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Abstract

A literature review was conducted to investigate marine global and local extinctions and their drivers; the review fol-
lowed the PRISMA-EcoEvo guidelines. The data extracted was enhanced with status assessments from the IUCN Red
List. We recorded local extinctions for 717 species, of which 18 were global extinctions. Most of these extinctions were
recorded on very localized and sub-ecoregion scales. The taxonomic group with the most reported local extinctions was
molluscs (31%), followed by cnidarians (22%), fish (17%) and macroalgae (15%). The dominant drivers of extinction
differed by taxonomic group. High mobility taxa were driven extinct mainly by overexploitation, whereas low mobility
taxa from pollution, climate change and habitat destruction. Most of these extinctions were recorded in the Temperate
Northern Atlantic (41%) and the Central Indo-Pacific (30%). Overexploitation was historically the primary driver of
marine local extinctions. However, in the last three decades, other drivers, such as climate change, climate variability,
and pollution, have prevailed in the published literature. Half of the reported extinctions were of species not assessed by
the IUCN Red List, and 16% were species in threatened categories. Global extinctions in the marine environment were
mainly attributed to overexploitation, followed by invasive species, habitat destruction, trophic cascades, and pollution.
Most extinctions reported in the literature were derived from low-confidence data. Inadequate monitoring may lead to
false reports of extinctions or silent extinctions that are never reported. Improved conservation and restoration actions
are urgently needed to halt biodiversity loss.
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Introduction

As humanity traverses into the Anthropocene, the biodi-
versity crisis exacerbates (O’Hara et al. 2021; Cowie et al.
2022). Modern-day species extinction rates are increasing
and are about a hundred to a thousand times higher than
natural background extinction rates (Ceballos et al. 2015;
Rounsevell et al. 2020). These rates are driven mainly by
terrestrial extinctions, as marine extinctions are substan-
tially lower (McCauley et al. 2015). Human-caused global
extinctions may be few in the oceans (IUCN 2022), but
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there is a significant record of local, ecological, and com-
mercial extinctions in marine realms (Dulvy et al. 2003;
McCauley et al. 2015). These extinctions have detrimental
impacts on ecosystem functioning and services (Worm et al.
2006; Cardinale et al. 2012).

Historically marine biodiversity was in peril mainly
by overexploitation and habitat destruction (Dulvy et al.
2009). Albeit we are still observing overexploitation and
habitat loss threatening marine biodiversity, improved
management has, to some extent, mitigated the effect of
these two drivers. At the same time, the impacts of climate
change and pollution are at their peak (Duarte et al. 2020).
Fishing evolved to be an activity that in a year can consume
19 billion kWh of energy, corresponding to covering the
distance to the Moon and back 600 times (Kroodsma et al.
2018). Exploitation has pushed marine mammals, sharks,
and bony fishes to the verge of extinction and depleted
many populations (Springer et al. 2003; Worm and Titten-
sor 2011; Yan et al. 2021). Coastal development, trawling,
and dredging can result in habitat loss and destruction of
spawning and feeding grounds resulting in extinctions of
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anadromous fishes (Gustafson et al. 2007), seagrass and
macroalgae in shorelines of coastal cities (Waycott et al.
2009), and many other taxa (Dulvy et al. 2003). In the last
decades, we have been witnessing climate change trigger-
ing collapses and range contractions of populations, espe-
cially at the trailing-warmer edge of species distribution
(Rilov 2016; Wernberg et al. 2016), and in some cases, the
poleward expansion of populations with negative impacts
on the native ecosystems and human well-being (Pecl et al.
2017). Pollution in the marine environment imperils bio-
diversity through marine litter, hazardous pollutants, oil
spills, and urban waste, driving many populations locally
extinct (Cadée et al. 1995; Phillips and Blackshaw 2011;
Poquita-Du et al. 2019). Other stressors such as inva-
sive species, trophic cascades or even natural causes also
threaten marine biodiversity and are blamed for marine
population collapses (Myers et al. 2007; Nehru and Bal-
asubramanian 2018; Tsirintanis et al. 2022). These stress-
ors can interact, and the cumulative impact on biodiversity
may be amplified (Rasher et al. 2020; Gissi et al. 2021).

Identifying extinctions of populations is important for con-
servation management for multiple reasons. We can under-
stand which species and populations must be prioritized for
protection, which traits make species vulnerable to extinction,
and what went wrong in conservation management (Dulvy
et al. 2009). However, not all extinctions are the same; the
spatial extent, the driver of extinction, or the recolonization
ability of the species can differ for each extinction case. Also,
not all reports of extinctions are reliable, as the methods used
or the detectability of the species can vary; thus, some popula-
tions may be wrongfully stated as extinct. Fallacious decla-
rations of species or population extinctions can damage the
credibility of conservation scientists, causing policy-makers
to mistrust conservation experts. Additionally, false extinc-
tion reports can expose a species or a population in need of
protection to non-protected status after the species or popula-
tion is considered extinct (Monte-Luna et al. 2007; Cowie
et al. 2022). Understanding the differences among extinction
reports and mapping them is crucial in conservation biology.

This literature review aimed to identify marine global
and local extinctions and their possible drivers. Conscious
that some of these reports may be wrong due to insufficient
evidence, we followed a more indulgent approach accord-
ing to the precautionary principle (Kriebel et al. 2001). In
this framework, this literature review provides essential
spatiotemporal information about marine extinctions and
their drivers. The validity of the studies reporting extinc-
tions and their drivers was also critically appraised. This
information is crucial, as it can help identify inadequacies
in conservation management and help policymakers and
marine managers set priorities. However, reported pub-
lished data was insufficient to conduct a thorough assess-
ment of each extinction case to confirm its veracity.
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Methodology

A global literature review was conducted on local and
global extinctions and their drivers in the marine envi-
ronment, applying the PRISMA-EcoEvo approach (Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analysis extension for Ecology and Evolutionary Biology;
Moher et al. 2009; O’Dea et al. 2021; see Supplementary
material 1 for PRISMA Eco-Evo checklist). We searched
the scientific literature through the Scopus search engine
in June 2022 and again in February 2023. Search criteria
included at least one term among ‘marine’, ‘ocean’, ‘sea’,
‘coastal’, ‘pelagic’, ‘*tidal’, ‘bay’, and ‘gulf’ and at least
one term among ‘local extinction’, ‘population extinction’,
‘species extinction’, ‘regional extinction’, ‘local collapse’,
‘population collapse’, ‘species collapse’, ‘regional col-
lapse’, ‘local contraction’ and ‘extirpation’. We did not
put any restrictions on the year of publication. To nar-
row down the initial search results, we filtered the given
results only to relevant subject areas and journals. We also
considered only English language studies. The literature
search resulted in 2,297 articles (Fig. 1). Additionally,
we identified 112 relevant articles not found in the initial
search through the reference lists of selected articles and
added them for screening.

To be included in our review, studies needed to meet
the following inclusion criteria: only studies reporting
local or global extinctions in the marine environment
were included; studies concerning extinctions before the
Holocene were excluded; studies addressing local disap-
pearance of dynamic populations which undergo periodic
local extinctions (e.g., extinctions and recolonisations in
the intertidal zone) were excluded; local extinctions of
alien species (sensu Essl et al. 2018) in their invasive
range were not included. According to our inclusion and
exclusion criteria, the collected papers were screened by
the first author (AN) based on title and abstract (n=2,390).
For articles that passed the first-stage screening, the full
text was retrieved and assessed for inclusion, based on the
same inclusion and exclusion criteria (n=638). Overall,
194 articles passed full-text screening and met the eli-
gibility criteria (Fig. 1). For included articles, the data
extracted from the full text (by AN) were: authors, year
of publication, country, marine realm (based on Spalding
et al. 2007), species, last sighting of extinct species, and
the driver of extinction. Also, information on the spatial
extent of the extinction was extracted, defined as very
localized (e.g., bays, coastal cities shorelines, small oce-
anic islands), sub-ecoregion scale (similar order of magni-
tude to ecoregion scale but still smaller), ecoregion scale,
extensive (spanning more than one ecoregion), and global.
Drivers of extinctions were classified into seven prede-
fined categories, i.e. habitat destruction, overexploitation
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(including bycatch), climate change, invasive species,
trophic interactions and cascades, pollution, climate vari-
ability, diseases and parasites; other drivers identified were
grouped. The detection method of the extinction, direct
or indirect, was recorded. We considered direct detec-
tion methods ecological monitoring programs which are
species or taxa-specific, whereas indirect methods are
based on comparisons with historical biodiversity lists,
other studies, or sub-fossils and archaeological findings
(Dulvy et al. 2003). For each local extinction, we extracted
the temporal coverage of the monitoring program or the
species’ occurrence observations. If the extinction was
detected with a direct method, we defined low, medium,
or high temporal coverage based on the number of sur-
veys conducted (2 for low, 3-4 for medium, >5 for high).
When the method was indirect, if data were available, we
considered for temporal coverage the number of species
records from different surveys-sources or the number of
fossil findings (1-2 records are considered low coverage,
3-4 medium, >5 high). For each extinction case, the time

frame of the study was extracted and categorized either as
<10 years or >10 years. Lastly, the type of evidence for
the driver of the extinction was extracted. Six categories
were used based on Katsanevakis et al. (2014): manipula-
tive experiments, natural experiments, direct observations
of impact, modelling, non-experimental-based correla-
tions, and expert judgment.

We critically appraised the recorded extinctions based
on five retrieved variables, including the detection method,
the temporal coverage, the time frame of the study, the
type of evidence for the identified driver, and the size of
the extinction area. Reported extinctions of high confi-
dence are characterised by long-term ecological monitor-
ing and monitoring methods that secure high detectability.
Direct detection through ecological monitoring is typically
conducted by expert personnel and with scientific meth-
odologies, which often try to handle imperfect detectabil-
ity (Katsanevakis et al. 2012). On the other hand, indirect
detection methods with low temporal coverage may provide
less reliable indications of true absence (Hortal et al. 2008).
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Possible inaccuracies in species identification of the species
and low detection power of the different methods-sources
used, which may occur with indirect detection methods,
can lead to false assessments. Additionally, an important
aspect of this review and extinction reports, in general, is to
investigate the drivers of extinction. Attributing an extinc-
tion specifically to one or more drivers often needs rigor-
ous assessments over a large time frame and spatial extent
combined with strong inference evidence (Cooley et al.
2022). To synthesize this information into an overall valid-
ity index, we created a scoring system (Table 1). Extinction
cases were assigned a score between zero and two for all five
appraisal variables. If data for one of the appraisal variables
were unavailable, its score was set to zero. This decision was
made because missing important aspects of an extinction
report reduce the overall validity of the report. The summed
score of all five variables for each extinction case was then
transformed into a three-level categorical variable indicat-
ing an overall validity index. The summed scores may range
from zero to ten; scores from zero to three were categorized
as low validity extinction cases, scores from four to six as
medium, and scores from seven to ten as high.

We collected data on the status and date of assessment
from the IUCN Red List for species that were recorded suf-
fering local or global extinction. For globally extinct spe-
cies, we searched the latest scientific literature to identify
concordance or discordance between IUCN Red List assess-
ments and scientific articles. Augmenting the results with
data from the [IUCN Red List can inform conservation biol-
ogists and policymakers while also highlighting potential
flaws in species status assessment.

Descriptive information is presented for the data col-
lected. In cases of missing data, such as the date of the last
sighting or unreported driver of extinction, we excluded the
missing values when calculating descriptive statistics of

Table 1 Scoring system for critical appraisal

Variable Value

w2
(]
=]
=
(¢

Indirect

Direct

Detection method

Temporal coverage Low
Medium
High

Time frame Lower than decade

Higher than or equal to a decade

Type of evidence Expert judgment

— O N O N = O O

Non-experimental correlations, direct

observations and modelling
Manipulative and natural experiments
Size of the area Local scale

Sub- and eco-region scale

N o= O N

Larger than ecoregion scale and global
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the specific variables. Using chi-square tests, we conducted
cross-tabulation analyses to determine whether there were
significant associations between selected pairs of variables.
Following the empirical rule of >5 for the expected fre-
quencies, we grouped specific categories for each variable
when needed. We conducted this analysis in R Programming
Software (RStudio Team, Version 4.1.0, 2022).

Results

We recorded local extinctions for 717 marine species. Some
of these species had multiple local extinctions in different
geographical areas, such as the giant clam (7Tridacna gigas)
with nine local extinctions, the largetooth sawfish (Pristis
pristis) with five local extinctions, the coral Seriatopora hys-
trix with five local extinctions, and the macroalga Sargassum
hornschuchii with four local extinctions (the complete list of
local extinctions recorded is given in Supplementary mate-
rial 2). In 56% of the cases, the recorded extinctions were
very localized, followed by sub-ecoregional (35%), ecore-
gional (4%), extensive (2%), and global extinctions (2%).
The taxonomic group with the highest number of extinctions
was Mollusca, with 31% of all recorded extinctions, followed
by Cnidaria (corals; 22%), Macroalgae (15%), Osteichthyes
(12%) and Chondrichthyes (5%); other taxonomic groups
collectively covered 15% of the recorded extinctions (Fig. 2).
Chondrichthyes was the taxonomic group with the most
ecoregional and extensive extinctions (43% of all cases),
molluscs in sub-ecoregional cases (47%), and cnidarians in
localized extinctions (33%) (See Figure S1 in Supplemen-
tary material 3).

Pollution was the most frequent driver of marine extinc-
tions, reported 302 times, followed by climate change (273),
habitat destruction (226), overexploitation (185), climate
variability (144), trophic cascades (91), diseases and para-
sites (32), invasive species (27), and 34 other cases (natural
processes, natural disasters, and HAB’s) (Fig. 3). Among
taxonomic groups, extinction drivers differed significantly
(chi-square test; keeping the four most frequent taxonomic
groups and grouping all others; keeping the four most fre-
quent reported drivers and grouping all others; p<0.001)
(See Figure S2a in Supplementary material 3). Climate
change, pollution, and habitat destruction were the main
drivers of extinction for Mollusca (39%, 25% and 24%,
respectively), climate variability and climate change for
Chnidaria (32% and 31%), overexploitation for Osteichthyes
(46%), Chondrichthyes (87%), Mammals (74%), and Aves
(62%), and pollution (53%) for Macroalgae (Fig. 2). The
study results reveal a significant increase in local extinc-
tions in recent decades (Fig. 4). Temporal evolution of the
reported drivers reveals that until the mid-1990s, overexploi-
tation, pollution, and habitat destruction were the primary
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drivers of extinctions. From the late 1990s and onwards,
reports that attribute marine extinctions to climate change
and climate variability have substantially increased.

The majority of reported extinctions were concentrated
in the Temperate Northern Atlantic (41% of the total extinc-
tions) and Central Indo-Pacific (30%), followed by Tropical
Atlantic (9%), Western Indo-Pacific (7%), Temperate North-
ern Pacific (4%), Eastern Indo-Pacific and Temperate Aus-
tralasia (3%). Extinctions were less common in other realms,
and no local extinctions were reported in the Southern Ocean
(Fig. 5). The reported possible drivers of extinctions differed
significantly by realm (chi-square test; keeping the five most
frequent realms and grouping all others; keeping the four
most frequent drivers and grouping all others; p < 0.001)
(See Figure S2b in Supplementary material 3). Among the
five realms with the most reported extinction cases, the rela-
tive importance of overexploitation was the highest in the
Temperate Northern Pacific and Tropical Atlantic, climate

Number of extinctions

change in the Temperate Northern Atlantic, pollution in the
Central Indo-Pacific, and climate variability in the Western
Indo-Pacific (Fig. 6). The frequency of reported extinctions
between temperate and tropical realms differed significantly
by taxonomic group (chi-square test; grouping realms into
tropical and temperate areas; keeping the ten most frequent
taxonomic groups and grouping all others; p < 0.001) (See
Figure S3a in Supplementary material 3). Extinctions of
cnidarians, mangroves and echinoderms were primarily
reported in tropical realms, while macroalgae, mammals,
and fishes were mainly reported in temperate realms.

We have identified 18 global marine extinctions, which
were highly conclusive based on the literature reviewed
(Table 2). Exclusions of some global extinction cases were
based on the controversial status of the species. While the
TUCN Red List reports 21 marine species as globally extinct,
we found evidence against four of these extinctions and evi-
dence for one global extinction that was not included in

Fig. 3 Frequency of identified
possible drivers of extinction;
the different colours depict the
number of cases in each validity
category

Pollution

Climate change
Habitat destruction
Overexploitation
Climate variability
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Fig.4 Cumulative number of
the possible drivers of extinc-
tion reported throughout the
years. Extinction records where
the last sighting is unknown or
uncertain are excluded
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the IUCN Red List. Littoraria flammea is listed as globally
extinct on the Red List based on a 1996 assessment (Bouchet
1996a) but was later found alive in its native habitat by Dong
et al. (2015). The extinction of another mollusc species, Lot-
tia edmitchelli, is being questioned as to whether it was a
human-caused Holocene extinction (Cowie et al. 2022; Pow-
ell 2022). Omphalotropis plicosa was assessed as extinct in
1996 (Griffiths 1996), but it has been recorded several times
recently (Florens and Baider 2007). Lastly, the North Sea
Houting (Coregonus oxyrinchus), which is listed as extinct
in the Red List (Freyhof and Kottelat 2008), retains a contro-
versial taxonomic status (Jacobsen et al. 2012; Mehner et al.
2018). We also included one global extinction not listed on

Fig.5 Number of extinctions
recorded throughout the dif-
ferent marine Realms (sensu

Spalding et al. 2007) - ;
emperate

Northern Pacifi

Eastern
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the JIUCN Red List: the endemic New Zealand bird, Leu-
cocarbo septentrionalis, which went extinct around 1450
(Rawlence et al. 2017). The Galapagos Damsel fish (Azurina
eupalama) has not been recorded since 1982 (Dulvy et al.
2009), but according to the [IUCN Red List assessment, it is
Critically Endangered and Possibly Extinct, as more exten-
sive surveys are needed to determine its status (Allen et al.
2010); thus this species was not included.

Of the 18 global extinctions, ten were Aves, four Mam-
malia, two Osteichthyes, one Macroalga, and one Mollusc
(Table 2). Five global extinctions occurred in Temperate
Northern Atlantic, four in Temperate Northern Pacific, four
in Temperate Australasia, three in Tropical Atlantic, and two

QQO

Southern Ocean

- . 5

Number of extinctions
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Fig.6 Contribution of the
possible drivers of extinction
identified in different realms.
The numbers next to the
bars represent the number of
recorded extinctions

Arctic

Temperate Australassia I

Western Indo-Pacific -
Temperate Southern Africa

Tropical Atlantic -
Temperate Northern Atlantic -
Temperate South America
Tropical Eastern Pacific
Temperate Northern Pacific -

0%

in Central Indo-Pacific. The main driver of global marine
extinctions was overexploitation (in 13 cases, it was reported
as a possible driver), followed by invasive species (seven
times reported), habitat destruction (five times reported),
trophic cascades (three times reported), and pollution (one
time reported). No global marine extinction was attributed to
climate change, diseases or other drivers. The Chinese Pad-
dlefish was the latest marine global extinction (Psephurus
gladius), last sighted in 2003 (Qiwei 2022).

Most extinction cases were categorized as having low
and medium validity, and thus the accuracy of some of these
reports is in question (Fig. 3; Figures S4-S8 Supplementary
material 3). These results indicate that many of these reports
are possibly inaccurate either about the true absence of the
species in the area or the driver identified. Most Mollusca
reported extinctions have low (44%) and medium (51%)
validity. Macroalgae extinctions follow a similar pattern, as
most cases have low (37%) and medium (61%) validity. Most
Cnidaria reported extinctions were mainly of low validity
(59%), but a substantial percentage (19%) were classified
as high validity. In contrast, most Osteichthyes reported
extinctions were high-validity cases (48%). Most Temperate
Northern Atlantic extinction cases are of medium validity
(63%), with almost equal low and high validity extinction
cases. The Central Indo-Pacific, on the other hand, was dom-
inated by low validity cases (65%), with medium (20%) and
high (15%) validity cases being less common. The Tropi-
cal Atlantic, Western Indo-Pacific and Temperate Northern
Pacific had a majority of medium validity cases (51%, 45%
and 64%, respectively); however, the Tropical Atlantic and
Western Indo-Pacific have substantial low validity cases
(both 42%), while the Temperate Northern Pacific has a
considerable number of high validity cases (24%).

Most of the extinctions recorded were detected by indirect
methods (69%), of which 40% were studies of low temporal
coverage (Fig. 7). On the other hand, direct detection methods
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(31%) were primarily studies of high temporal coverage. The
type of evidence for the possible drivers of extinctions identi-
fied was mostly expert judgment (62%) and non-experimental
correlations (25%), i.e., of low inferential strength (Fig. 7).
A fair number of extinction cases did not identify any driv-
ers (9%), while drivers identified by direct observation of
impact (3%), manipulative experiments (1%), and model-
ling (less than 1%) were scarce. We did not find any driver
being identified based on natural experiments. Manipulative
experiments usually tested the lethality of various drivers
and were implemented as in vitro and in vivo experiments
(Bryan et al. 1986; Chevaldonné and Lejeusne 2003; Dooley
et al. 2013; Smale and Wernberg 2013), sometimes reinforc-
ing non-experimental correlation studies (Rilov 2016; Yeru-
ham et al. 2020), or as in situ transplantation experiments
(van Katwijk et al. 2010; Dumbauld et al. 2011). Modelling
studies usually explored the drivers of extinction for well-
recorded extinctions, where sufficient data were available for
modelling approaches, such as population viability analysis
(Turvey and Risley 2006; Kayanne et al. 2022).

About half (53%) of the recorded extinctions were of
species that had not been assessed in the IUCN Red List,
and 1% were assessed as data deficient. Of the remaining
species, 16% were in threatened categories, and 28% were
in the near-threatened, conservation-dependent, and least-
concern categories. Species considered extinct according to
the ITUCN Red List accounted for 2% of the total recorded
extinctions. It is important to note that we could not draw
IUCN Red List assessments for 33 extinction cases because
these taxa were not identified at the species level. Species
in threatened categories were usually species reported as
extinct by studies with high temporal coverage contrary to
not evaluated species, mostly reported as extinct by studies
with low temporal coverage (Fig. 8).

The mobility of the taxonomic group significantly
diversified the drivers of extinctions (chi-square test; high
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Table 2 Global marine extinctions considered in this review

Species name Common name Realm Last sighting Driver of extinction Sources
Aves
Bulweria bifax Small St Helena Petrel ~ Tropical Atlantic ~ 1502 Overexploitation and Olson (1975); Birdlife
invasive species International (2016a)
Camptorhynchus Labrador Duck Temperate Northern 1875 Overexploitation Dutcher (1891);
labradorius Atlantic Birdlife International
(2016b)
Haematopus mead- ~ Canarian Oystercatcher Temperate Northern 1950 Habitat destruction, Hockey (1987);
ewaldoi Atlantic Trophic cascades, Birdlife International
invasive species (2021a)
Leucocarbo septen-  Kohatu shag Temperate Australassia  ~1450 Overexploitation Rawlence et al. (2017)
trionalis
Mergus australis Auckland Merganser Temperate Australassia 1902 Overexploita- Birdlife International
tion and invasive (2016¢)
species
Pinguinus impennis ~ Great Auk Temperate Northern 1852 Overexploitation Lotze and Milewski
Atlantic (2004); Birdlife
International (2021b)
Prosobonia cancel-  Christmas Sandpiper Central Indo-Pacific ? Invasive species Birdlife International
lata (2017)
Pterodroma rupi- Large St Helena Petrel ~ Tropical Atlantic ? Overexploitation, Inva-  Olson (1975); Birdlife
narum sive species International (2016d)
Urile perspicillatus ~ Spectacled Cormorant ~ Temperate Northern 1850 Overexploitation Birdlife International
Pacific (2016e)
Zapornia monasa Kosrae Crake Central Indo-Pacific 1828 Invasive species Birdlife International
(2016f)
Mammalia
Hydrodamalis gigas  Steller's Sea Cow Temperate Northern 1768 Overexploitation, Turvey and Risley
Pacific Trophic cascades (2006); Estes et al.
(2016); Domning
(2016)
Neomonachus tropi-  Caribbean Monk Seal =~ Tropical Atlantic 1952 Overexploitation, McClenachan and
calis Trophic cascades Cooper (2008);
Baisre (2013); Lowry
(2015)
Neovison macrodon  Sea Mink Temperate Northern 1860 Overexploitation Lotze and Milewski
Atlantic (2004); Helgen and
Turvey (2016)
Zalophus japonicus ~ Japanese Sea Lion Temperate Northern 1951 Overexploitation Lowry (2017)
Pacific
Osteichthyes
Prototroctes oxy- New Zealand Grayling  Temperate Australassia 1923 Overexploitation, West et al. (2014)
rhynchus Habitat destruction,
Invasive species
Psephurus gladius Chinese Paddlefish Temperate Northern 2003 Overexploitation, Habi-  Qiwei (2022)
Pacific tat destruction
Macroalgae
Vanvoorstia bennet-  Bennett’s seaweed Temperate Australassia 1886 Habitat destruction, Millar (2003)
tiana Pollution
Mollusca
Lottia alveus Atlantic eelgrass limpet Temperate Northern 1929 Habitat destruction Carlton (1993); Bou-

Atlantic

chet (1996b)

mobile taxonomic groups: Osteichthyes, Chondrichthyes,
Mammals, Aves, and Reptiles and all others were grouped
into lower mobility taxonomic groups; invasive species

@ Springer

and climate variability are grouped with other drivers
p < 0.001) (See Figure S3b in Supplementary material
3). High-mobility taxonomic groups were reported to
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Fig.7 Sankey diagram repre-
senting the frequency of tempo-
ral coverage, detection methods
and type of evidence (ME
stands for manipulative experi-
ment). The Sankey diagram
was created with flourish.studio
(https://flourish.studio)

Indirect

Direct

get locally extinct predominantly from overexploitation,
whereas low-mobility taxonomic groups from pollution,
climate change, climate variability, and habitat destruc-
tion. Also, most global, extensive, and ecoregion scale
extinctions were of species from taxonomic groups with
high mobility (89% for global and extensive, and 66% for
ecoregion scale; concerning Chondrichthyes, Osteich-
thyes, Mammals and Aves), whereas sub-ecoregion and
very localized extinctions mainly concerned low mobility
taxonomic groups (75% and 88%, respectively).

Discussion
Key findings

The previous effort to assess Holocene extinctions in the sea
was conducted two decades ago by Dulvy et al. (2003). The
results of this review indicate a sixfold increase in marine
local extinctions since Dulvy et al. (2003). Even after 20
years, low-inference data constitutes the majority of avail-
able ecological knowledge. Since the last list of marine local
extinctions, there has been a notable increase in mollusc
and coral extinctions and reports that attribute pollution and
climate change as possible extinction drivers.

Extinction characteristics by taxonomic group
The high number of reported molluscs extinctions can be

explained mainly by two factors: (1) Mollusca is the taxonomic
group with the highest number of described marine species,

Expert
judgment

Non-experimental
correlation

Direct observation

ME
Modelling

particularly gastropods and bivalves (Appeltans et al. 2012),
and (2) these two classes are easily sampled and stored, and
can even be studied from death assemblages (Albano et al.
2021) allowing for easy comparisons between historical and
present-day molluscan fauna (van der Meij et al. 2009; Croc-
etta et al. 2013; Rilov 2016). Although molluscan loss occurs
at a very localized and sub-ecoregional scale, it is crucial to
identify these losses to understand their causes and mecha-
nisms and to inform marine managers and conservation policy-
makers. In the eastern Mediterranean, where many molluscan
extinctions were recorded, climate change and invasive species
give rise to “novel ecosystems”, which are predicted to further
expand geographically. It is proposed that conservation man-
agement should focus on conserving ecosystem functioning
that could be secured by non-native species, as native biodiver-
sity is doomed to largely go extinct (Rilov et al. 2020; Albano
et al. 2021). The less in frequency, ecoregional or extensive
molluscan extinctions concerned large-sized and emblematic
molluscs, such as Pinna nobilis, which went locally extinct in
many Mediterranean areas because of an invasive pathogen
(Katsanevakis et al. 2022), and giant clams of the family Tri-
dacnidae due to overexploitation (Bin Othman et al. 2010; Mei
Lin Neo et al. 2017).

Many cnidarian extinctions of the classes Hexacorallia,
Octocorallia and Hydrozoa were recorded. Increasing tem-
peratures, especially observed during marine heatwaves, can
dislodge algal symbionts from corals. Zooxanthellae loss
leads to coral bleaching, which leaves corals vulnerable and
can lead to die-offs if the phenomenon is prolonged (Glynn
1984; Brown 1997). Seemingly, heatwaves impact severely
fast-growing, branching, and tabular species triggering shifts
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Fig.8 Number of extinction a
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to assemblages with less complex three-dimensional struc-
tures (Hughes et al. 2018); our results revealed that these
types of corals were the most common to have multiple local
extinctions (Seriatopora hystrix, Stylophora pistillata, Acro-
pora valida). Climate change impacts are expected to have
broad geographical impacts on corals (Freeman et al. 2013),
but most recorded coral extinctions were recorded on local-
ized or sub-ecoregional scales. It is possible that the effects
of climate change have yet to cause more widespread coral
extinctions, given that global warming and marine heatwaves
are not geographically homogenous (Lough 2012; Hughes
et al. 2018; Garrabou et al. 2022). It is important to note that
most large-scale studies have focused on coral cover rather
than on species-level contractions due to the lack of compre-
hensive species-specific datasets on a regional level (Dietzel
et al. 2021). This knowledge gap is concerning, as population
shifts and regional extinctions can remain undetected.
Except for one case of global extinction, only very local-
ized extinctions have been reported for macroalgae and angi-
osperms. Like corals, there is a lack of comprehensive, long-
term time series for macroalgae and angiosperms at regional

@ Springer
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scales (Waycott et al. 2009; Krumhansl et al. 2016; Unsworth
et al. 2019). Both macroalgae and angiosperms exhibit high
natural variability, making it difficult to identify long-term
changes. This data gap is perilous as it can lead to unrecorded
extinctions and flaws in conservation status assessments and
protection prioritization (Richards and Day 2018).

Usually, fish that have gone locally extinct due to over-
exploitation are high-trophic-level species (Worm and Tit-
tensor 2011; Yan et al. 2021). These extinctions can often
occur at large scales, unlike molluscs or corals. The fact that
higher trophic level species are going extinct in vast areas
must be of deep concern, as cascading effects can have det-
rimental impacts on whole ecosystems (Estes et al. 2011).
For example, local and ecological extinctions of great sharks
in the US Atlantic coasts resulted in the collapse of scallop
fisheries in North Carolina Bay (Myers et al. 2007).

Marine mammals have an elevated risk of extinction
because of their life cycles (Davidson et al. 2012), hence
the four global extinctions of marine mammals. Hunting has
been regulated or banned, and most depleted populations
of marine mammals are recovering (Duarte et al. 2020).
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However, considering their depleted status and vulnerabil-
ity, concerns are raised about plastic pollution, ghost fishing,
and by-catch caused mortality, which increases through time
and remains largely unregulated (Stelfox et al. 2016; Avila
et al. 2018; Roman et al. 2021).

Although local extinctions have been recorded for man-
groves, the situation is rather optimistic, as conservation meas-
ures have succeeded in reducing the loss rate by one order of
magnitude (Friess et al. 2020). Maintaining the positive trend
for mangroves must be ensured by assessing the threat of sea-
level rise and innovative conservation actions in line with
adaptive management principles (Katsanevakis et al. 2011).

Drivers of extinction, spatial patterns, and areas
of concern

A significant share of marine extinctions has been attributed
to climate change in most marine realms. Attributing extinc-
tions to climate change must be accompanied by multiple
lines of robust evidence (Cooley et al. 2022). For example,
contemporary observations over-decadal time scales on a
regional level, combined with experimental studies investi-
gating physiological thresholds of multiple identified stress-
ors in the investigated area, provide a robust understanding
of the causes of declines. A good example is the case of the
Mediterranean sea urchin Paracentrotus lividus local extinc-
tion in Israel. There are contemporary observations of the
decline of the species in the area (Rilov 2016) combined
with experimental evidence which reveals that ocean warm-
ing and competition for resources with an alien herbivore
are the leading causes of the decline (Yeruham et al. 2015;
Yeruham et al. 2020). However, for most extinction cases,
there is a lack of experimental evidence, which hinders a
clear interpretation of the results and elaboration of the role
of climate change as a driver of extinction in the present era.
In tropical realms, extinctions of corals were particularly
recorded in the Central-Indo Pacific, considered one of the
most important biodiversity hotspots globally (Hughes et al.
2002). This realm is expected to be highly impacted by cli-
mate change, causing unsuitable thermal conditions for cor-
als (Descombes et al. 2015). High-risk areas for corals are
localities where climate change threatens corals in synergy
with other threats such as pollution and trophic cascades,
usually urbanized and exploited areas (Hongo and Yamano
2013; Poquita-Du et al. 2019; Richards et al. 2021). Only
a few local extinctions have been recorded for the Red Sea
and the Persian Gulf corals, and none for the corals in Brazil.
However, there is a significant knowledge gap in these areas
(Morais et al. 2018), and concurrently they face multiple
intense human threats (Amaral and Jablonski 2005; Halpern
et al. 2008). Under these conditions, the coral reefs of the
Red Sea, the Persian Gulf, and Brazil are also of concern,
and more research and ecological monitoring are needed to

avoid silent extinctions. Climate change triggers distribu-
tion shifts in temperate areas through poleward migration
and local extinctions of invertebrates, fishes and macroal-
gae. Most of the extinctions attributed to climate change in
temperate realms have been recorded in the Mediterranean
Sea. Recent studies have identified the Mediterranean as
a climate change hotspot, as global warming and marine
heatwaves are more intense and frequent in this land-locked
basin (Pisano et al. 2020; Garrabou et al. 2022). The Medi-
terranean Sea is also one of the most impacted areas due to
multiple anthropogenic pressures such as overexploitation,
pollution, and invasive species, especially in the easternmost
part (Micheli et al. 2013). The Mediterranean Sea exhibits
high endemism (Coll et al. 2010). However, Mediterranean
endemic species are very vulnerable as poleward migration
outside the Mediterranean can be difficult for many species
due to physical and oceanographic barriers, leading to local
and global extinctions (Ben Rais Lasram et al. 2010).
Overexploitation has led to the extinction of mainly
fishes, particularly along the Atlantic coast of the US and
in Europe, specifically in areas such as the North Sea, the
Mediterranean and the Black Sea, where fishing effort is
high (Kroodsma et al. 2018). However, fishing regulations
have been successful in these areas, and fish stocks are
expected to improve further, except for the Mediterranean
and Black Sea stocks (Hilborn et al. 2020). Overexploita-
tion poses a significant threat, particularly in areas where
ineffective fisheries management is accompanied by illegal,
unreported, and unregulated fisheries and significant knowl-
edge gaps. This leads to high uncertainties and raises serious
concerns for the status of both targeted and non-targeted spe-
cies affected by such practices (Everett et al. 2015; Banaduc
et al. 2016; Hilborn et al. 2020). Protecting and monitoring
nearshore habitat specialists, such as sawfishes and diadro-
mous fish, is crucial. Their life history characteristics and
the fact that they are threatened by both overexploitation and
habitat destruction make them highly susceptible to extinc-
tion. A recent example is the global extinction of the Chi-
nese paddlefish (Qiwei 2022). Sawfishes are highly endan-
gered and have become locally extinct in many tropical and
subtropical areas, such as the Central Indo-Pacific, West-
ern Indo-Pacific, Tropical Atlantic, and Southern Africa.
Sawfishes are highly vulnerable to human presence as they
live near the coast where human pressure is high (Halpern
et al. 2008), are overexploited in these areas for their highly
prized fins and rostra, are easily caught as by-catch as they
get entangled in fishing gear, and vital habitats for their life
cycle such as mangroves and estuaries are being degraded
(Yan et al. 2021). Mortality on all five species of sawfish
can only be reduced through strict protection and mitigation
of by-catch and the replenishment of their habitats through
protection and restoration actions (Dulvy et al. 2016). Many
local extinctions of diadromous fishes were recorded in the
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US and Europe due to extensive exploitation and river engi-
neering. More effective fisheries management, restoration
actions and creation of passages for migration routes have
been suggested (Pikitch et al. 2005; Verhelst et al. 2021).
Despite significant conservation action to protect and help
recover diadromous fish populations, the desired results are
usually not achieved (Verhelst et al. 2021), while climate
change poses a new additional threat (Lassalle and Rochard
2009). Hence, considering the already conservation-depend-
ent status of these species, research and conservation should
evaluate the impacts of climate change and promote adaptive
management (Katsanevakis et al. 2011; Rilov et al. 2020).

Critical appraisal of the evidence base

For most marine organisms, ecological monitoring data are
generally poor, while the status quo is adverse for biodi-
versity, so it seems preferable to follow the precautionary
principle (Myers 1993) and reveal possible local extinctions,
encouraging scientific scrutiny and helping to ensure accu-
rate assessments. Some reported cases may be just functional
extinctions that can severely affect the ecosystem (Valiente-
Banuet et al. 2015). These cases must also be addressed so
conservation policies can be implemented.

The problem of limited knowledge of historical spe-
cies distribution and population status is crucial and must
be dealt with. There are new technologies and innovative
and often low-cost approaches that can be implemented to
achieve better ecological monitoring and large-scale data-
sets, such as remote sensing utilizing satellites and aerial or
surface drones with high-end cameras and sensors, afford-
able underwater robotic vehicles and gliders (Peukert et al.
2018; Constantinou et al. 2021; Gazis and Greinert 2021;
Maslin et al. 2021), upgraded artificial intelligence algo-
rithms for species recognition (Brook et al. 2020), environ-
mental DNA (Valentini et al. 2016; Marques et al. 2021;
Stauffer et al. 2021; Stefanni et al. 2022), and empowering
biodiversity observations through citizen science initiatives
(Stuart-Smith et al. 2017; Giovos et al. 2019). Also, it is
essential that unpublished historical and recent data about
species occurrence, especially the ones with a high risk of
extinction, are made available to the scientific community.

How to halt biodiversity loss in the marine
environment

There are only 18 well-grounded global marine extinctions, but
many marine species retain uncertain status. The low number
of marine extinctions does not reflect the deteriorated status of
the ocean ecosystems. There are marine species today that are
probably doomed to global extinction if we do not act swiftly
(Albano et al. 2021; Hamilton et al. 2021; Katsanevakis et al.
2022). Many more species have become locally extinct, with
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the consequences of these losses largely understudied. Assess-
ing the effects of local extinctions across all taxa is a knowl-
edge gap that should be filled by future research. Furthermore,
these local biodiversity losses should be recovered to the extent
possible. The marine environment is in a critical state, and
aiming to sustain the present status is inadequate to achieve
the vision of the working group on the post-2020 Global Bio-
diversity Framework under the Convention on Biological Bio-
diversity (CBD): “by 2050, biodiversity is valued, conserved,
restored and wisely used, maintaining ecosystem services,
sustaining a healthy planet and delivering benefits essential
for all people”. Rebuilding marine ecosystems ought to be a
top priority in the targets set post-2020 (Duarte et al. 2020).
Many extinctions in this review occurred across multiple
nations’ borders, and spatial heterogeneity in the research
effort was evident. Conservation goals must be accompanied
by improved systematic conservation planning within a trans-
boundary framework encouraging international collaboration
and the development of coherent networks of marine pro-
tected areas (Katsanevakis et al. 2020). The results of this
review also highlight an increase in climate change-attributed
extinctions, which underlines the need for adaptive manage-
ment to ensure the success of conservation efforts, as marine
conservation is becoming a fast-moving target (Rilov et al.
2019, 2020) due to the temporal and spatial variation of the
cumulative human pressures which are intensified by climate
change (Gissi et al. 2021; O’Hara et al. 2021). Adaptive man-
agement should be informed by evaluating the success of
conservation actions, and with continuous status and cumu-
lative effect assessments, following a risk-based approach
(Katsanevakis et al. 2011; Stelzenmiiller et al. 2018, 2020).
Flawless and agile coordination is also needed to monitor
the progress globally, resolve inadequacies or adapt new sci-
entific and technological advancements while encouraging
the participation of the public and stakeholders to ensure the
viability of conservation actions at local and regional scales.
Conservation optimism with an evidence-based realism and
communicating science positively, focusing on the connec-
tion between ocean health and human wellbeing, should be
implemented in every type of conservation communication
and our narrative about the oceans, as it can unite and encour-
age collaborations and public support in the roadmap to suc-
cessful conservation (McAfee et al. 2019; Borja et al. 2022).

Conclusion

This review revealed a growing number of reported marine
local extinctions. Extinctions were evident in various taxo-
nomic groups, caused by different drivers and at different
spatial scales. The output of this work unravels patterns of
extinctions for many taxonomic groups and realms, allowing
policymakers to gain insights into the available evidence.
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Furthermore, policymakers can be informed about where
our knowledge is lacking, based on the validity assessments
and the highlighted areas of concern, helping to direct sci-
ence and conservation funds where needed. Assessing the
validity of extinctions can also trigger scientific interest in
specific extinction cases and encourage more scrutinized sci-
entific investigations. The revealed increasing role of spe-
cific extinction drivers, such as climate change, can direct
future mitigation efforts.

Evidence of marine extinctions is commonly of low infer-
ential strength. The lack of long-term ecological data and
robust evidence about the drivers of extinctions can be highly
perilous. Extinctions may go unnoticed, and conservation
management efforts may be misdirected. Continuous eco-
logical monitoring, upscaled by innovative and cost-effective
tools, is essential for successful biodiversity conservation. At
the same time, the complex interactions of multiple stressors
on populations need to be disentangled through manipulative
experiments and modelling to better understand the drivers
of decline. This improved knowledge should respond to the
pressures of each region and be evaluated continuously under
an adaptive management framework.
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