implemented until the period
of 1991-1995. Thus, it is also necessary to review and describe guidelines arising from
intergovernmental agreements since the early 1990s, when global research on climate
change in the seas and oceans began to be promoted. Since then, much progress has been
made in understanding global long-term physical fluctuations in the atmosphere and ocean
but comparatively less on long-term biological changes in European seas.

2. Methodology

We have extracted our historical scientific references mainly from old publications
(papers, books, and contributions to symposiums) prior to 1996. For subsequent years until
2010, an overview of the literature on the impact of climate change and the variability of
fish and shellfish populations in the northeast Atlantic Ocean, the Mediterranean Sea, and
Black Sea was included in an ICES report [26]. This report includes a chapter that reviews
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the knowledge of past climate variability and future climate change in European waters [27]
and another with an update of the available information on spatio-temporal changes in fish
species distribution [28], mainly since the 1970s-1980s. Much documentation has also been
generated in the five symposiums devoted to the study of the Effects of Climate Change
on the World’s Sea carried out during 2008-2023 (Spain, Korea, Brazil, USA, Norway).
These symposiums were mainly sponsored by ICES, IOC, and PICES (North Pacific Marine
Science Organization). There is a valuable review that examines the literature on the
influence/relationship of climate on 68 species of great importance in European seas in
the 2023 symposium report. However, for most of these species, there are not enough
publications [29]. Another very important source of documentation is the international
conferences on paleoceanography, with a tradition of 40 years (14 conferences during
1983-2022), focused on “reconstructing and simulating the history of the ocean and its role
in climate change” [30].

Earlier historical documentation from several European archives (on maritime climate,
oceanography, fisheries, and plankton) is also available on the Internet. For maritime
climate history research, two interrelated projects are recommended. The Climatological
Database for the World’s Oceans (CLIWOC) [31], funded by the European Union, can be
used for “connecting past climate change to human affairs”. It consists of 287,114 log-
books written aboard Spanish and other countries’ sailing ships (mostly between 1750
and 1850) on a global scale. It can be complemented by the Past Global Changes (PAGES)
Project, which “provides support for the gathering and synthesis of observations, recon-
structions, and the modeling of climate, ecosystem, environmental and societal dynamics
in the past” [32]. WISE-Marine, founded by the European Environment Agency (EEA),
is a gateway to information on European marine issues in support of ecosystem-based
management and ocean governance [33]. This program periodically updates the European
Marine Climate Change Index (EMCCI) [34], which provides a graphic indication (maps) of
the relative magnitude of the effects of climate change stressors on marine ecosystems. In
addition, the Marine Board has published a synthesis of European research on the effects of
climate change on marine environments [35]. Also, the European Centre for Medium-Range
Weather Forecasts (ECMWEF) [36], a key player in Copernicus Marine Service (CMEMS),
produces global numerical weather predictions, annual averages of sea surface tempera-
tures (see Figure 1), and monthly anomalies of surface air temperature (ranging from —6 °C
to 6 °C). Other maps generated by the EEA show, as biological indicators, the changes in
fish distribution in Europe’s seas during 1982/2022 (see a sample in Figure 2).

The digital archive of the Mediterranean Science Commission contains the scientific
communications presented to its congresses since 1919 [37]. Likewise, for the Northeast
Atlantic, the database of the International Council for the Exploration of the Sea contains
information since 1898 [38], in addition to its publications on fish landings in Atlantic
Europe. FAO’s world fishery landing statistics were revised for the period 1950-1994,
globally and by ocean [39]. The respective Yearbook of Fishery Statistics (catches and
landings) is published annually. For retrospective research in marine ecology in the North
Atlantic and North Sea, it is recommendable to consult the largest multi-decadal plankton
monitoring program in the world, operated by the Marine Biological Association (Plymouth,
UK): the Continuous Plankton Recorder (CPR) database, on the abundance of phyto- and
zooplankton recorded monthly from 1958 to the present [40].

On a global scale, with the enormous volume of international information generated
in recent decades on the influence of climatic changes on seas and oceans, it is essential
to consult various databases on academic research and on specific changes in marine
biodiversity /biogeography. Updating peer-reviewed research literature requires consulting
databases such as the Web of Science (WoS) and SCOPUS (with more than 22,000 titles). On
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the other hand, the Ocean Biodiversity Information System (OBIS) provides the world’s
largest scientific knowledge base on the diversity, distribution, and abundance of nearly
120,000 marine species. Information provided by 500 institutions from 56 countries can be
integrated with physical and chemical environmental data.

3. Background to the International Study of Climate Change and
Fluctuations in Fisheries (1914-1995)

In the 21st century, we are aware of numerous irregular alternations of cold and warm
periods of uncertain duration recorded throughout the Earth’s history. There is a general
consensus on the definition of climate change that it “is any systematic change in the
long-term statistics of climate elements from one state to another where the new state is
sustained over several decades or longer” [27].

The Spanish ecologist and oceanographer Ramén Margalef (1919-2004) recognized
in 1960 that fluctuations of populations and ecosystems are periodic and are their “very
essence”: “Ecosystems results from the integration of populations of different species in a
common environment. They rarely remain steady for long, and fluctuations lie in the very
essence of the ecosystems and of every one of the [...] populations” (in ref. [41]).

The transition from the end of the 19th century to the 20th presented dramatic alter-
ations in the polar oceans that had abnormal effects in other latitudes, such as off the coast
of New England with the exceptional intrusion of the cold subarctic water that produced
the almost total destruction of tilefish (Lopholatilus chamaeleonticeps) in spring 1882 (natural
mass mortality). According to Bigelow [42], the expansion of ice at the South Pole was
produced between 1892 and 1897 with “an outburst of the ice from the Antarctic, sending
many floes and icebergs northward into the Southern Ocean”. At the antipodes, a similar
outburst occurred in 1901 with Arctic ice, when the Barents Sea was full of packed ice
until May.

Since the end of the 19th century, the “impoverishment” of the sea was recognized [43],
and interest in the study of international fisheries in fishing grounds shared by several
nations intensified. In 1899, seven northern European countries met to plan research in the
Glacial, Baltic, and North Seas, an initiative that was institutionalized years later with the
creation of the International Council for the Exploration of the Sea (ICES), in the context of
social and scientific concern about the fluctuations in fisheries on decadal time-scales and
about overfishing.

Since the 1890s, different European investigations have been published intermittently
on the spatio-temporal variability of the Gulf Stream and various species of fish, such as the
secular periodicity of herring (Clupea harengus) fisheries, the news that fishermen exploited
Icelandic waters all year round, the disappearance of the sardine (Sardina pilchardus) in
the north of the Iberian Peninsula and its alarming scarcity on the coasts of France (with
catches of over 50,000,000 kg in 1898 shrinking in 1902 to less than 9,000,000 kg), and
the surprising expansion of anchovy (Engraulis encrasicolus) toward the north reaching
the coasts of Scotland. The pioneering publications of Scandinavian authors with the
application of marine biological and environmental research on the study of Fluctuations in
the great fisheries of Northern Europe [44], mainly the Norwegian cod (Gadus morhua) and
herring fisheries, were a milestone 110 years ago complemented by Climatic variations in
historic and prehistoric time [45]. This last author described a series of violent catastrophic
and synchronous events with dramatic economic, political, and social repercussions, which
caused serious consequences for coastal communities, such as the cessation of the lucrative
Hanseatic herring fishery, the frequent volcanic eruptions in Iceland and the surrounding
seas, and the violent storm floods devasting the coasts of the North Sea and the Baltic.
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The first comprehensive estimates of global mean temperature (in both hemispheres)
between 1861 and 1984 have also published, showing marked warming to 1940, relatively
steady conditions until the mid-1970s, and a subsequent rapid warming in the 1980s [46].
Glanz [47] identified on a global scale a cyclical alternation of warm and cold decades,
roughly the 1920s-1940s (warming), 1955-1965 (cooling), the late 1960s (warming), and
the 1982-1983 El Nifio-Southern Oscillation (ENSO, cooling), which had global conse-
quences. From our perspective from the 21st century, e.g., refs. [48-50], in general for
the European Seas, the patterns of sea temperature changed rapidly between 1900 and
1920 (cooled), between 1925 and the 1950s (warmed), and between the 1960s and 1970s
(with two cooling phases 1962-1965 and 1970-1975), and since the 1980s, warming has
already affected global marine ecosystems (see Section 6). Between 1976 and 1977, a change
occurred at a planetary level that could be observed in many series of data: oceanographic,
atmospheric, and biological (both in exploited populations and in those not subject to
anthropogenic influence) [51]. In the pelagic fish assemblage of the European continental
shelf, ichthyological /environmental changes were demonstrated, shifting from cold-water
fish species (the 1960s-1980s) to warmer-water assemblages from the 1990s onwards (see
Section 6.1). Also, the collapse of the spawners bluefin tuna (Thunnus thynnus) fisheries of
northern Europe during the 1960s is related to the overfishing of its juveniles since 1950 in
the Bay of Biscay and Atlantic Morocco [52,53]. From approximately 1980 to 2005, sea sur-
face temperature (SST) warming was recorded in different regions of the NE Atlantic and
Mediterranean [12,54,55]. In the Northern Hemisphere, this latest warming is considered
greater than at any other time during the last 2000 years [56,57].

In the World Ocean Large Marine Ecosystems (LMEs) during 1957-2006, several
strong regional variations in the rate of sea surface temperature (55T) change has been
confirmed [54]. According to this author, almost all LMEs in the North Atlantic and
North Pacific experienced a prolonged cooling in the 1950s-1970s, followed by a rapid
and accelerated global warming in 1982-2006 confined to the Subarctic Gyre (in this case
likely caused by natural variability related to the NAO), European Seas, and East Asian
Seas (in both cases, the rapid warming may in part be of direct anthropogenic origin).
Bakun’s proposal that climate change can intensify coastal ocean upwelling [58] could
explain the simultaneous exceptional cooling recorded in the Eastern Pacific upwelling
areas (the California Current and Humboldt Current), although it contradicts the situation
detected in the coastal upwelling off Northwest Africa (see Sections 6.3 and 7).

It is necessary to advance the understanding of the effects of past cyclical changes in sea
temperatures on different marine ecosystems at a regional scale in the 20th century. During
the warming/cooling phases of the period of 1921-1971, ecosystem changes were detected
in the English Channel off Plymouth [59], with several episodes of alternation between
herring and pilchard. In the Plymouth area during 19301968, changes were detected in the
oceanic/neritic zooplanktonic community, with a first phase of local cooling of the surface
water until 1938 (with the presence of Arctic-Boreal species) and its subsequent warming
indicated by neritic-temperate species [60]. However, in the northernmost northern hemi-
sphere, the mid-20th century warm period has been considered a broad 35-year period of
warming (1925-1960), which we can correlate with the return of the cod to Greenland [61]
and the relaunch of its very productive fishery. During approximately that same warm
period, the trophic migration of bluefin tuna to the Norwegian Sea and the North Sea was
favored, and a large fishery for this species developed in that region (since the 1920s, with
a peak in the 1950s), until its near disappearance after 1967. This increase in the abundance
of bluefin tuna was related to the arrival of the Atlantic saltier water and the abundance of
herring and other small pelagics, while its decline at the end of the 1960s coincided with
a period of cooling and the decline of Atlantic influence, causing the disappearance of its
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prey species [62]. More recent authors did not find direct evidence that the aforementioned
increase in tuna was due to a habitat change related to the increase in temperature in the
region [63]. Forced variations (due to COy, solar forcing, and volcanism) were involved in
this mid-20th-century warm period, and the temperature increase is comparable to the most
recent period of pre-industrial climatic warming in the northern hemisphere: the Medieval
Warm Period or what is now usually referred to as the Medieval Climate Anomaly, with
three relatively short-lived warming intervals during 1010-1190 [64]. Although it has been
stated that the very strong early-20th-century warming of the first decades in the Arctic and
Greenland is not yet well understood [49], other authors have associated the warming in
the Arctic and Greenland with the earlier increase in the Atlantic Multidecadal Oscillation
(AMO climatic index) during the 1920s-1930s [65,66]. However, it has been shown [67]
that the significant warming of the 1920s-1940s in the Arctic is comparable to that of the
1980s-2010, although the former was mainly concentrated at high latitudes and the current
one at all latitudes.

In the first warming decades of the 1920s-1930s, marked faunal changes were also
recorded in Iceland [68], which also affected lower latitudes, such as European waters [69]
and the North American waters of California [70] and Nova Scotia [71]. There was an
immigration of different species of fishes of temperate thermal affinities into high latitudes,
coinciding with an expansion of warm Atlantic water reported in the Barents Sea [42].
It is suggested that all these are associated with a general warming up of the Atlantic
and a greater northerly flow of Atlantic water of southern origin. Locally, however, low
temperatures recorded at the beginning of the year 1929 in the North Sea produced more
extreme biological changes, noted by bottom trawler fishermen, such as the large number
of dead and decomposing fish caught, coinciding with an extraordinary drop in water
temperature along the continental coast (below —1 °C) and the Arctic conditions that
prevailed on the continent [72]. On the other hand, the consequences of the intense
Atlantic warming in the 1930s and early 1940s were also temporally and geographically
extensive, with the arrival of southern species to Iceland, Nova Scotia, and British waters.
In the bibliography of those decades, in the Arctic and subarctic regions, contemporary
climatic, biological, and geophysical changes were already detected from Greenland to
Eurasia [73]. In the western English Channel, the first profound changes in ecosystems were
documented in 5-year cycles: 1925-26, 1930-31, and 1934-35 [74]. In western European
waters, coinciding with the unusual increase in atmospheric temperature during the years
1932-1934, “evidence that species of zooplankton and fishes usually found in more southern
waters were entering British seas, and whales, dolphins and sharks were more than usually
common” [75]. Southern species also appeared in French waters in the early 1930s [76-78].
In Spain, the intense sardine crisis of the period 1924-1928 [79] was followed by the very
productive years 1929-1938 for the sardine in Galician waters, and at the same time the sprat
decreased until its virtual disappearance in 1938 [80]. For Atlantic cod stocks, the different
responses verified during the warming periods of the 1920s-1930s and 1990s-2000s, in
particular the reduced cod production during the recent warm event, are mainly attributed
to the effects of intense fishing pressure [65].

In this context of great environmental and marine fauna variability during the
1920s-1930s, several European initiatives were promoted. Since 1936, for species of com-
mercial interest, ICES collected comparative studies of the fluctuations in the stocks of
principal food fishes in the seas of North and Western Europe [81]. ICES also noted the
need to intensify multidisciplinary oceanographic studies (including more information on
the environmental factors during the critical period of larval development) to understand
the great fluctuations in the abundance and distribution of marine fauna [82]. The influ-
ence of particular meteorological variables was demonstrated, such as the relevant wind
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conditions for herring and haddock [83], and the especially cold winters of 1946-1947 in
the southern North Sea, which caused a negative influence on plankton and certain species
of fish, which suffered multiple changes in behavior or mortality [84,85]. After an ICES
meeting in 1947, in which it was recognized that the problems of climatic change (in the
distribution, migrations, spawning conditions, and density of marine animals) are one
of the most pressing problems in the area, an Inquiry into the Problem of Climatic and
Ecological Changes in Northern Waters was drawn up by G. Rollefsen and A. V. Taning
the following year (see Section 7). Subsequently, in 1949, the first ICES meeting on climate
change (in the Arctic) was held [86].

More articles and the influential book Climate through the ages. A study of the
climatic factors and their variations have been published [87], demonstrating cyclic changes
in oceanic circulation and in the conditions of the Atlantic, summarizing the 11 theories
of climate change described in the scientific literature until that year, and delving into the
reversal of deep-sea circulation. In the 1950s, research on biological responses to climate
change resumed with greater intensity, with the publication of several articles on various
species of fish, both pelagic and demersal, from European waters, the North American
Pacific [88-90], and Asia [91]. Other authors warned of Climatic temperature changes and
commercial yields of some marine fishes in Canada [92] and the first “El Nifio events”
began to be described [93], offering revealing details on fish, mammal, and bird mortality.

In specific European areas, unusually large biological variability was also detected,
including cod and herring fluctuations in the NE Atlantic waters [94-96], as well as in the
Southern North Sea [97]. Also in the 1950s, in the English Channel, the unusual abundance
of pilchards [98], the common octopus (Octopus vulgaris) plague of 1950 [99,100], and
alterations of the bottom fauna were recorded [101]. Changes in the benthic fauna were
also detected in the Baltic [102], coinciding with anomalous oceanographic situations such
as increases in salinity in the Ostsee in 1951 [103,104], which were responsible for their
particular registered biological alterations. Drastic environmental changes that reached
the Spanish northern coasts and were responsible for the displacement of the intertidal
biogeographic boundaries were studied in 1954-1955 [105-110].

In the north of Iberia, in the waters of Galicia and the Bay of Biscay, José Navaz
(1897-1975), a researcher at the Instituto Espafiol de Oceanografia (Spanish Institute of
Oceanography), made important contributions, particularly his scientific publications on
the alternation between different species in Galicia (sardine; sprat—Sprattus sprattus; horse
mackerel—Trachurus trachurus; and anchovy) during 1929-1943 [111], the appearance of
exotic southern fish species also in Galicia [112] and in the Cantabrian Sea [113], and
popular articles in the daily press in relation to the detected warming in the sea water.
This important informative work for society in the mid-20th century was also practiced by
two pioneering women, who in their popular science books included several conclusions
from scientific publications from the period of 1920-1950. The North American Rachel
Carson (1907-1964), with her synthesis on the climatic changes of the especially alarming
decades of 1924-1944, when the floating ice of the Russian Arctic decreased by a million
square kilometers, noted how these profound environmental changes allowed the arrival in
Iceland of species of birds and fish typical of warmer and southern waters [114]. Abnormal
warming reached the productive southern fishing grounds of Newfoundland in 1948,
and cod disappeared from its depths, as denounced by the French woman Anita Conti
(1899-1997) [115].

The 1960s began with the symposium on Changes of Climate in Rome, Italy, organized
in 1961 by UNESCO and WMO. With the difficulty of understanding complex fish pop-
ulation fluctuations, the need to undertake long-term research with historical records of
meteorological, oceanographic, and biological data was recognized [116,117]. Particularly
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in the United Kingdom, a succession of unusual weather events since the mid-1940s (an
abundance of wet summers and cold winters) and the extremely cold conditions during
1962-1963 and its negative effects on marine life [118], with its probable ominous impli-
cations for the future on food resources, promoted the holding of the symposium The
Biological significance of Climatic Changes in Britain in 1964 at the Royal Geographical
Society in London. In those years, the anomalies in the sea-surface temperatures of the
North Atlantic in the 1950s were also described [119], a secular warming trend peaking
in the early 1950s was demonstrated, along with a slight tendency toward cooling in
certain small areas [120] and the mean sea level related to solar radiation during the last
20,000 years [121].

Regarding fish and fisheries, we also highlight an integrative vision of hydrodynamic
fluctuations and their biological consequences [122]. Also noteworthy is a study of great
temporal and spatial amplitude, which compared the catches over 55 years of several
species of pilchard sardine during 1905-1960 [123], demonstrating similarities between
the populations off California (Sardinops sagax), off Spain (Vigo), and in the Adriatic. It
also linked the catches (low/high) of the Adriatic sardine since the sixteenth century
with changes in the landings of the Japanese sardine (Sardinops melanostictus). Subse-
quent reviews of the Atlantic sardine fishing crises in Spain and Portugal were published,
e.g., refs. [124,125], stating the latter author “that most of the crises have been due to envi-
ronmental factors, and only during the second half of the 20th century can the effects of
fishing be viewed as having added to the recruitment failures observed in the populations”.
Indeed, a dramatic increase in fishing pressure worldwide since 1950 has been confirmed,
and in the Celtic Sea, there was a large fishing-induced decline in biomass, mainly before
1970 [16].

In three monographs from the 1970s, numerous international multidisciplinary publi-
cations from previous years were reviewed. It was confirmed that there is some evidence
of a correlation between climatic changes in the Northeast Atlantic region and the global
climate regime [126]. A synthesis of the effects of past climate changes on marine resources
was carried out [127], including the biological response in the sea and the role of humans
in the regulation of fish populations, introducing the concept of recruitment overfishing,
and pointing out a plan of studies for fisheries oceanography. Another study [128] includes
a complete review of areas bordering the Bay of Biscay—the southern North Sea and the
western English Channel—with three events that were common to the two changes in the
1930s and the 1970s and extreme winters that occurred in northwest Europe (one every 10 or
15 years); these events were considered as an index of climate change, which usually causes
damage to the intertidal fauna and the death of fish species. It ends with a description of
the links between different scales of climatic changes (seasonal, every 5 or 10 years, and
a period of about a century), the associated biological events, and the types of biological
response (indicator species, colonization, alteration of stock size and structural changes in
the ecosystem).

The following decade of the 1980s was decisive in consolidating global research on
climate variability and its influence on marine populations and ecosystems, with the
exchange of information between global researchers in several specialized symposiums
and the publication of many seminal articles and books. The multidisciplinary book
Climatic changes on a yearly to millennial basis: geological, historical, and instrumental
records was published [129] with some subsequent statements: “Major short-term climatic
changes during the last 20,000-30,000 years are found to have a duration of the order
of 50-150 years, duration that reveals the oceanographic origin” [130]; in NW Europe, a
direct link between climatic change and variations in Gulf Stream activity was described.
Another integrative book [131] examined the connection between the climate and changes
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in fish stocks, describing, among other issues, changes in fisheries during historical times
(particularly the period of warming from 1880 to 1945) and the influence of cold winters
in Western Europe, the long-term changes in the Baltic Sea and North Sea; reviewing the
biological mechanisms and investigating the effects of climatic factors on recruiting year
classes; and ending with a discussion on the management of fisheries. Other authors [132]
warned that research on fisheries should account for at least three basic criteria. (i) First,
fish stocks can be divided into four classes according to their natural patterns of variation:
steady, cyclical, irregular, and spasmodic. This last pattern is frequent in some anchovy
and sardine stocks, characterized by alternating periods of high abundance and scarcity or
collapse, with potential fluctuations of 10 to 20 years. (ii) Second, the causes of variations in
fish landings fall into two main headings, which are not mutually exclusive—fluctuations
in the marine environment and variations in fishing intensity—and clarifying their relative
impacts can help predict upcoming events. (iii) Third, in the researchers’ scientific career,
it is difficult for more than one longer-term periodic and catastrophic phenomenon to
occur that is useful as an indicator of past climates, such as volcanic eruptions (which had
a cooling impact on the climate), and certain intense changes in precipitation and their
effects on drought and river runoff, which can follow cycles for long periods on the order
of 70-100 years.

More interesting multidisciplinary articles were also published in the 1980s. On the
influence of the global trend in temperature on the fluctuations in the three major sardine
stocks in the Pacific [133]. The great salinity anomaly of the 1970s [134], traced from Green-
land all around the North Atlantic (from 1968 to 1982), was discovered, which caused
changes in planktonic communities and reduced the yields of 15 deepwater stocks during
its passage [135]. There were studies on the four major upwelling areas (California, Peru,
Canary, and Benguela) and the fluctuations of the 16 common species in those characteristic
physical environments (the genera Engraulis, Sardina, Sardinops, Trachurus, Scomber, Sarda
and Merluccius) [136]. For the tropical multispecies fisheries off West Africa, a series of dra-
matic changes since the mid-1970s in species composition and distribution were described
for several species of fish and cephalopods (see Section 6.3). The fluctuations in the herring
and pilchard fisheries off southwest Britain were linked to changes in climate since the
16th century [137]. The first numerical models for the North Sea herring were published,
recognizing the need to incorporate details on the behavior of plankton and fish larvae to
convert this information into ecological forecasts [138,139]. A wide thematic variety was
generated, including variation in climate and aquatic food production [140], variation in
fishery management in the context of climate change [141], a background paper on the
relationships of fisheries to climate change and marine environmental factors [142], and
variations of fish stocks with climate [143]. On the Spanish Mediterranean coasts of the
Alboran Sea, four species of fish have been identified that are useful as indicators of cold,
temperate, and warm waters. Catches of two of those species of small coastal pelagic fish,
which are common in its waters throughout the year, showed drastic changes since the
mid-1960s: during the cooling period of 1966-1975, sardine catches almost tripled those
of anchovy and vice versa in the warming period of 1977-1990 [144]. A third species in
the years of maximum warming in the pelagic ecosystem, the round sardinella or gilt
sardine (Sardinella aurita), an opportunistic species, appeared and entered into competition
with the anchovy [145]. Also, the boarfish (Capros aper), a subtropical species, exponen-
tially increased its presence in the region during decades of oceanic warming [146] (see
Section 6.2).

The line of research on long-term marine biological changes and cyclic fluctuations
was promoted and several meetings of world experts in fisheries and oceanography were
held in the 1980s, working together to determine what effect human activity has on the
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marine environment and the effects of environmental factors such as climate, hydrography,
and the fertility of oceans. The global research collaboration on fisheries was initiated by
an international symposium organized in 1983 by FAO and IOC-UNESCO in Costa Rica to
examine changes in abundance and species composition of neritic fish resources [147,148].
This was followed by the 1986 symposium on Long Term Changes/ Variability in the Span-
ish city of Vigo, on the effects on marine fish populations [149], which included, for Spanish
Atlantic waters, five important studies with information since the early 1950s. In Asturias,
annual and seasonal changes were described during 1952-1985 in the catches of a total
of 10 species of fish, both pelagic and demersal [150,151]. During the mid-1960s-1970s,
anchovy in the Bay of Biscay withdrew from the Galician coast and the western Cantabrian
Sea and retreated to the eastern Bay of Biscay [152]. For the period of 1976-1985, variations
in the sardine stock of Western Iberia were described, mainly due to variations in recruit-
ment [153], suggesting the role of Ekman transport in larval recruitment in the coastal
waters of Portugal and W. Galicia [154]. In the Channel and the Bay of Biscay, a comparative
study on the opposing fluctuations in French sardine and herring fisheries demonstrated
that they have followed long-term changes in climate for three centuries [155]. A third
symposium, the American symposium on the Effects of Climate Change on Fish held in
Toronto, Canada, in 1988 [156], was followed in 1989 by the Japanese symposium hosted in
Sendai on the Long-term variability of pelagic fish populations and their environment [157],
which reported on interrelations between environmental change and fluctuating European
sardine populations [158]. Furthermore, research on the impacts of climate change on
marine ecosystems that occurred in previous millennia was also reported. The renewed
paleoecological studies on variability in marine fish populations focused on studies based
on fossil fish and on the deposits of their scales in the sediment, as indicators of past
sardine and/or anchovy populations in California [159], off Peru over the last 2000 to
2700 years [160], and off Namibia [161], and a comparative study was conducted on the
results found for three upwelling regions [162].

In the 1990s, more seminal interdisciplinary books were published containing contri-
butions from scientists around the globe on the potential impacts of global change on ocean
productivity and fisheries. These included the following, among others, in chronological
order: Large Marine Ecosystems: Patterns, processes and yields [163], Climate variability,
climate change and fisheries [47], Scaling Fisheries [41], Population production and regula-
tion in the sea. A fisheries perspective [135], and Patterns in the Ocean: Ocean Processes
and Marine Population Dynamics [164]. For fishery scientists, the aforementioned books by
Glantz and Cushing are particularly interesting because they present the history of major
climatic changes and ecological shifts recorded in the global fishery literature. Cyclical
times of expansion and abundance vs. the collapse of these populations are identified,
coinciding with periods of marked marine environmental changes and/or anthropogenic
causes on a global scale since the 1920s. Varied human activities and subtle changes in key
environmental variables (such as temperature, salinity, wind speed and direction, ocean
currents, and the strength of upwelling, as well as predators), can sharply alter the abun-
dance, distribution, and availability of fish populations. Populations are also influenced by
many elements of their natural environments during all phases of their life cycle, including
the location of spawning grounds and the monitoring the survival of their eggs and larvae
in the planktonic ecosystem. Our bibliographic review of interest in fisheries ends by citing
two monographs: the entire 1990 issue of Fisheries magazine (of the American Fisheries
Society), dedicated to the effects of global climate change on fishery resources, and the
report titled Climate Change and Northern Fish Populations, by National Research Council
Canada [165], which summarizes contemporary studies (of the relationships among climate,
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the dynamics of fish populations and the aquatic environment) from the North Pacific,
from the North Atlantic, and from freshwater.

The surface ocean circulation system has a much more important role than previously
appreciated. Paleoclimatic changes on the decadal-to-millennial time scale are primarily
driven by the same complex mechanism: the “connection between Earth’s rate of rotation,
ocean circulation, ocean/atmosphere heating, atmospheric (wind) heat transport and
continental paleoclimatic changes” [166]. This author also suggested the importance of
the spatiotemporal variability in the branches of the Gulf Stream and the polar front in
the North Atlantic, from the Last Glacial Maximum (peaked at around 20 kyr ago) to the
1982/83 ENSO-events. In addition, the first secular reconstructions of solar irradiance
since 1610 and their implications for climate change were also analyzed [167], and solar
variability is also proposed as a decisive forcing function that affects the Earth’s rotation,
ocean circulation, and climate change [168,169], as well as the cyclical pattern of about
60 years that relates changes in the length of the day, temperature, and sea level in North-
Western Europe. The correlation of the temperature of the northern hemisphere with the
solar cycle length was initially demonstrated over the period of 1850-1970 [170] and then
confirmed and extended a further 65 years, back to the end of the 18th century [171]. For
pelagic fisheries, the study of solar variability is very interesting. In oceanic sedimentary
records (fish-scale abundances of northern anchovy Engraulis mordax and Pacific herring
Clupea pallasii at decadal to centennial scales), abundance variability at one stationary solar
cycle (75-90 years) was demonstrated [172]. On the other hand, solar variability negatively
affected bluefin tuna catches in the North Atlantic and Mediterranean for at least 165 years.
It did so during two phases, first during the intense cooling of the period of 1645-1715 (with
minimal solar activity, included in the so-called Little Ice Age) [173] and second (mainly
during 1700-1810) when a strong correlation between the total solar irradiance and bluefin
catches was detected [174]. The variability of the Atlantic Iberian sardine (with annual
landings from 1906 to 2002) is governed by the switching between short and longer solar
cycles, which will also potentially affect different biological processes [175].

We finished this historical review with the workshop convened at the National Oceanic
and Atmospheric Administration (NOAA) in 1996 to examine the uses of environmental
data for fishery research and management, with one of its main objectives being “to assess
the current and future needs for environmental data bases (oceanographic, atmospheric,
remote sensing, model output, and geological) in fisheries research and management” [176].

We posit that all of this historical information remains useful in the 21st century.
It provides appropriate reference models to better understand a century of complex in-
teractions between climate, the marine environment, fish stocks, and human activities
(e.g., overfishing and the application of certain management schemes or new technologies).

4. International Impulses for Climate and Marine Research Since the 1980s

In 1979, during the first World Climate Conference, climate change was identified as
an urgent global problem, and a call was made to governments to address this challenge.
The great influence of solar, volcanic, and CO, forcing on recent climatic changes was
demonstrated [177]. Also, studies on the relationship between the increase in CO, content
in the atmosphere and the warming caused by climate change were promoted internation-
ally [178], including a preferential interest in the coastal regions (which were especially
impacted by a sea level rise) and their fisheries. In 1984, at an international symposium of
the American Association for the Advancement of Science, the Large Marine Ecosystem
(LME) approach, based on linked ecological criteria, was first introduced “as place-based
areas around the globe, to focus the methods of marine science, policy, law, economics and
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governance on a common strategy for assessing, managing, recovering, and sustaining
marine resources and their environments” [179].

The action of the World Meteorological Organization (WMO) during the 1980s was
decisive in promoting research on the world climate and climate change on a global scale.
In 1980, the WMO sponsored, together with the International Science Council, the estab-
lishment of the World Climate Research Program (WCRP). The WCRP focused its interest
on the ocean in 1993 with the incorporation of the Intergovernmental Oceanographic Com-
mission (I0C) of UNESCO as a sponsor. In 1995, the WCRP began to develop one of its six
core projects, Climate and Ocean: Variability, Predictability, and Change (CLIVAR), whose
mission is “to understand the dynamics, the interaction, and the predictability of the cli-
mate system with emphasis on ocean-atmosphere interactions” [180]. The second decisive
action of the WMO, in cooperation with the United Nations Environment Program (UNEP),
was the creation in 1988 of the Intergovernmental Panel on Climatic Change (IPCC), the
leading international body for the assessment of climate change. Its objective “is to provide
governments at all levels with scientific information that they can use to develop climate
policies” [181]. In 1987, the Scientific Committee for Oceanic Research (SCOR) initiated the
Joint Global Ocean Flux Study (JGOFS), an international research program on the fluxes
of carbon between the atmosphere and the ocean. The International Geosphere-Biosphere
Programme (IGBP) started in 1987 with its primary focus on: “coordinating international
research on global-scale and regional-scale interactions between Earth’s biological, chemi-
cal and physical processes and their interactions with human systems” [182]. The United
Nations Framework Convention on Climate Change (UNFCCC) was adopted in 1992 and
entered into force in 1994.

The period of 1991-1995 was decisive in promoting research on climate change in
the aquatic environment and the implementation of oceanographic studies in addition
to atmospheric studies. In 1991, the Working Group II of the IPCC speculated about the
possible impacts of climate change on fish populations and aquatic life, and the following
year, the Global Environment Monitoring System (GEMS) of the UNEP sponsored the
publication of the book Climate variability, climate change and fisheries [47]. This book
“addresses the potential implications for fisheries and societies of the regional impacts of a
global warming of the atmosphere”. Other important milestones were the incorporation
in 1995 of fisheries in the IPPC’s 2nd Assessment Report [183]. It was concluded that
“Climate-change impacts are likely to exacerbate existing stresses on fish stocks, notably
overfishing, diminishing wetlands and nursery areas, pollution, and UV-B radiation [...].
The question of whether overfishing, environmental change, or a combination of the two
is responsible for major declines in fish stocks is still a matter for debate and is situation-
specific”. Simultaneously, the research program of the Global Ocean Ecosystems Dynamics
(GLOBEC) was supported by IOC-UNESCO and SCOR, and the first GLOBEC collaboration
with the European Atlantic began through the International Council for the Exploration of
the Sea (ICES), through a working group on cod and climate change. The year 1995 was
important for the Mediterranean Sea, as under the auspices of the UNEP/Mediterranean
Action Plan (MAP), the Convention for the Protection of the Marine Environment and the
Coastal Region of the Mediterranean (Barcelona Convention) was adopted.

Operational oceanography at the European scale was developed within the context
of the intergovernmental Global Ocean Observing System (GOOS). The international
non-profit association EuroGOOS was founded in 1994 and operates in five regional
sea areas, including the Ireland-Biscay-Iberian area (IBIROOS) and the Mediterranean
Sea (MonGOOQOS). In 1995, the Marine Board, a pan-European platform, was established
to facilitate enhanced cooperation between its member organizations and to develop a
common vision of research priorities and strategies for advancing marine science.
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In 1998, the Year of the Oceans, a significant amount of international attention focusing
on the ocean’s role in climate maintenance and change, ocean prediction, and environmental
sustainability in the coastal zone emerged. In the following year, 1999, the international
ARGO program began. This program has a set of autonomous profiling floats with sensors
for the real-time measurement of temperature and salinity through the upper 2000 m of the
global ocean, with the aim of contributing to a global description of the seasonal cycle and
interannual variability of the upper ocean thermohaline circulation.

Likewise, the agreements of the Kyoto Protocol (in force since 2005) are necessary
and complementary, marking the commitments to reducing emissions of greenhouse gases
due to their negative influences on climate change. The impacts of climate changes have
been observed in marine environments including sea temperature and sea-level rising,
ocean acidification, deoxygenation, and extreme weather events that imperil ecosystems,
economies, and societies worldwide [184]. Pending tasks include extending the record of
climate variability to broader time scales, optimizing the reliability of climate predictions,
and advancing the prediction of the climate system’s response to increases in the concen-
tration of greenhouse gases and aerosols [185]. Equally necessary is understanding the
multifactorial sun—climate connection. With this objective, the National Research Council
(NRC, United States) convened in 2011 a workshop, with the interaction of numerous
experts (e.g., in terrestrial history, solar activity, atmospheric chemistry and fluid dynamics,
and physics of plasma and energetic particles), to discuss how the Sun’s variability over
time has affected the Earth’s climate. They “emphasized that there may be an emerging
pattern of paleoclimate change coincident with periods of solar activity and inactivity, but
only on long timescales of multiple decades to millennia” [186]. In this line, a national
research project conducted in Japan to understand the structure and dynamics of the solar—
terrestrial environment and to predict the solar variations was compiled recently [187],
highlighting the need to study the potential risks associated with “space weather” (“such
variations in the space environment, which can influence human activities”).

Directly related to the oceans, several sustainable development goals were presented
to the United Nations General Assembly in 2014, including the goal to take urgent action
to combat climate change and its effects, recognizing the need to “strengthen resilience and
the capacity to adapt to climate-related risks and natural disasters in all countries”. In 2015,
in the context of the UNFCCC, the need to ensure the integrity of marine ecosystems and
advance the understanding of the links between climate and the ocean was recognized.
Simultaneously, the 2015 Paris Agreement recognized the need for effective and progressive
responses to the urgent threat of climate change, accounting for the particular vulnerabilities
of food production systems. Due to the great nutritional importance of the fishing and
aquaculture sector, FAO agreed to have its first workshop of technical experts in Rome
(2017). With the conclusions adopted the following year, the FAO published the report
entitled Impacts of climate change on fisheries and aquaculture. Synthesis of current
knowledge, adaptation and mitigation options [188].

In 2016, the IPCC committed to preparing a special report on the Ocean and
Cryosphere in a Changing Climate, which was published three years later [189]. This
report included the chapter Changing Ocean, Marine Ecosystems, and Dependent Com-
munities [190]. At local to regional scales, in 2022 it was confirmed that “climate change
worsens the impacts on marine life of non-climate anthropogenic drivers, such as habitat
degradation, marine pollution, overfishing and overharvesting, [extreme] nutrient en-
richment [eutrophication] and introduction of non-indigenous species” [191]. The GEMS
for the Ocean and Coasts Program (GEMS-Ocean) [192] allows the scientific community
access to global data and assessments on the state of the oceans and coasts with a view to
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supporting well-informed decision-making, which can be scaled up to drive consensual
transformations at the national, regional, and global levels.

Promoted by the European Union, the Copernicus Marine Environment Monitoring
Service (CMEMS, or Copernicus Marine Service [193]) was implemented in 2014 by Merca-
tor Ocean International (MOi). CMEMS provides regular and systematic information on
the sea ice state and on the physical and biogeochemical ocean processes, on different scales
(global, regional, or zonal) in real-time or delayed mode. IOC-UNESCO selected MOi to
lead the Ocean Prediction Decade Collaborative Centre in the context of the United Nations
Decade of Ocean Science for Sustainable Development or UN Ocean Science Decade [194].
In 2022, six European countries (France, Spain, Portugal, Italy, UK and Norway) signed
the “Declaration of Brest” and committed to transforming MOi into a Europe-centred
Intergovernmental Organisation and invited other European coastal countries to join. All
these initiatives culminated in the Copernicus Climate Change Service (C3S) [195], which
“provides climate monitoring for the globe, Europe and the Arctic. Authoritative informa-
tion about the past, present and future climate, as well as tools to enable climate change
mitigation and adaptation strategies, policy makers and businesses”. C3S and WMO
released a report on the European State of the Climate (ESOTC), along with detailed doc-
umentation on different marine variables: sea surface temperature (anomalies, ranking),
marine heatwaves (in the Northeastern Atlantic and Western Mediterranean), and ocean
color (anomalies in chlorophyll a concentration).

It is currently the Ocean Decade, with the mission of ensuring sustainable ocean
development using transformative ocean science, including the sustainable development
Goal 14 “Life Below Water” and the recently implemented Challenge 5 (Unlock ocean-based
solutions to climate change), “with the goal to enhance understanding of the ocean-climate
nexus and to generate knowledge and solutions to mitigate, adapt and build resilience to
the effects of climate change across all geographies and at all scales, and to improve services
including predictions for the ocean, climate, and weather” [196]. Numerous programs have
been developed, focusing on observations and the co-design of observations, reducing
stressors (sustainable fisheries, sound, pH, oxygen, and others), emissions management,
blue carbon ecosystems, and forecasting/prediction. These specific actions are coordinated
by it Decade Coordination Unit, and their results are published as part of UNESCO’s Ocean
Decade Series of publications. In April 2024, thousands of participants (in-person and
virtual) gathered for the 2024 Ocean Decade Conference in Barcelona, which was hosted by
Spain and co-organized by IOC/UNESCO. The global state of ocean science has previously
been summarized in several publications [197,198]. A exhaustive review [199] analyzed
trends in ocean research, specific to the five ocean basins of the world.

In Atlantic African waters, the Canary Current Large Marine Ecosystem (CCLME)
project is currently being executed by FAO and UNEDP, including Spanish waters (Canary
Island) and the different coastal African countries from Morocco to Guinea. IOC-UNESCO
is implementing the CCLME subproject Invasive alien species and other ocean stressors:
Furthering the scientific knowledge and capacity basis (see Section 6), which is funded by
the Spanish Agency for International Development Cooperation (AECID) and implemented
in collaboration with the Spanish Institute of Oceanography.

We conclude with the particular case of marine research development in the Mediter-
ranean Sea, a region that faces a growing increase in human activities and an incessant
pace of ecosystem transformation. To protect its particular biodiversity, the Strategic Action
Program for the Conservation of BIOlogical diversity (SAPBIO) was proposed, adopted
in 2003, and later updated with respect to the climate change issue between 2008 and
2009. The work of the Mediterranean Science Commission (CIESM) has also been essen-
tial. Since 2002, CIESM has developed several research programs and publications on
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the Mediterranean. The Hydrochanges Program initiated in 2002 monitors the long-term
variability of hydrographic properties of the Mediterranean Sea water masses, including in
situ measurements of temperature and the salinity of deep waters in four northwestern key
areas: the Strait of Gibraltar area, the Gulf of Lion, the Catalan Sea, and the Ibiza Chanel.
This program has documented changes in the deep water of the NW Mediterranean due to
the exceptional winter of 2005 (anomalously cold and windy), the heterogeneities of in- and
out-flows in the Strait of Gibraltar, the salinification of both flows, and the seasonal and
fortnightly variabilities of the Mediterranean out-flows. Among the CIESM’s biological
research related to climate warming, we highlight a monograph on the related changes
in Mediterranean marine biota [200] and the development of the CIESM Tropical Signals
Programme [201]. Those programs study the effects of the tropicalization of the Mediter-
ranean Sea, the geographic expansion of native and alien warm-water species and the
contraction of native cold-water species, shifts in species depth distribution, intermittent
episodes of mass mortalities of marine organisms, etc. With the voluminous documentation
generated in the last decade, the CIESM Atlas of Exotic Species in the Mediterranean has
been published. It consists of four volumes: Fishes, Crustaceans, Molluscs, and Seaweeds.
Three main origins of exotic species are distinguished in the Mediterranean: those from
the Indo-Pacific (which entered through the Suez Canal), those from the tropical Atlantic
(which entered via the Strait of Gibraltar), and those accidentally introduced by humans.

5. Anthropogenic Global Warming vs. Natural Global Warming

The different described scientific criteria of international initiatives to increase global
research on climate change (CC) since the 1980s have become evident in the 21st century,
even with a decisive challenge to overcome the limitations recognized in 1999: “it is not
possible to make a very confident statement about the relative contributions of specific
natural and anthropogenic forcings to observed climate change” [202].

When comparing the different criteria for the definitions of CC and its usages in the
frameworks of the IPCC vs. UNFCCC, substantial differences have been found [203]. CC
in IPCC usage refers to any change in climate over time, whether due to natural variability
or as a result of human activity. This usage differs from that in UNFCCC, where CC
refers to a change of climate that is attributed directly or indirectly to human activity that
alters the composition of the global atmosphere and that is in addition to natural climate
variability observed over comparable time periods. That greater or unique anthropocentric
responsibility is based on the hypothesis that the change in the concentration of greenhouse
gases (mainly CO») is the most probable cause of the intense and lasting increase in the
planet’s global temperature recorded since 1850 [204] and that there is a linear relationship
between the increase in atmospheric CO, and global temperature. Other scientists believe
that sometimes only natural causes can be decisive in CC and also think that the UNFCCC'’s
overly restrictive definition of CC “has often been adopted by the media, in policy docu-
ments and in some scientific literature and has also been used interchangeably with global
warming” [27]. According to the IGBP synthesis book Global Change and the Earth System:
A Planet Under Pressure [205], humans are now the main driver of global change and the
planet has recently moved well outside the range of natural variability experienced over at
least the last half million years. The concept of the Anthropocene was introduced in 2000
at a meeting of the IGBP, defending the opinion that the cumulative negative impact of
human activities over the past two centuries, but mostly from 1945 to c. 2015 (called the
“Great Acceleration”), are having a decisive influence on continuing the accelerated loss of
the planet’s biodiversity, leading the Earth to enter a new geological epoch, towards a sixth
great extinction event, e.g., ref. [206]. In 2024, however, after 15 years of reports prepared
by a multidisciplinary group of Quaternary specialists, international organizations refused
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to consider the Anthropocene as a new geological epoch and include it in the International
Chronostratigraphic Scale.

The general opinion that CC is mainly caused by greenhouse emissions from human
activities to the atmosphere resulting in Anthropogenic Global Warming or AGW is main-
tained [207]. Thus for instance, according to the European Environment Agency in 2024,
“Our climate is changing because of greenhouse gases released into the atmosphere” [208].
On the other hand, although it is also claimed that the global mean sea level (GMSL)
is rising and accelerating due to global warming, that claim does not seem to take into
account that the most numerous and reliable historical records of GMSL, from tide gauge
reconstructions, are only from the 20th century, and that structural uncertainty is high
before 1950 [209].

The current reality is a lack of full scientific certainty because there is no international
unanimity on identifying the main drivers of global temperature changes and their possible
relationship with GMSL. Contrary to most opinions, part of the international scientific
community dissents on the argument that AGW is the main cause of CC. This part of the
scientific community supports the hypothesis that CC is mainly caused by Natural Global
Warming (NGW) due to solar variability. Although this is a minority line of international
research, it is supported by publications in peer-reviewed journals and must be taken into
account in an impartial and rigorous bibliographic review. In the papers consulted, we find
experiments that address different scenarios with the relative importance of anthropogenic
and solar forcing [210]. The aforementioned temporal limitation of sea-level records (less
than one century) contrasts with studies based on records for the last 500 years in different
global locations, which indicate the present sea level stability (“with some oscillations in
the 19th, 20th and early 21st centuries”), whose changes in level seem to be correlated with
the opposite forcing ocean water masses during Grand Solar Minima/Maxima, and “the
recorded sea level changes are anti-correlated with the major changes in climate during the
last 600 years” [211].

In the last decade, there has been growing interest in research on climate change vs.
solar activity variations, and the need to reevaluate the solar influence on global warming
has been highlighted [212]. In the Northern Hemisphere winter, from 1963 to 2010, in the
region of the North Atlantic Ocean, a high correlation between sea surface temperature
and solar wind speed has been found [213]. Extensive long-term reconstructions of the
solar irradiance [214] and its relationship with solar activity and ozone thickness have
been documented [215]. Furthermore, it has been suggested that cyclical periodic varia-
tions in different direct and indirect climate records are synchronized to solar variations
in timescales of a decade to millennia [216]; the solar forcing synchronizes the decadal
variability in the North Atlantic climate [217], and the importance of solar activity (together
with atmospheric CO,) on the wind regime and the water column stability in upwelling
areas has been described [218]. With the analysis of the sun’s varying activity (cyclic solar
forces) in the last two millennia, the surprising prediction of a new potential future Grand
Solar Minimum has been reached, which would theoretically cause severe global cooling
in the coming decades over the Arctic and NW Europe, similar to cold periods detected
around 1450, 1690, and 1815 [219-222]. However, some authors believe that “a future Grand
Solar Minimum could slow down but not stop global warming” [223]. The impact and
implications of this hypothetical future solar minimum on climate change on Earth have
been assessed [224] and could have important negative consequences on the stratosphere
and on the climate in the Northern Hemisphere at the regional surface [225-228]. After
evaluating many hundred scientific hypotheses, several authors have recently recognized
the need to increase research on the relationship between climate and solar activity and
proposed incorporating solar radiation into the numerical simulation of weather (daily
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reports and seasonal forecasts) and climate projections, taking into account that different
variations (e.g., solar 11-year cycle, 27-day cycle, and Grand Solar Minimum) can cause
short- and long-term changes in the atmosphere and oceans [229]. Although the importance
of ultraviolet solar irradiance as a climate-forcing mechanism is clear, there is still high
uncertainty about the temporal evolution of this irradiance during the last millennium. It
is advisable that future research incorporates fully interactive atmospheric chemistry [230].
In brief, the IPCC suggests that almost 100% of the observed surface warming from 1850 is
due to anthropogenic emissions. However, these conclusions are based solely on computer
simulations performed with global climate models (useless at a regional scale) that do not
take into account all the main solar processes proposed in the peer-reviewed literature [231].
That author has proposed three “balanced” multiproxy models of total solar activity that
can generate more realistic global and sea surface temperature warming projections. Vari-
ous scientists have also demonstrated the decisive influence of solar variability on pelagic
fisheries (see Section 3).

A third group of scientists are equidistant or eclectic specialists, e.g., refs. [49,66,232]
and believe that the detected global trend of temperature increase is the result of very
complex processes developed at different time scales. For the particular case of the
Iberian Peninsula, it has been confirmed by CLIVAR-Spain that the Iberian climate over the
last 2000 years has been controlled by fluctuations (and interactions) with climate modes
of variability (e.g., NAO, EA, SCAND), solar irradiance, and volcanic activity [233]. It
is highlighted that in addition to the long-term trend attributable to anthropogenic cli-
mate change, there are other complementary complex regional patterns of decadal- and
multidecadal-scale natural variability. For the period of 1980-2010, the combined effect of
El Nifio-Southern Oscillation (ENSO), solar activity, volcanic aerosols, and anthropogenic
effects explains 85% of the observed global temperature variance [232]. Particularly inter-
esting is the use of the AMO climatic index, which aims to represent the variability in the
North Atlantic caused by mechanisms other than anthropogenic climate change [49]. There-
fore, disentangling natural climate variability from anthropogenic effects on CC requires
the development of different methods and approaches (historical marine ecology, spatial
comparisons, designed experiments, statistical modeling, and genetic methodologies) [234].

6. Current Rapid Warming and Tropicalization in Southern European
Atlantic Seas and Connecting African Regions

In recent decades, rapid ocean warming has expanded across Large Marine Ecosys-
tems [54], with notable impacts on numerous European and African fisheries, as we will
describe in this section. Long-lasting changes in water temperature and salinity drive
fish species to migrate to different latitudes to satisfy their thermal preferences. While
this can be a cyclical process, which we have observed since the 19th century, the current
accelerated rate of ocean warming is alarming (see Section 6.1). It is crucial to analyze this
process using the available 20th-century data to provide a basis for comparison with the
present situation.

Historically, shifts of many marine species migrating north and south across different
decades have frequently occurred in various biogeographic transition zones. East-to-west
movements, away from the coast, often result in certain cold-water species moving into
deeper areas with lower temperatures.

In the Atlantic waters of Europe, Boreal, Lusitanian, and Mediterranean species
often come into contact, and during prolonged warming periods, tropical African species
also appear. In the Eastern Atlantic (from southern and western Iceland all the way
down to southern Africa), there exists a continuum of regions with sharply contrasting
oceanographic and ecological characteristics. These differences manifest through the local
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presence of multiple species typical of temperate, tropical, and equatorial waters. During
decades of water cooling or warming, the physical-chemical and biological differences in
their distinct ecoregions are comparable, and it is necessary to analyze these using the data
available from at least the 1950s.

Unfortunately, there are numerous regional demarcations proposed by various in-
ternational bodies and independent researchers that complicate large-scale integrative
scientific research. The research and management of fish stocks are conducted sepa-
rately in the European ICES areas and the African CECAF areas (which extend from
the south of the Strait of Gibraltar to the mouth of the Congo River) and the former ICSEAF
(Angola—Namibia—-South Africa), now replaced by the South East Atlantic Fisheries Orga-
nization (SEAFO). From an environmental perspective, the MEON (Marine Ecoregions of
the World) biogeographic system in the Eastern Atlantic identifies a total of 7 provinces
and 23 ecoregions that are grouped into several realms [235]. The Tropical Atlantic realm is
centrally located (from Cape Verde-Senegal to Angola), and to the north, the Temperate
Northern Atlantic (TNA) realm includes two Atlantic provinces: Northern European Seas
(with seven ecoregions) and Lusitanian (with three ecoregions: South European Atlantic
Shelf, Saharan Upwelling, and Azores—Canaries—-Madeira). Additionally, in the TNA, there
is the Canary Current Upwelling System (CCUPS) or Canary/Iberian Current System
(CanCS), extending from the northwest of the Iberian Peninsula to Senegal, with both north-
ern and southern environmental limits fluctuating seasonally [236]. Moreover, based on the
scientific rationale of the Large Marine Ecosystem (LME) approach [179], four ecosystems
have been delineated: the African Canary Current LME (CCLME) off the NW African coast,
and the European ones: North Sea LME, Celtic-Biscay Shelf LME, and Iberian Coastal LME
(the latter with three subregions: Galician, Portuguese, and Gulf of Cadiz). In addition
to these subdivisions in fisheries and biogeographic/oceanographic regions, geopolitical
barriers also exist. For example, the European Union recognizes two distinct regions in
the Atlantic waters of Spain and Portugal [237]: the first is the area from the Bay of Biscay
to the Gulf of Cadiz (Bay of Biscay and Iberian Coast) to the north, and the second in the
southern region, encompassing the Canary, Madeira, and Azores archipelagos (Macarone-
sia). For all these reasons, the comprehensive study and international management of the
CCUPS and its adjacent areas are highly complex. Fortunately, since 2018, the European
Union Programme for Improved Regional Fisheries Governance in Western Africa has been
implemented by the fifteen countries of the Economic Community of West African States
(ECOWAS). To evaluate the impact of fishing on the African Large Marine Ecosystems, the
long efforts of the global “Sea Around Us” initiative have been very valuable [238].

The objectives of this chapter are to consider the historical background across the Euro-
pean spatial extent from the North Sea to the Gulf of Cadiz and to analyze the consequences
of the current rapid global warming on fish and fisheries, considering that stocks fluctuate
based on varying environmental and biological processes, as well as fishing activity. To
better understand the situation in the 21st century in southern European waters, a broader
retrospective investigation is required, including various regions of West Africa within
the CCLME, especially from the decades of relative cooling in the 1960s-1980s and the
subsequent relative warming from the 1990s onward. Given its vast geographical expanse,
the CCLME includes numerous areas that are particularly sensitive to climatic and oceano-
graphic fluctuations, making them of special interest for detecting changes in pelagic and
demersal ecosystems.

6.1. North Sea/Bay of Biscay/Iberian Coast

We previously looked at (see Section 3) several decades of ocean cooling/warming
variations primarily from 1900 to 2005, noting significant warming of sea surface tem-
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peratures (SSTs) in different parts of the Northeast Atlantic since the late 20th century.
Particularly alarming is the ongoing surface water warming in the Northeast Atlantic,
recorded from the mid-1980s to the present. Since the 1980s, along the eastern Bay of
Biscay (Basque coast shelf), this warming has led to changes in the biology of pelagic
fish, gradually altering biodiversity and affecting benthic communities [239]. In more
recent years, concern has grown over non-native fish species in Spanish waters (Bay of
Biscay—Iberian shelf and Macaronesia) [240,241]. In other southern European coastal wa-
ters, the warming-induced biological changes from the 1990s onward have impacted the
entire water column, changing both the surface waters (affecting pelagic fish populations)
and seabeds. Macroalgae communities on coastal seabeds of the Iberian Peninsula have
shown a significant increase in non-native species from other latitudes in recent decades.
Notable changes include the abundance and distribution of several macroalgae species in
Galicia [242] along Spain’s southern coasts (Andalusia) and the Strait of Gibraltar [243]. In
Portuguese waters, macroalgae have shown a rapid trend toward tropicalization in recent
years [244], while local upwellings have created a transition zone with the coexistence of
algal communities from two distinct origins (Boreal and Lusitanian-Mediterranean).

A comprehensive analysis of spatial-temporal evolution in the NE Atlantic has shown
that fish species predominantly expanded southward during the relative cooling period
of the 1970s and 1980s and northward during the subsequent decades of relative warm-
ing [245]. Since the mid-1980s, in ecosystems across the eastern Atlantic, from northern
regions (North Sea, Celtic Sea) to southern regions (Canary and Guinea Currents), specific
routes and years of fish species migrations have been documented [246]. These authors
reveal that non-native/exotic species have primarily migrated northward and some south-
ward, or expanded their depth ranges in response to environmental changes depending on
the season. In mid-regions (South European Atlantic Shelf, Western Mediterranean Sea),
there is an increasing presence of species from both high and low latitudes. The Canary
Current exports species to these mid-northern regions and southward toward the Guinea
Current [246].

Oceanic warming has accelerated in recent years. According to NASA [247], the
last 10 years have been the hottest, and “2023 was the warmest year on record since
record-keeping began in 1880”. Europe’s situation is particularly concerning as it has been
considered “the fastest-warming continent on Earth” since the 1980s, warming “twice as
fast as the global average” [248], with an escalation in temperatures beginning in 2007 and
intensifying since 2020. The most recent records for the WMO Regional Association VI (Eu-
rope domain) confirm that 2020 and 2023 were the warmest years on record [249]. The dire
situation in European seas is shown in an image produced by the European Environment
Agency (EEA), illustrating sea surface temperatures from 1980 to 2023 and ranking the
annual average SSTs for 2023 (Figure 1). The extensive marine warming, from the Canary
Islands to the Bay of Biscay and extending south of Iceland and into the Mediterranean,
has been monitored by the European Marine Climate Change Index (EMCCI).
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Figure 1. Ranking of the annual average sea surface temperatures in 2023 (EMCCI index), relative
to the period of 1980-2023 (44 years). Darkest red: the areas where 2023 was the warmest year on
record. Lighter shades: areas that were closer to average. [Southwest sector of the original image:
MAP1-259111 (accessed on 1 December 2024)]. Data source: ESA SST CCI Analysis v3.0. Reference
data: ©EuroGeographics, ©FAO (UN), ©TurkStat. Source: European Commission-Eurostat/GISCO.
Credit: ESACCI/EOCIS/UKMCAS and C35/ECMWF 2024 [250]. Copyright holder: European
Environment Agency (EEA).

To monitor and visualize the spatio-temporal evolution of thermophilic fish distribu-
tions in Atlantic waters as represented in Figure 1, a portal like NOAA’s DisMAP [251], for
U.S. marine ecosystems, is needed to understand specific species distributions in European
waters. The FAO'’s recent Aquatic Species Distribution Map Viewer provides historical
maximum geographic distribution data for numerous marine species (924), including some
European and African species [252]. To better understand the tropicalization process, ex-
amining selected thermophilic fish species and how warm-water species (native and alien)
expand geographically while cold-water species contract is crucial, as well as examining
how biogeographic boundaries have shifted. In European waters, comparing Boreal vs.
Lusitanian species is a useful indicator. The English Channel serves as a permeable bound-
ary connecting the Bay of Biscay with the southern North Sea, allowing Boreal fish species
(characteristic of northern Channel waters and extending northward toward Iceland and
Norway) and Lusitanian species (prevalent in the Atlantic and Mediterranean waters of
the Iberian Peninsula) to interact.

In the region from NW Iberia to the Strait of Gibraltar, Lusitanian fauna interact with
Mediterranean species, while colder-water species are confined to upwelling areas. In the
case of the Atlantic chub mackerel (Scomber colias), the Gulf of Cadiz has been suggested as
a hinge or mixing zone for the Atlantic Iberian population with elements from the Mediter-
ranean and Atlantic Africa [253]. Biodiversity increases in the Spanish and Portuguese
Atlantic waters south of the Iberian Peninsula, influenced by deep Mediterranean currents
exiting through the Strait of Gibraltar. These saltier Mediterranean waters influence several
demersal fish species in the Gulf of Cadiz and are adapted to climate variations [254].

For European Atlantic continental regions, the European Environment Agency (EEA)
has created maps showing changes in fish distribution over various annual intervals from
1982 to 2022 [255]. The maps depict the temporal development of the ratio between the
number of warm-favoring (Lusitanian) fish species and the number of cool-favoring (Boreal)
fish species by the ICES statistical area [256]. Figure 2 shows the results for three specific
years (1990/2006/2022).
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Figure 2. Temporal development of the ratio of the number of Lusitanian species to the number
of Boreal species (years 1990/2006/2022) in European regions north of the Strait of Gibraltar. EU
marine regions: (1) Celtic Seas. (2) Greater North Sea (including Kattegat and the English Channel).
(3) Baltic Sea. (4) Bay of Biscay and the Iberian Coast. Reference data: ©EuroGeographics, ©FAO
(UN), ©TurkStat. Source: European Commission-Eurostat/GISCO [255].

We now have data over the last few decades for nine pelagic and demersal species
from Lusitanian fauna (which have increased, especially at the northern limit of their
particular distribution areas) and Boreal fauna (which have decreased at the southern
edge of their distribution and expanded into deeper waters) [26]. Other authors [257]
have tracked different interpretations of the varied geographic origins of species (Boreal,
Lusitanian, and Atlantic) and the variability across three key regions of the NE Atlantic
(North Sea, Celtic Sea, and the area off the west coast of Scotland), primarily covering the
years 1997-2008 and averaging around 100 species per region. An analysis of 50 abundant
species in waters around the UK and Ireland showed that 70% of the species responded to
warming in the region by changing their distribution and abundance [258]. Specifically,
small-bodied warm-water species have increased in abundance, while large-bodied cold-
water species have decreased. These changes are significant and are linked to shifts in
water temperature [258,259].

However, to better interpret these maps in Figure 2, a broader review of background
data is needed to document the historical information available. By the late 1970s, a total
of 224 fish species had been reported in the North Sea, with Lusitanian species being
dominant (representing 49% of all species) [260]. Despite this, Boreal fish fauna were
considered dominant in terms of biomass (53.8% of the total), with “Atlantic” fauna being
the least represented [261]. Currently, “Atlantic” species are those widely distributed in
the North Atlantic, including “deeper-water species that may be widely distributed along
the continental slope” [257,259]. Between 1966 and 1973, at least thirteen papers were
published on the presence of non-native fish in British waters (references in [261]).

The migratory cycles of specific species have been reconstructed for the North
and Baltic Seas. Cold-water species that dominated from the 1960s to the 1980s (such
as herring—Clupea harengus—and sprat—Sprattus sprattus) were mainly displaced from
the 1990s onward by associations of warmer-water species (e.g., sardine—Sardina
pilchardus; anchovy—Engraulis encrasicolus; Atlantic mackerel—Scomber scombrus; and horse
mackerel—Trachurus trachurus) [262]. The general increase in sea temperatures across the
NE Atlantic from the mid-1980s brought about a northward expansion, boosting southern
Lusitanian fish species and introducing subtropical species [28]. Some of these southern
pelagic species reached high latitudes, such as Atlantic mackerel in southern Icelandic
waters and Atlantic bluefin tuna (Thunnus thynnus) off eastern Greenland [263]. Sardines
and anchovies returned to the North and Baltic Seas after approximately 40 years of ab-
sence [264]. In British waters, warm-water species such as the demersal red mullet (Mullus
barbatus) and the pelagic sea bass (Dicentrarchus labrax) also increased [259]. Particularly
in the North Sea, the abundance of southern fish species increased almost exponentially
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from the mid-1990s, with a peak abundance observed for a highly diverse set of species
that was comparable to other peaks in the late 1950s and mid-1970s [265]. Further south, in
Spanish waters off the northern Iberian Peninsula, the presence of the first “uncommon or
rare” warm-water fish species from southern waters was detected in the mid-20th century
(see Section 3). First noted in Galicia (NW Spain) with four species, around thirty species
were recorded a decade later in the Gulf of Biscay (eastern sector, Basque coast). In the
same region of northern Iberia and in Spanish waters of the Strait of Gibraltar (Gulf of
Cadiz, Strait of Gibraltar, and Alboran Sea), interdecadal fluctuations of various pelagic
marine fish species are documented. Because of this temporal variability, we only have an
incomplete “puzzle” of data from the 1920s to the mid-1990s, comparing historical periods
of warming versus cooling with fisheries crises affecting various species [266,267].

6.2. Fish Species Useful as Indicators of Environmental Changes

Promoting the integrated study of small and medium-sized, short-lived pelagic fish is
essential, as they are valuable indicators of environmental changes and play a key role as
forage fish for larger predator species, e.g., refs. [268-270]. For our intercontinental study
area, it is necessary to identify a selection of specific pelagic fish species that hold economic
importance and serve as ecological indicators of environmental variability and the process
of tropicalization. With a comprehensive spatial-temporal historical review, some of these
species can also help detect past variability in ecological transition zones. Within certain
ecosystem boundaries, early changes in the species composition of different origins may
start to appear. For example, in the English Channel, Boreal and Lusitanian ichthyofauna
meet, to the north are cold-water species (e.g., herring, sprat), and to the south are cold-
temperate (sardine) and warm-temperate (anchovy) species. In the Strait of Gibraltar
region, Atlantic species encounter Mediterranean ones. In Spanish waters off the southern
Iberian Peninsula, four small pelagic species have been identified as useful indicators of
water temperature: sardine, anchovy, round sardinella or gilt sardine (Sardinella aurita), and
boarfish (Capros aper) (see Section 3).

In the Bay of Biscay, subtropical boarfish, which were rare in the 1970s, grew exponen-
tially in abundance, eventually becoming a dominant species, largely due to rising water
temperatures and the absence of its predators [271]. Locally, boarfish were sporadically
caught in large quantities in the second half of the 19th century and in the mid-1950s.
Catches increased exponentially after 2006, reaching 207,882 tons in 2012 [272]. Boarfish
have a broad vertical distribution (from 40-600 m depths), and in the NE Atlantic, several
European countries (primarily Ireland, Denmark, and Scotland) have developed commer-
cial fisheries to catch them [273]. In southern Spain, during a 1974 trawling survey in the
Gulf of Cadiz, boarfish and snipefish (Macrorhamphosus scolopax) were the two most abun-
dant fish species, comprising 36.80% of catches, with snipefish most abundant at depths of
100-200 m and boarfish at 200-600 m (coinciding with peak cephalopod catches) [274]. Since
then, the presence of boarfish has increased in Spain’s Mediterranean waters, particularly
in the Alboran Sea (see Section 3).

Sardine and anchovy are of particular interest in different coastal regions of Europe
and Africa under the Canary Current Upwelling System (CCUPS), both playing a signifi-
cant economic and ecological role, especially in coastal ecosystems. While sardines remain
primarily associated with cold upwelling waters, significant long-term variations have
been observed across their regional populations. These variations are linked to different en-
vironmental fluctuations and fishery trends from Morocco’s coast [275] to Gambia-Guinea
Bissau [276] and the Iberian Peninsula. In the Iberian Peninsula, sardine catches have
declined sharply since the early 21st century, while other pelagic species with more subtrop-
ical affinities, such as Atlantic chub mackerel (Scomber colias), have increased in number [13],
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and continued to expand northward in the eastern Atlantic. The warm-temperate “Euro-
pean” anchovy is also expanding in various Atlantic regions from the southern North Sea
to South Africa (previously called Engraulis capensis). Conversely, its stocks have declined
since the 1990s in warmer regions, such as the Mediterranean [268].

In West Africa, in addition to sardine and anchovy, areas characterized by the abun-
dance of two species of warm-water sardinellas—round sardinella and flat sardinella
(Sardinella maderensis)—are observed [277]. Both sardinellas compete with each other and
are concentrated around the three upwelling zones in West Africa, located south of Cape
Blanco in the Eastern Tropical Atlantic [278]. However, both sardinellas also undertake
migrations and occupy distinct areas, with flat sardinella preferring more coastal waters
and round sardinella inhabiting the continental shelf in warmer (>24.0 °C) and more
saline waters [276]. These two sardinella species dominate fish landings in coastal waters
as far north as Gambia—Guinea Bissau, along with horse mackerels (Trachurus trachurus
and T. trecae) [276]. Further south along the West Gulf of Guinea coast, both sardinella
species remain important for fisheries, along with anchovy and chub mackerel (Scomber
japonicus) [279].

A species indicative of the tropicalization of several European marine ecosystems is the
grey triggerfish (Balistes capriscus). This tropical reef fish has a broad bathymetric range and
is now well known in the Mediterranean and much of the Atlantic Ocean. Its distribution
extends along both the eastern and western coasts to the Macaronesian archipelagos and
along West Africa up to Angola [280] at the southern boundary between the tropical waters
of the Eastern Tropical Atlantic and the temperate waters of Temperate Southern Africa. In
the Iberian Peninsula, the grey triggerfish was present at least by the mid-20th century in
Galicia and the Bay of Biscay (see Section 3). By the mid-1970s, it was common in southern
Galicia during the summer, extending northward in the following decades, and is now
considered “the emblematic species with respect to tropicalization of native fauna”, with
its fishery catches rising to 9304 kg in 2022 [281].

6.3. Northwest African Seas (Canary Current LME)

The extensive CCLME ecosystem is one of the most productive and richest in the
world, containing around 12,500 species of crustaceans, mollusks, and fish [276]. Since
the 1930s, we have data on the great variability of several pelagic fish populations, with
multiple episodes of collapse and boom in at least a dozen commercially significant species.
For the multi-species fisheries of West Africa—targeting both temperate and tropical water
species—variability, instability, and changes were analyzed together [282]. It was shown
that the highest diversity tends to occur in the biogeographic transition zone between
temperate-warm and tropical waters, with intermittent processes of local demographic
booms in certain species of regional economic interest. The historical cycles of warm-
ing/cooling phases from the 1930s to 2012 have been identified in the CCLME [276]:
warming (1930s to 1960), cooling (1960s to 1980), and subsequent new warming, which
continued into the 2000s. During several periods of extreme temperatures in the CCLME,
changes in the abundance and distribution boundaries of several species were detected,
beginning with the intense cooling from the late 1960s to the early 1970s (e.g., sardine,
sardinellas, triggerfish, and snipefish) [276]. Starting in the mid-1970s, there were dramatic
shifts in the composition and spatial distribution of various fish and cephalopod species.
In Western Sahara, from 1970-1972, there was a replacement of sparids by Cephalopods,
along with a remarkable expansion of the temperate-cold sardine, replacing more tropical
species like Scomber and Sardinella in the fish catches [283].

Fishery variability in African waters also extended into the tropical waters from
southern Senegal to the Gulf of Guinea (Central Eastern Atlantic), and during the 1970s
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to early 1980s, the onset of drastic changes in catches of several key species was detected
in different regional ecosystems. The most notable episodes in the NW Gulf of Guinea
(Ivory Coast-Ghana—Togo) began with the collapse of its primary round sardinella fishery
in 1971-1972, coinciding with the simultaneous invasion of the grey triggerfish. Triggerfish
then expanded northward, first reaching Guinea—Guinea Bissau (1974-1975) and later,
from 1978 onwards, Senegal-southern Mauritania [283]. Another author [280] reported
that peak catches of grey triggerfish in the early 1980s were recorded in the western stock
in the Guinea Bissau—Guinea area, but declined beginning in 1987 in the east region of
Ghana and reached minimum catches in 2004. Conversely, by the late 1980s, the round
sardinella stock expanded from Ghana westward (Ivory Coast), with its fishery extending
throughout the year [284]. Further changes in Ghana’s coastal pelagic fisheries occurred
in the first two decades of the 21st century. In 2000, following peak catches of the round
sardinella, there was a drastic decline in landings of this species. In contrast, catches
of other species, like Atlantic horse mackerel (Trachurus trachurus) and anchovy began
increasing from 2014 to 2016, coinciding with the latest decline phase of chub mackerel
(Scomber japonicus), which reached its lowest level in 2018 [279].

In the 1980s, large increases in various cephalopod species were also recorded, some
benthic like common octopus (Octopus vulgaris) and others not. The first extraordinary
abundance (“plague”) of octopus was detected in the English Channel in the 1950s (see
Section 3), and in the following decades, this phenomenon recurred along the coasts of
various African countries. In the 1960s, the first spectacular proliferation of cephalopod
populations (mainly octopus) began in the Sahara Bank, extending until 1980, attracting a
massive presence of trawlers from different countries to exploit this new fishery [285,286].
The same phenomenon was repeated in 1986 with a major proliferation of octopus on
the coastal grounds of Gambia—Senegal, which became a new fishery resource in the
area [287,288]. Further north, in the EEZ of Mauritania, octopus displayed significant
interannual fluctuations in its spatial distribution during the 1980s-1990s, with an expansion
into deeper waters in the cold seasons and into northern areas in the warm seasons [289].

During the net warming period from 1997 to 2012 (accompanied by a decrease in
upwelling) along the West African coast, sardine biomass (in decline), round sardinella (de-
clining from 1999 to 2007), and flat sardinella (declining 2004 to 2010) fluctuated markedly.
In contrast, catches of Atlantic horse mackerel and Cunene horse mackerel (Trachurus trecae)
increased, with catch peaks in 1996-1997, 2000, 2005, and 2009 [276].

In summary, the pronounced variability of fishing catches was intermittently docu-
mented from the 1950s to the 1990s in European and African coastal waters. In European
Atlantic waters, peaks of comparable abundances have been noted in the North Sea (since
the mid-1950s, in the 1970s, and in the 1990s), and in several southern European countries,
extraordinary abundances of grey triggerfish and boarfish were observed in the 1950s
and 1970s. Along the African coasts, up to the Senegal-Gulf of Guinea region, the first
detected changes were in Western Sahara from the 1960s, culminating in two species group
substitutions in the early 1970s: in pelagic catches, with the massive expansion of sardine
displacing Scomber and Sardinella, and in demersal catches, with cephalopods eventually
replacing sparids. Further south, in the mid-1980s, there is also a record expansion of
octopus on the coastal grounds of Gambia—-Senegal. Several critical episodes of species
alternation were described in the Gulf of Guinea over three key periods. In the early 1970s
versus late 1980s (alternation between round sardinella versus grey triggerfish) and the
first decade of the 2010s (decline of round sardinella and chub mackerel versus an increase
in Atlantic horse mackerel and anchovy).

Comparing these fishery fluctuations with the situation in southern Africa (Angola—
Namibia-South Africa)—at the Eastern Tropical Atlantic/Temperate Southern Africa
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boundary—we find a similar change in the migratory behavior of African Atlantic ichthy-
ofauna during the 1950s-1980s in fisheries, with environmental modulation affecting several
key fish populations, showing long-term changes in their distribution and abundance, in-
cluding southward migrations (between the late 1950s and early 1970s) and northward
migrations (from the mid-1970s) [290-292].

7. Some Examples and Proposals for the Future in a Global Warming
Context

Some opinions by the American Oscar E. Sette (1900-1972) from 1961 remain relevant:

“...it is my belief that in fishery oceanography the challenge and the opportunity
lies in studying the changing sea rather than the equilibrium ocean, and in
studying the biological consequences of the changes at various trophic levels.
[...] In the aggregate this implies the necessity of observation of physical and
chemical properties of sea water, its motions and mixings, and the numbers,
kinds, and perhaps stages of the biota inhabiting the waters, all with space and
time continuity sufficient to describe the events that take place and to investigate
their inter-relationships.”.

(In: ref. [176])

Although there is abundant scientific evidence that climate and human activities
altered marine ecosystems for thousands of years before the pre-industrial world (with low
levels of CO, emissions), differentiating between natural climate variability and human-
induced changes remains a challenge in the 21st century. For that reason, there are European
projects/programs such as 4-OCEANS-A Human History of Marine Life (which “aims to
assess the importance of marine life for human societies during the last two millennia, up
to c.1860 CE”) [293] and Q-MARE-Disentangling climate and pre-industrial human impacts
on marine ecosystems, which also explores “the timing and scale of human impacts on
Quaternary marine ecosystems by combining paleontological, paleoclimatic, archaeological,
and historical data” [294].

It is still necessary to internationally promote the study of changes in fishery oceanog-
raphy that have occurred for at least the last hundred years [295,296]. This should involve
mutual collaboration between fishery scientists, oceanographers, meteorologists, and re-
searchers who are experts in the history of marine populations (the most sensitive indicators
of climatic change in the ocean) and the marine environmental history, together with special-
ists in paleo-life reconstructions and paleoclimatic fluctuations. With these last two scientific
specialties, great advances have been made for the Iberian Peninsula (IP) and adjacent seas;
e.g., a review of paleoclimate reconstructions in the IP shows that the last glaciation and
deglaciation had a great impact on the regional climate [297]. In the Mediterranean waters,
it has been possible to distinguish several episodes of colder and warmer climate of the
last 700 kyr [298], with vestiges of its corresponding fauna and the confirmation that a
good number of the Mediterranean marine species traditionally considered “endemic” are
truly paleoendemic and currently shared with the coasts of America, Asia, and Australia.
Also, the current Mediterranean planktonic community contains 40 dinoflagellate taxa
considered to be of potential Indo-Pacific origin [299].

During the whole Quaternary period (Pleistocene and Holocene periods), in the
Mediterranean, the alternation of cooling/heating cycles (ice ages/warm interglacial)
resulted in different immigration occurrences of Atlantic fauna, respectively, of boreal
or subtropical origin [300]. Other authors [301,302] have described the great sea-level
changes that also occurred throughout the Quaternary period in the Mediterranean and
Atlantic coasts of Spain and confirmed that during the warmest part of the last MIS-5
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interglacial, faunal migrations from the tropics to the poles occurred globally. In the coastal
deposits of the Spanish Mediterranean belonging to the Middle Pleistocene, species of
mollusks from tropical Africa (“Senegalese” fauna) appear, which are useful for estimating
the average surface values of seawater at that geological time, with high temperature and
low salinity. Originating from previous geological epochs of extreme ocean warming (the
Early Carboniferous) in the current southern region of Spain, assemblages of tropical rough
corals remain emerged in different coastal sectors. Those corals were established because of
colonization that occurred during the oldest documented warming of the early ocean [303].
Corals diversified notably in the Paleotethys due to the extension of the tropical regions
and the seaborne invasion of large continental shelves, providing many new ecological
niches [304].

A totally opposite environmental scenario occurred in this Spanish geographical
region, transitioning between the Atlantic and the Mediterranean, during the geological
periods of maximum cooling at the poles with the expansion of their respective frozen
surfaces, which forced numerous species of cold-water marine fauna to migrate toward
the ice-free temperate latitudes. In the cave of Nerja (Mélaga), archaeological evidence of
marine fauna has been found that demonstrates the dramatic environmental and faunal
changes in two different geologic time scales of extreme cooling. During the Pliocene-Early
Pleistocene-Holocene, human inhabitants captured species that are currently typical of the
North Atlantic, e.g., the extinct great auk Pinguinus impennis, Phoca vitulina, and fish of the
Salmonidae and Gadidae families [305-307]. On the other hand, during the Last Glacial
Period (Upper Magdalenian), in the same cave (indirectly by two whale barnacle species),
the consumption of whale meat and fat of the today-endemic Antarctic species Eubalena
australis is also documented [308].

Over the Alboran Sea/Western Mediterranean, there have also been advances in the
understanding of broad geological changes over the millennial time scale. The variability
of the western Mediterranean Sea surface temperature during the last 25 kyr has been
related to the climatic changes in the Northern Hemisphere [309]. The heating/cooling
cycles of the surface temperatures of the Alboran Sea have been reconstructed over the last
50 kyr [310] and between 250 and 150 kyr [311].

On a global scale, for the past 5 kyr, the Holocene climatic change was also character-
ized by drastic warming and cooling cycles, which had a very negative impact on different
world civilizations. During the last two millennia, two long, extreme periods lasting several
centuries have been distinguished: the Medieval Warm Period (MWP) and the Little Ice
Age (LIA). The LIA had its most severe stage from roughly 1560-1850, and after it ended,
the current age of global warming slowly began. Retrospective studies of those intense and
long-lasting warming/cooling in Europe are also recommended. The LIA had three periods
of exceptionally low solar activity, with largely destructive consequences for societies in
the 15th to 18th centuries [312] and affected fisheries, e.g., refs. [313,314].

Furthermore, it is necessary to continue investigating and providing multidisciplinary
observational facts (confirming historical data in the past centuries or millennia), preferably
using one of the current advanced ecosystem mathematical models, e.g., ref. [315], which
can explore and predict a variety of research questions related to specific human activities,
climate variability, biodiversity, and invasive alien species.

Recently, methodological advances related to global changes have been proposed
to unravel these cyclical processes [316]. Proposals for the use of new biological in-
dices, e.g., refs. [317,318] and various modeling techniques have also been presented,
e.g., refs. [17,319,320]. An investigation of the necessary integration of multidisciplinary
research has been developed for the North Sea Region [321], describing the climate changes
recorded mainly over the past 200 years and presenting projections of future climate and
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its impact on ecosystems and socioeconomic sectors. An interesting proposal for oceano-
graphic predictions incorporates new processes, such as currents of the water-column and
deep-ocean mixing processes, which also affect ocean circulation, into modeling experi-
ments [322]. Projections suggest that the warming in the North Sea region will continue
until around 2100 [322]. Results cannot be ruled out considering that archaeological evi-
dence has shown that warm-water fish species were common for several warm centuries
in the North Sea and surrounding waters [323]. On the other hand, the current minority
hypothesis of natural global warming (NGW, driven by solar variability) should not be dis-
missed, and it is recommended that research in the field of solar—terrestrial physics develop
as a necessary complement to oceanographic, meteorological, and biological research.

Research on a global scale must also be complemented by research focused on regional
and local scales. On a regional scale, it is also necessary to advance the detection of
ocean warming hotspots [324]. Regional studies on the thermal variability of seawater
at centennial scales are also necessary, particularly in areas such as NW Africa-Canaries,
whose ecosystems show great natural variability depending on upwelling, e.g., ref. [325].
The upwelling intensity since the 19th century has been calculated for the latitude of the
Canaries [326,327]. At a local scale, more climate change indicators should be developed
and used to detect both marine heat waves [328] and the less studied but persisting
extremely cold events [329], which tend to go unnoticed in the average values of regional
atmospheric temperatures and in global satellite images.

Paradoxically, in southern Europe, marine paleontological research is increasing, and
there is still very little research on fish and fishing vs. climate changes during the 16th
to 19th centuries. We remember the same pending tasks that the two ICES scientists
recognized 75 years ago, the need to also investigate environmental changes in the marine
environment in the 19th century: “Apparently there have been certain periods of years
in northern areas with higher temperatures and simultaneously increasing occurrence of
southern species, for instance in the years about 1820-30, 1840-50, 1870-80 and 1920-?. All
data relating to such periodicities will certainly prove to be of great importance” [330].
Evidence of this warming/cooling of the sea in the last centuries was recorded in both
ichthyological and seaweed texts of naturalists from several European countries and in the
academic publications of different ancient institutions, as well as in the historical natural
collections (fauna and macroalgae) of numerous national museums.

A final recommendation is that in the present frame of ocean warming, it is very nec-
essary to increase the short-term research on the future socioeconomic implications derived
from overfishing and climate changes. For the Southern European Atlantic seas, more valu-
able projections have been published, e.g., refs. [259,268,320,331]. Other authors [332,333]
agree with the idea that sub-Saharan countries will be the most affected by ocean warming
and overfishing if they continue in future decades. Most of these countries, character-
ized by their poverty and increases in their population, are among the most vulnerable
in the world. They depend greatly on fish for their diet but are suffering because of the
uncontrolled development of the fishmeal industry and also the so-called migrant fishery.
For all these reasons, it has been estimated that around the year 2050, the current high
exports of fish from these African countries abroad (thousands of tons annually) will be
drastically reduced, including those to the European markets [333]. The project to establish
the combined exclusive maritime zone of Africa (CEMZA), one of the strategic objectives
of the 2050 Africa’s Integrated Maritime Strategy (AIMS), will be a necessary instrument
for the sustainable development of African Large Marine Ecosystems [334].
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8. Conclusions

Given our historical review of marine ecosystems at the interdecadal and regional
scales, it is foreseeable that when the current slow tropicalization processes (increases
in warm-water species) and deborealization (decreases in cold-water species) finish, the
opposite “normalization” processes (detropicalizacion/borealization) may occur in the
medium or long term. We emphasize the need for interdisciplinary research spanning
oceanography, meteorology, fisheries, and historical ecology to better predict and manage
future marine ecosystem changes on a regional scale.

For projections at a multidecadal scale, it is essential to consider, along with the
anthropogenic effects, the demonstrated influence of solar activity and volcanic aerosol
forcing in climatic changes in the 20th century and to apply mathematical models based
on historical reconstructions of at least 100 years, including the oceanographic variables
available in the water column and multiple human activities. For projections of large-scale
changes in Europe, it is necessary to take into account the demonstrated switch between
centuries of warming (e.g., the Medieval Warm Period) and centuries of intense cooling
such as the Little Ice Age (LIA), which ended in the mid-19th century. The end of the LIA
roughly coincided with the beginning of the current global warming. In all cases, it is
advisable to increase the focus on the socioeconomic impacts of decadal variability in the
abundance of harvested species and on mitigation strategies for overfishing.
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