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ABSTRACT

Nearly one-third of extant freshwater fish species, which account for over 50% of global fish diversity, are at risk of extinction.
Despite their crucial ecological and socioeconomic importance, the extinction of freshwater fishes remains under-researched
on a global scale. This is a comprehensive assessment of taxonomic, spatial, and temporal patterns of freshwater fish extinc-
tions while identifying key extinction drivers and driver synergies. Using data from the International Union for Conservation of
Nature Red List, 89 extinct freshwater fish and 11 extinct in the wild were analyzed. Taxonomic statistical analysis revealed the
disproportionate impact on Cyprinidae, Leuciscidae, and Salmonidae. Estimated globally for the period 1851-2016, the modern
extinction rate for freshwater fishes stands at 33.47 extinctions per million species-years (E/MSY), more than 100 times greater
than the natural background extinction rate of 0.33 E/MSY. Extinction rates, when calculated per continent using the number
of extinct species and the total number of species per continent, indicated that North America has the highest extinction rate
(225.60 E/MSY), followed by Europe (220.26 E/MSY) and Asia (34.62 E/MSY). Although Africa is less affected, it still shows a 42-
fold increase over the background rate. Bayesian modeling, reflecting cumulative species extinctions, indicated a strong associa-
tion of North America and Asia with species loss (37 and 34 extinctions, respectively), a moderate one for Europe (20 extinctions)
and a weak association of Africa (eight extinctions). Natural system modification, pollution, and invasive species emerged as the
primary extinction drivers, often acting synergistically. Temporal trends indicate an acceleration in extinctions since the mid-
20th century. This study highlights that, despite recent increases in conservation efforts, freshwater fish extinctions continue to
rise, indicating the urgent need for integrated conservation strategies. Without immediate action, many species currently at risk
may soon follow the same trajectory of extinction as the 100 extinct freshwater fishes of this study.

1 | Introduction Ceballos et al. 2015; Cowie et al. 2022; though see Bocchi
et al. 2022 for a debate on this classification). This biodiversity
The ongoing decline in global biodiversity is expected to accel- crisis, marked by a significant rise in extinction rates over the

erate in the coming years, with Earth continuing to experience past 100-150years (Pimm et al. 2014; Ceballos et al. 2015), em-
what many scientists refer to as the sixth mass extinction—an phasizes the urgent need for an improved understanding of ex-
event driven entirely by human activities (Barnosky et al. 2011; tinction dynamics to inform conservation strategies. Research
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indicates that current extinction rates, particularly among
vertebrates, far exceed historical background levels, emphasiz-
ing the unprecedented magnitude of this crisis. In some cases,
extinction rates of freshwater populations have been found to
surpass those of terrestrial or marine systems (Pimm et al. 2014;
del Monte-Luna et al. 2023; WWF 2024). Acknowledging the ur-
gency of this issue, the Kunming-Montreal Global Biodiversity
Framework was adopted in 2022, calling for an end to human-
induced extinction of threatened species, the mitigation of bio-
diversity loss drivers, and a tenfold reduction in extinction rates
and risks for all species, including those in freshwater ecosys-
tems, by 2050.

Despite covering a small part of the Earth's surface, freshwa-
ter ecosystems are among the most biodiverse and ecologically
significant systems on the planet (Su et al. 2021). They sup-
port approximately 51% of all known fish species, amounting
to 18,898 species out of the 37,106 globally recognized (Fricke
et al. 2025). Beyond their intrinsic ecological value, freshwater
fishes play a crucial role in human well-being by providing
essential ecosystem services, such as enhancing ecosystem re-
silience, regulating food webs, and supporting the nutritional
needs of billions worldwide (Holmlund and Hammer 1999;
Lynch et al. 2016; McIntyre et al. 2016; Funge-Smith and
Bennett 2019). Yet, their populations are under severe threat
due to persistent and emergent anthropogenic pressures (Reid
et al. 2019). Habitat loss and degradation, pollution, over-
exploitation, and invasive species, exacerbated by climate
change, are among the primary drivers of biodiversity loss
in freshwater habitats (Reid et al. 2019; Su et al. 2021; Danet
et al. 2024; Dudgeon and Strayer 2025; Sayer et al. 2025). As
a result, nearly one-third (26%) of freshwater fish species now
face an increasing risk of extinction, with many being narrow
endemics (Sayer et al. 2025). For instance, the modern extinc-
tion rate for North American freshwater fishes was estimated
to be over 800 times higher than the natural background ex-
tinction rate (Burkhead 2012), while riverine fish populations
in Western Europe and the USA have experienced a mean ex-
tinction rate over the past 110years that is approximately 112
times higher than natural extinction rates (Dias et al. 2017).
Despite these alarming trends, research and conservation
investment for freshwater biodiversity remains substan-
tially outpaced by those in terrestrial and marine ecosystems
(Maasri et al. 2022) with most efforts focusing on flagship or
commercially valuable species (e.g., salmonids, sturgeons). As
vital components to the functioning of aquatic ecosystems,
freshwater fish loss could signal broader ecological disrup-
tion, with cascading effects on associated fauna and flora
(Closs et al. 2016; Lee et al. 2023), and ultimately posing risks
to human well-being (Ceballos et al. 2015; Taylor et al. 2016).

Human population growth and rising per capita consumption
have been the leading drivers of species extinction (Pimm
et al. 2014). Many studies assessing extinction drivers have
relied on proxies such as human population density and eco-
nomic activity (Luck et al. 2004; Davies et al. 2006; Irwin
et al. 2022). Others have attempted to identify the most vulner-
able species by examining life-history traits (Olden et al. 2007;
Hutchings et al. 2012; Chichorro et al. 2019). A study investi-
gating the impact of specific extinction factors on freshwater
fishes found only weak effects from certain anthropogenic

stressors, including river fragmentation by dams and the per-
centage of non-native fish species (Dias et al. 2017). Similarly,
climate change models predicting future extinction rates of
freshwater fishes, particularly in relation to habitat loss, sug-
gest that only a limited number of river basins (20 out of more
than 1,010) are expected to experience actual extinctions due
to climate-induced habitat loss by 2090 (Tedesco et al. 2013).
While these studies offer valuable insights, they often exam-
ine threats in isolation or focus on specific regions, creating
a critical gap in understanding the global patterns and driv-
ers of freshwater fish extinctions (Darwall and Freyhof 2016).
This gap may hinder the development of effective conserva-
tion strategies, leaving many freshwater species and ecosys-
tems at continued risk. A notable exception is the recent study
by Sayer et al. (2025), which provides the first comprehensive
global assessment of extinction risk in freshwater species,
including decapod crustaceans, fishes, and odonates. A stag-
gering one-quarter (24%) of these species are now threatened
with extinction, with freshwater fish being largely affected
by pollution and water management issues such as dams and
water extraction, while overfishing, invasive species, and dis-
eases also pose significant risks. Furthermore, most fresh-
water species are impacted by multiple threats that may have
cumulative effects, emphasizing the urgent need for a holistic
evaluation of how these stressors interact and impact freshwa-
ter biodiversity (Dudgeon 2019).

The present study conducts a global-scale assessment focused
exclusively on extinct freshwater fishes, analyzing both the spa-
tial and temporal patterns of species loss and the key drivers con-
tributing to their extinction, independently and in synergy. By
using an extensive and diverse dataset that integrates ecological
data and anthropogenic pressures, we aim to identify the pri-
mary drivers of extinction across different regions. Specifically,
our objectives are to: (a) investigate the taxonomic patterns of
freshwater fish extinctions, (b) analyze the spatial and tempo-
ral trends by examining variations across continents, ecosystem
types (lotic and lentic), climatic zones, and extinction drivers, (c)
compare current extinction rates with historical baselines to as-
sess the severity and acceleration of freshwater fish biodiversity
loss, (d) identify the primary drivers of freshwater fish extinc-
tions, explore their interactions, and determine whether their
relative significance has changed over time, and (e) evaluate the
influence of species-specific traits (such as body size or position
in the water column) on extinction counts, to identify biological
characteristics that increase vulnerability. Through this com-
prehensive assessment, we seek to deepen our understanding
of the complex factors driving freshwater fish extinctions, ulti-
mately providing a more refined and actionable foundation for
conservation aimed at mitigating species loss.

2 | Materials and Methods
2.1 | Data Collection

Species data for this study were primarily obtained from the
International Union for Conservation of Nature (IUCN) Red
List of Threatened Species using its advanced search crite-
ria portal (accessed in November 2024; available at www.
iucnredlist.org). We specifically focused on freshwater fishes
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classified as extinct (EX) and extinct in the wild (EW)—here-
after referred to as extincts—all of which inhabit inland wa-
ters. To maximize data completeness, we supplemented the
TIUCN Red List data with species-specific information from
FishBase (www.fishbase.org) and additional peer-reviewed
literature, incorporating relevant ecological, biological, and
environmental attributes.

For each species, we compiled an individual dataset including
taxonomic details (order, family, genus); ecological characteris-
tics (habitat type, position in the water column, trophic level,
and body size); and documented anthropogenic extinction driv-
ers/threats. To classify the habitats previously occupied by ex-
tinct species, we utilized IUCN's Habitats Classification Scheme
(Version 3.1) of the ITUCN Red List. This system provides a stan-
dardized categorization of habitats, with those for inland aquatic
ecosystems primarily based on the Ramsar Wetland Type
Classification System (www.iucnredlist.org/resources/habitat-
classification-scheme). We reviewed habitat types listed under
the categories “Wetlands (inland)” and “Artificial —Aquatic”
in the classification system including only those marked as
“Suitable” for the species in our dataset. We then adopted the
division of the overarching category “5. Wetlands (inland)” into
riverine, lake and wetland habitats (the latter encompassing all
other wetland habitats, except lentic and lotic ones). Species-
specific traits (flow preference, position in the water column, tro-
phic level and body size) were primarily obtained from FishBase
supplemented through a targeted review of scientific literature.
Information on species distributions across climate zones was
also obtained from FishBase and where such data were unavail-
able, supplemented through review of scientific literature.

2.2 | Spatial Analysis

Spatial distribution data on freshwater fish extinctions were col-
lected at the continent level using HydroBASINS species range
maps from the IUCN Red List. To estimate the former extent of
occurrence of extinct species, we utilized species range tables
from the TUCN Red List, which include HydroBASINS data to
uniquely identify specific river and lake catchments.

2.3 | Temporal Analysis

We collected data on the date of last recorded occurrence in the
wild for each species, sourced from the IUCN Red List. This
date serves as a proxy for extinction events, allowing us to an-
alyze extinction trends over time. When an exact date was un-
available—such as when only a decade (e.g., 1980s, 1990s) was
reported—we used the beginning of the respective decade as a
reference. The dataset was then used to construct temporal ex-
tinction pattern graphs—globally, across continents, and glob-
ally per driver—with 95% confidence intervals using Python
(version 3.13).

2.4 | Extinction Drivers

In addition to spatial and temporal data, we systematically
compiled information on the drivers of extinction for the target

species. These were classified according to the TUCN Red List
Threat categories, namely Biological Resource Use (BRU),
Pollution (POL), Invasive Non-Native/Alien Species and Diseases
(INV), Natural System Modifications (NSM), Agriculture and
Aquaculture (AA), and Climate Change and Severe Weather
(CLIM). For species whose precise threat(s) could not be iden-
tified, we assigned them to the “Unknown” (UKN) driver cat-
egory. Additional threat categories identified in the ITUCN Red
List such as “Residential and Commercial Development” and
“Energy Production and Mining,” were consolidated into the
“Other” (OTH) category.

2.5 | Data Visualization and Analysis

To visualize spatial patterns of freshwater fish extinctions across
continents, we generated maps using Python (version 3.13), em-
ploying pandas for data processing and geopandas for spatial
analysis.

To estimate and compare the modern and background extinction
rates on both global and continental scales, we calculated ex-
tinctions per million species-years (E/MSY). This metric quan-
tifies the contemporary extinction rates relative to the natural
background rate, offering insights into the impact of anthropo-
genic factors on freshwater biodiversity. Following the method-
ologies of Ricciardi and Rasmussen (1999), Burkhead (2012),
and Pimm et al. (2014), we estimated the background extinction
rate based on the mean duration from origination to extinction,
inferred from fossil records. For freshwater fishes, this interval
is assumed to be three million years, yielding a background ex-
tinction rate of 1/3 E/MSY. The modern extinction rate was cal-
culated using the formula:

Modern extinction rate= Extinctionsx 10°/(Total number of extant species

Xtime period in years).

In addition to point estimates derived from a Poisson model,
we applied a Bayesian framework to estimate modern extinc-
tion rates, using a non-informative Gamma (1, 1) prior for the
extinction rate parameter. This approach accounts for param-
eter uncertainty and provides full posterior distributions for
regional extinction rates. Posteriors were obtained by updat-
ing the prior with observed extinction counts over a 165-year
period (1851-2016), followed by drawing 10,000 samples to
characterize uncertainty. Extinction rates were then scaled
to E/MSY, and the posterior mean and 95% credible inter-
vals were computed. All calculations were performed using
Python (version 3.13).

For the calculation of extinction rates, the total number of
freshwater fish species per continent, as listed on the TUCN
Red List, was used as the baseline: Europe = 547, Asia = 5,916,
North America=988, Africa=3,463, and Total =10,914. For
estimating the global modern extinction rate, we approxi-
mated the total number of known freshwater fish species at
18,000 (Fricke et al. 2025). Notably, no species from South
America are classified as extinct. The analysis covered the
period from 1851 (the first recorded extinction of a freshwa-
ter fish species) to 2016 (the most recent extinction), including
species classified as EW.
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Country-level maps of global extinction drivers for the four pri-
mary threat categories (BRU, POL, INV, NSM) were generated
in Python (version 3.13).

2.6 | Statistical Analysis

A Bayesian logistic regression model was employed to eval-
uate the factors influencing the probability of a documented
extinction driver effect, serving as a proxy for extinction risk
across 100 species. The model incorporated predictors such as
extinction driver type, taxonomic family, continent of origin
(excluding Oceania, represented by a single extinct species),
climate zone, habitat type, and fish traits (with trophic level
omitted due to excessive sub categorical complexity) and was
estimated using 12,000 posterior samples. The model was
built in R using the package rstanarm.

To test for driver synergies, extinction driver co-occurrence (glob-
ally and at the continental level), we employed a Bayesian mod-
eling framework that quantifies pairwise associations between
drivers globally and within each continent (i.e., Africa, Asia,
Europe, and North America). Data on the presence (1) or absence
(0) of a specific driver for each species were compiled into binary
matrices, with each column representing a driver and each row
corresponding to a species. We analyzed pairwise relationships be-
tween all possible combinations of driver variables using Bayesian
Poisson regression models. Specifically, for each pair of drivers (A,
B), we modeled the presence of driver B as a function of driver A
using the following specification:

B; ~ Poisson(2;),log(;) = B, + 1 Al

where 4, is the expected rate of driver B given driver A for species
;- We ran each model with 4 chains and 3,000 posterior draws,
resulting in robust posterior distributions of the intercept term
(B,) representing the baseline log co-occurrence rate. From each
model, we extracted the posterior mean, 95% credible intervals
(2.5th and 97.5th percentiles) of the intercept, and the raw count
of species exhibiting both drivers.

For the statistical analyses, the following extinction drivers
were used as predictors: BRU, INV, NSM, CLIM, AA, OTH,
and UKN (following the categorization in our database). The
single species from the boreal climate zone was excluded from
the analysis due to insufficient data. For size analysis, ex-
tinct species were grouped into two categories: small species
(<15cm in length) and large species (>15cm in length). Size
data were unavailable for 13 species.

3 | Results
3.1 | Taxonomic Patterns of Extinctions

So far, a total of 100 freshwater fish species have been recorded
as EX, of which 11 species are classified as EW (Table S1). These
species represent 0.52% of all known freshwater fish species,
0.64% of the assessed freshwater fish species, and 0.91% of the
freshwater fish fauna of the continents examined in this study.

The family Cyprinidae exhibited the highest number of extinc-
tions, with 22 species lost, with most (17 species) recorded in Asia
(Figure 1a). Leuciscidae ranked closely second, with 20 extinc-
tions, primarily in North America (12 species, Figure 1a), while
Salmonidae accounted for 19 extinctions, with most (14 spe-
cies) recorded in Europe. Other (less) affected families included
Cyprinodontidae, Poeciliidae, and Cichlidae, with eight, five,
and four extinctions, respectively. Collectively, all other families
contributed to 22 extinctions, with fewer than three species per
family (Figure 1a). Building on these patterns, our statistical
analysis revealed that several families exhibit elevated extinc-
tion risk, with varying levels of statistical support (Table S2).
Specifically, Cyprinidae showed the highest estimated effect
among all families (mean=1.2, SD=4.9, CI: —5.2 to 7.4), sug-
gesting higher extinction vulnerability, with Leuciscidae and
Salmonidae also displaying a high mean (mean=1.1, SD=4.4,
CI: —4.7 to 6.7 and mean=1.1, SD=4.5, CI: —4.8 to 6.8), which
supports increased extinctions, albeit with high variability.
Cyprinodontidae, in contrast, displayed a moderate mean
(mean=0.8, SD=3.2, CI: —3.4 to 4.8), which points to a poten-
tial increase in extinction probability, followed by Poeciliidae
(mean=0.6, SD=2.5, CI: =2.6 to 3.7); Cichlidae (mean=0.5,
SD=2.1, CI: —=2.3 to 3.2); and Goodeidae (mean=0.4, SD=1.7,
CI: —1.8 to 2.5). Catostomidae (mean=0.2, SD=1.1, CI: —1.2
to 1.6); Clupeidae (mean=0.2, SD=1.1, CI: —1.2 to 1.6); and
Xenocyprididae (mean=0.2, SD=1.1, CI: —1.2 to 1.6) displayed
a slight positive effect. In contrast, the rest of the families, such
as, for example, Acipenseridae (mean=-0.1, SD=0.4, CI: —0.6
to 0.4); Aphaniidae (mean=-0.1, SD=0.4, CI: —0.5 to 0.4);
and Atherinopsidae (mean=-0.1, SD=0.4, CI: —0.6 to 0.4), all
showed negligible effects on extinction risk, with narrow credi-
ble intervals tightly centered around zero.

At the genus level, Barbodes (Cyprinidae) was the most af-
fected, with 15 extinct species, all from a single lake in Asia
(Figure 1b). This was followed by Coregonus (Salmonidae),
with 13 extinctions. The genus Cyprinodon (Cyprinodontidae)
accounted for six extinctions, all involving North American
pupfishes, while Notropis (Leuciscidae), which includes
four species of shiners, experienced extinctions primarily in
North America. The remaining extinctions were distributed
across 48 genera, with no more than three species per genus
(Figure 1b).

There was an extreme variation in the former area of occu-
pancy of the extinct species, ranging from 1.67 to 1,411,016 km?
(mean =32,083, SD=15,426). The most widespread species was
the Chinese paddlefish (Psephurus gladius) which was formerly
native to the Yangtze and Yellow River basins in China. This
was followed by the Volga shad (Alosa volgensis) once native to
the Volga River in the Russian Federation; the Dabry's sturgeon
(Acipenser dabryanus) which also inhabited the Yangtze and
Yellow River basins; and the Thicktail chub (Gila crassicauda),
native to the Sacramento and San Joaquin Rivers in California.
Conversely, the Lake Sidi Ali trout (Salmo pallaryi), once con-
fined to a single lake in Morocco, had the smallest distribution
area. This was followed by the Oren whitefish (Coregonus try-
bomi), previously found in only one Swedish lake (Lake Oren)
and the Morat whitefish (Coregonus restrictus) which was native
to Lake Morat in Switzerland.
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3.2 | Spatial and Temporal Patterns of Freshwater
Fish Extinctions

The global cumulative number of extinct freshwater fish spe-
cies showed a continental variation, reflecting distinct regional
drivers and vulnerabilities. North America and Asia have expe-
rienced the highest modern extinctions, followed by Europe and
Africa, with lower but still notable extinctions over the past two
centuries (Figures 2 and 3). Consistent with these patterns, spe-
cies from Asia and North America showed the strongest statisti-
cal associations with extinction, each with very high estimated
probabilities of species loss (0.95 and 0.94, respectively; 90%
CIs: 0.90-0.98 and 0.89-0.97), marked by strong effect sizes and
narrow, entirely positive intervals (Table S3). Europe showed a
moderate association (0.82; 90% CI: 0.65-0.92), indicating a likely
positive effect, while Africa displayed the weakest and most un-
certain pattern (0.62; 90% CI: 0.33-0.84).

Temporal trends indicate an acceleration in freshwater fish extinc-
tions globally during the modern period. By the early 20th century,
10 species had been lost, marking the onset of modern extinction
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Family (a) and genus (b) level distribution of freshwater fish extinctions.

patterns. A steep rise began in the mid-20th century, with 50 spe-
cies extinctions recorded by the 1960s. This trend intensified during
the 1970s and 1980s and by the 2010s, with the cumulative number
of extinct freshwater fish species reaching 100 species (Figure 3).
North America experienced the highest cumulative extinctions,
with the trajectory accelerating sharply from the mid-20th century
onward, reaching 37 extinct species by the 2010s (Figure 3). Asia
exhibited a similar accelerating pattern totaling about 34 species by
the end of the 20th century. Europe demonstrated a more gradual
increase, culminating in 20 extinctions, with five species having
imprecise last recorded dates. Africa experienced an even slower
and more subdued rise, with only eight species lost.

3.3 | Modern Versus Background Extinction Rates

The modern extinction rate of freshwater fishes (E/MSY) esti-
mated globally for the period 1851-2016 is 33.47 E/MSY (95%
CI: 21.11-45.83). This figure exceeds the natural background
extinction rate of 0.33 E/MSY by more than 100-fold. Regional
disparities in extinction rates are pronounced. North America
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exhibits the highest extinction rate, at 225.60 E/MSY (95% CI:
196.16-255.03), representing a 684-fold increase over the back-
ground rate. Europe follows with a rate of 220.26 E/MSY (95% CI:
191.17-249.34), which is 667 times greater than the background
level. Asia's extinction rate of 34.62 E/MSY (95% CI: 23.08-46.15)
is 105 times higher than natural background levels, while Africa,
although least affected, still records a modern extinction rate of
13.92 E/MSY (95% CI: 6.60-21.23), a 42-fold increase.

The Bayesian mean estimates closely align with the above results:
North America exhibited the highest rate at 719 E/MSY (95% CI:
630-815), followed by Europe at 688 E/MSY (95% CI: 570-814).
Asia and Africa displayed lower rates at 98 E/MSY (95% CI: 85—
113) and 51 E/MSY (95% CI: 39-65), respectively. These Bayesian
credible intervals reinforce the pronounced regional disparities
and confirm that extinction rates far exceed background levels,
even when model uncertainty is explicitly incorporated.

3.4 | Global Drivers of Extinctions and Extinction
Driver Synergies

Freshwater fish extinctions are primarily driven by four dom-
inant extinction drivers: NSM, POL, INV, and BRU (Figure 4).

Among these, NSM was the most frequent driver (27.47%), con-
tributing to the extinction of 64 species. POL closely followed
(23.61%), impacting 55 species. INV was linked to the extinction
of 50 species (21.46%), while BRU accounted for the extinction
of 31 species (13.30%). In contrast, AA and CLIM were reported
as extinction drivers for only four species (1.72% of total reports)
each. Finally, reports for 11 species (4.72% of total reports) fell
under the UKN category.

Statistical analysis of extinction patterns revealed moderate-
to-strong evidence for positive associations between extinc-
tion and the drivers NSM (mean=0.7, SD=0.2, CI: 0.5-1.0);
POL (mean=0.6, SD=0.2, CI: 0.3-0.9); and INV (mean=0.5,
SD =0.2, CI: 0.2-0.8), with NSM showing the largest effect size
and the strongest link to extinctions (Table S4). In contrast, AA
(mean=-2.1,SD=0.6,CI: —2.9to —0.5) and CLIM (mean = —2.1,
SD=0.6, CI: —2.9 to —1.5) showed consistently negative associ-
ations with extinction counts, suggesting either underreporting
or limitations in attribution for species affected by these stress-
ors. Similarly, categories such as OTH (mean=-1.2, SD=0.4,
CI: —1.6 to —0.7) and UKN (mean=-1.1, SD=0.4, CI: —=1.5 to
—0.6) also showed negative trends, likely reflecting the diffuse
or poorly defined nature of these labels, which may reduce their
explanatory value.
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Global Bayesian Log Mean Co-occurrence Heatmap
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FIGURE 5 | Bayesian heatmap of log-mean co-occurrence among extinction driver pairs globally. Extinction drivers: Biological Resource Use
(BRU), Pollution (POL), Invasive Non-Native/Alien Species and Diseases (INV), Natural System Modifications (NSM), Agriculture and Aquaculture
(AA), Climate Change and Severe Weather (CLIM), “Unknown” (UKN), “Other” (OTH). Cell values represent the posterior mean log co-occurrence
rate (j3,), the number of observed co-occurrences (N) for each driver pair and confidence intervals (95% CI). Color gradients indicate the strength
of co-occurrence on a logarithmic scale, with red denoting higher co-occurrence (less negative {3,) and blue indicating lower co-occurrence (more

negative ).

Many global species extinctions are believed to be the result of a
complex interplay between multiple extinction drivers. The log-
mean co-occurrence among extinction driver pairs confirmed a
pronounced “synergy core” linking POL, NSM, INV, and BRU
(Figure 5). The most common combination of drivers in the
dataset was NSM and POL, which contributed to the extinction
of 38 species, followed closely by the combination of NSM and
INV, which led to 36 extinctions, and POL and INV responsi-
ble for 31 extinctions. Based on Bayesian modeling, NSM X BRU,
NSM x POL, and NSM X INV exhibited the highest overlap, with
similar mean values (Figure 5). Also, there was a secondary
tier of moderate overlaps, that is, POL X BRU, INV x BRU, and
INVXPOL (Figure 5). By contrast, AA, CLIM, and OTH drivers

yielded log-means < —3.62 with very low raw counts (N<7), sig-
nifying either broad-scale drivers under-reported at the species
level or localized/idiosyncratic impacts.

Finally, 35 species extinctions were attributed to a sin-
gle driver. Among these, NSM was the most frequent single
driver, contributing to 12 extinctions, followed by POL with 8
extinctions and INV, which accounted for 5 extinctions, mir-
roring Bayesian modeling using the all species dataset that
indicated a positive association of these three drivers with
extinction counts. Extinctions with “Unknown” origins were
overrepresented in the single-driver category, accounting for
10 extinctions.
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Bayesian Co-occurrence Heatmaps with Bo, N, and 95% CI
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Bayesian heatmap of log-mean co-occurrence among extinction driver pairs at the continental level. Extinction drivers: Biological
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3.5 | Continental Patterns of Extinction Drivers
and Extinction Driver Synergies

The distribution of extinction drivers across continents reveals no-
table regional differences in the patterns of species loss. In North
America, where 37 species have gone extinct, most extinctions
were driven by more than one driver (only 14 species extinctions
were due to a single driver, with NSM being the predominant
cause). Specifically, the combination of NSM and INV contributed
to the extinction of 14 species, while NSM and POL together drove
13 species extinctions (Figure 6). Bayesian modeling also indicated

high co-occurrence in North America, for NSMXINV and NSM x
BRU, followed by NSM x POL (Figure 6).

In Asia, with 34 recorded extinctions, the pattern similarly reflects
multiple extinction drivers, with NSM paired with POL (21 species),
BRU (21 species) or INV (16 species) (Figure 6). Bayesian model-
ing indicated that NSMXINV in Asia had the highest log-mean
co-occurrence, followed closely by NSM X POL and NSM x BRU,
compared to the other continents, indicating their strong synergy
in Asian species extinctions. Only eight species in Asia had single-
driver extinctions, attributed to NSM or INV alone.
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Europe exhibited a hybrid pattern, with both single and multi-
ple driver extinctions. Pollution emerged as the dominant single
driver in Europe, causing the extinction of almost half of the ex-
tinct species (eight species); the extinction of the remaining 12
species was attributed to multiple drivers, most commonly com-
binations of POL and INV (five species), or POL and NSM (four
species). Bayesian modeling indicated that extinction drivers in
Europe display uniformly low co-occurrence, with the “least
negative” pairs—hence the most frequent—being BRU X POL,
BRUXINV, INVXPOL, and NSM x POL indicating rare syner-
gistic interactions of drivers in European freshwater environ-
ments (Figure 6).

In Africa, with a total of eight species extinctions, five were
due to single drivers, with most classified as UKN. The re-
maining three extinctions were driven by multiple factors, pri-
marily INV combined with other drivers. Bayesian modeling
indicated that among African freshwater taxa, the two threat
combinations exhibiting the highest co-occurrence rates are
INV X UKN and NSM x UKN with low synergy of these drivers
(Figure 6).

3.6 | Global Temporal Patterns of Extinction
Drivers

The pattern of freshwater fish extinctions shows a marked shift
in the mid-20th century, with a notable increase in species
losses. Up until the 1940s, cumulative extinctions were relatively
low and largely attributed to pollution (Figure 6). However, be-
ginning in the 1950s and 1960s, a significant acceleration in ex-
tinctions occurred, with NSM, POL, and INV emerging as the
dominant drivers. To a lesser extent, BRU also played a role.
This accelerating trend continued into the 1980s and beyond,
with NSM-driven extinctions showing the sharpest rise, while
BRU-driven extinctions stabilized (Figure 7).

3.7 | Habitat and Species Traits Patterns
of Extinctions

Across climate zones, all regions exhibited negative mean coeffi-
cients, suggesting a generally reduced association with high-risk
extinction drivers compared to the baseline (Table S5). However,
species from tropical climates exhibited the higher (less negative)
coefficient (mean =—0.6, SD =0.2), possibly indicating a greater
likelihood of being linked to major extinction drivers compared
to other zones. Subtropical and temperate zones displayed lower
mean coefficients (mean=-1.2 each, SD =0.2), consistent with
a more moderate connection to extinction patterns.

Statistical analysis did not reveal any strong association be-
tween habitat type and extinction risk (see River, Lake, and
Wetland in Table S5). In terms of fish traits, preference for
lotic habitats showed a moderate positive effect on extinction
counts (mean=0.9, SD=1.2,90% CI: —0.4 to 2.5), though with
high uncertainty, while preference for lentic habitats showed
a weaker positive effect (mean=0.4, SD=3.6) (Table S5).
Finally, analysis indicated that the extinction probability is
independent of fish position in the water column and body
size (Table S5).

4 | Discussion

This study represents the first global-scale assessment quanti-
fying extinction rates among extinct freshwater fish species, de-
spite growing concerns over unnoticed extinctions, particularly
in regions with limited surveying efforts such as South America
and Africa (Darwall and Freyhof 2016). It complements the re-
cent Sayer et al. (2025) study, a multi-taxon global freshwater
fauna extinction risk assessment of threatened freshwater or-
ganisms as various as fish, crustaceans and odonates, to iden-
tify prevalent extinction drivers for taxa inhabiting freshwater
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environments. The current study focuses on the extinction
drivers, habitats and ecology of extinct fishes, enabling a more
taxon-specific analysis, as it explores critical patterns and pro-
vides insights regarding the spatio-temporal, trait-related,
ecosystem-based, and anthropogenic drivers that contribute to
extinction events in the freshwater fish taxonomic group. With
100 recorded extinctions, representing less than 1% of the esti-
mated freshwater fish species worldwide (Fricke et al. 2025),
this study emphasizes that the observed losses, though relatively
small in percentage, may serve as an indicator of broader, yet-
to-be documented biodiversity declines. The results contribute
to a better understanding of the drivers of extinction and their
synergies but also lay a foundational groundwork for future re-
search in conservation biology and freshwater fish conservation
planning. Rather than concluding with a sense of finality, this
“obituary” serves as a stepping stone for deeper investigation
into the preservation of freshwater ecosystems and the species
that depend on them, ensuring that more attention is paid to
those species that remain under threat but have not yet been
documented as extinct.

The persistent decline in freshwater fish biodiversity during the
Anthropocene shows no clear signs of slowing down, despite
increased environmental awareness and improved conservation
efforts in some regions. This ongoing crisis is largely driven by
direct human-generated impacts, as demonstrated in this study,
within the broader context of an accelerating climate emer-
gency. The intensifying demands for water, food, energy, and
land are placing increasing pressure on freshwater ecosystems,
exacerbating biodiversity loss (D'Odorico et al. 2018). Using con-
servative assumptions of background and modern extinction
rates based on IUCN Red List EX and EW species, it is evident
that contemporary freshwater fish extinctions are occurring at
rates far exceeding background levels that prevailed over tens
of millions of years. These rates are particularly high in North
America, Europe, and Asia (considering also the total number
of freshwater fish species per continent), and consistent with
previous estimates suggesting that modern extinction rates for
North American freshwater fishes are nearly 800 times greater
than background levels (Burkhead 2012). The observed trajec-
tory of freshwater fish extinctions has sharply accelerated since
the mid-20th century, mirroring trends seen in mammals and
other vertebrates and confirming the rapid loss of biodiversity
associated with the ongoing sixth mass extinction (Ceballos
et al. 2010, 2015, 2020). This divergence between background
extinction rates and current trends highlights the substantial
impact of anthropogenic pressures on freshwater ecosystems,
since natural extinction rates alone cannot account for the ob-
served loss of biodiversity.

Many additional freshwater fish species, which are already at a
“point of nearly improbable return” due to persistent and emerg-
ing anthropogenic pressures, are objectively expected to be
added to the extinction list in the near future (Reid et al. 2019;
Sayer et al. 2025). This includes species currently classified as
data deficient (DD) or possibly extinct, reflecting critical knowl-
edge gaps that hinder effective conservation efforts. The uncer-
tainty surrounding these classifications emphasizes the need
for comprehensive surveys and improved assessment method-
ologies to better understand species’ true conservation statuses.
Conversely, some species previously declared extinct—such

as the Constance deepwater charr (Salvelinus profundus) in
Europe (Ford 2024)—may yet be rediscovered in their histori-
cal habitats or in newly identified locations. Such cases, often
resulting from incomplete distributional data or taxonomic re-
evaluations, reinforce the importance of continued monitoring
and genetic studies to clarify species status. Each documented
extinction, along with the trends identified in this study, offers
valuable insights for the conservation of freshwater fish species
currently at risk of extinction. Understanding the drivers be-
hind past extinctions can help refine conservation priorities and
strategies, ensuring that threatened species receive the targeted
protections necessary to prevent further losses (Darwall and
Freyhof 2016; Sayer et al. 2025).

4.1 | Taxonomic Patterns

Three major drivers of freshwater fish extinctions—NSM,
POL, and INV—have independently or synergistically contrib-
uted to the loss of species within the most extinction-affected
families included in the TUCN Red List, that is, Cyprinidae,
Leuciscidae, and Salmonidae. Cyprinidae and Leuciscidae, the
two largest and most diverse freshwater fish families, have ex-
perienced significant extinction events, largely due to IN'V, often
in conjunction with NSM or POL. Cyprinidae species, with a
native distribution spanning most of the world except Central
and South America, Madagascar, Australia, and New Zealand
(Nelson et al. 2016), have been particularly vulnerable to the in-
troduction of invasive species and habitat alterations. Similarly,
Leuciscidae, which are native to Europe, North America, and
Asia, have faced extinction pressures primarily from INV, often
exacerbated by changes in hydrological regimes and pollution.
In contrast, extinctions within Salmonidae—including white-
fishes, trout, and char—have been predominantly driven by
habitat degradation linked to POL, with additional pressures
from overfishing and the effects of IN'V.

4.2 | Spatial Patterns

Modern freshwater fish extinctions are disproportionately
higher in North America and Asia followed by Europe, em-
phasizing the significant impact of anthropogenic pressures on
global freshwater biodiversity. The apparent lack of documented
extinctions in South America and the relatively lower rate and
extinctions in Africa likely reflect insufficient ichthyological
research rather than a true absence of species loss. Limited
taxonomic assessments, coupled with lower international fund-
ing for freshwater biodiversity studies and conservation efforts
(Palacio et al. 2023) contribute to significant knowledge gaps. In
Africa, the possible extinction of 45 Haplochromis cichlid spe-
cies in Lake Victoria—if formally classified as extinct—would
significantly increase the continent's cumulative extinctions and
rates. Conversely, the lower recorded extinctions (one species) in
Oceania may be attributed to its naturally depauperate freshwa-
ter fish fauna, which has fewer endemic species vulnerable to
extinction (Stiassny 1996; Gillespie et al. 2008; Reis et al. 2016;
Dudgeon and Strayer 2025). Nevertheless, recent studies suggest
that most vertebrates on the brink of extinction—species with
fewer than 1,000 individuals—are found in South America, fol-
lowed by Oceania, Asia, and Africa (Ceballos et al. 2020). These

11 of 17



regions, notably underrepresented in the IUCN extinction list,
may be experiencing a hidden biodiversity crisis, highlighting
the urgent need for expanded research and targeted conserva-
tion efforts.

A major pattern in freshwater fish extinctions involves multiple,
localized extinctions (regional extinction hotspots) within genera
that exhibit high speciation rates, often confined to a single water-
shed. One such case is the extinction of 15 species from the genus
Barbodes, native (or near native) to Lake Lanao in the Philippines
(surface area approx. 340km?). These species, which underwent
rapid evolutionary diversification, were last recorded before the
early 1990s. Their extinction resulted from a multifactorial process
involving the introduction of invasive species, overharvesting, and
destructive fishing practices, particularly dynamite fishing (Torres
et al. 2020). Additional contributing factors included water abstrac-
tion, illegal logging leading to soil erosion, and the resultant in-
flux of nutrients and pollutants (Metillo and Garcia-Hansel 2016).
Another instance of multiple, localized extinctions in the wild is
seen in four Mexican pupfishes of the genus Cyprinodon (C. cecil-
iae, C. immemoriam, C. longidorsalis, and C. veronicae), endemic
to La Presa Springs. These springs dried up due to overabstraction,
with aridity and desertification exacerbating their extinction risk
(Contreras-Balderas et al. 2002; Lozano-Vilano and De La Maza-
Benignos 2017). A separate extinction pattern involves single
species localized extinctions such as those observed in Anatolia
(Turkey), where endemic species were lost due to the introduction
of invasive predators. The Beysehir bleak (Alburnus akili), en-
demic to Lake Beysehir, and the Egirdir minnow (Pseudophoxinus
handlirschi), endemic to Lake Egirdir, were both driven to ex-
tinction by the introduction of the predatory Eurasian pikeperch
(Sander lucioperca) (Giannetto and Innal 2021). A similar pattern
of extinctions has occurred in European lakes, particularly among
endemic whitefish species (Coregonus spp.) that became extinct
primarily due to nutrient pollution (Vonlanthen et al. 2012). These
cases highlight the vulnerability of freshwater fish species con-
fined to small, isolated ecosystems.

A less common pattern involves larger-scale extinctions of a sin-
gle or a small number of related, often commercially-valuable,
species over a broad geographic range, such as the ciscos of the
Great Lakes in North America. The Longjaw cisco (Coregonus
alpenae) and the Deepwater cisco (Coregonus johannae) were
extirpated primarily due to overfishing, coupled with the inva-
sion of the parasitic Sea lamprey (Petromyzon marinus) in the
early 19th century (Miller et al. 1989). Similar large-scale extinc-
tions have affected large-bodied chinese endemics, such as the
anadromous Chinese paddlefish (P. gladius). This species was
driven to extinction by fragmentation caused by mega-dam con-
struction and overfishing. Likewise, Dabry's sturgeon (A. dabry-
anus), acommercially important species, faced extinction due to
overexploitation (Zhang et al. 2020; Cao et al. 2024).

4.3 | Drivers and Fish Traits

Despite evidence that larger species, particularly apex predators
with naturally low population densities even in undisturbed
ecosystems (Winemiller et al. 2016), are more vulnerable to
extinction, our analysis indicates that extinction probability is
independent of body size. This result may be influenced by our

categorization into only two size classes (<15cm and >15cm)
or by limitations in the completeness of available body size data.
Nonetheless, our findings align with those of Olden et al. (2007)
who reported no major differences in body size distributions
among threatened freshwater species across various threat cat-
egories, which broadly correspond to our identified extinction
drivers. However, Olden et al. (2007) showed that larger-bodied
freshwater fishes that are also important to commercial or sub-
sistence fisheries are at greater risk of extinction compared to
non-fisheries species. These findings offer valuable insights for
managing biodiversity loss across different extinction drivers
and inform conservation strategies tailored to specific traits and
regions. However, further research is needed to explore addi-
tional ecological factors, such as species-specific traits or genetic
factors, that may contribute to observed fish extinction patterns.
Long-term ecological studies that account for temporal variation
in extinction drivers and trophic interactions could also provide
a more nuanced understanding of how specific threats impact
fish species at different stages of ecological succession.

4.4 | Variation in Modern Extinction Rates
Through Time

Human activities have drastically altered ecosystems, threaten-
ing aquatic biodiversity and human well-being (Lee et al. 2023).
This is starkly manifested in species’ extinction acceleration,
since the mid-20th century, closely linked to population growth
and resource consumption (Myers 1990), with freshwater fish
extinctions mirroring these broader socioeconomic shifts.

During the early industrial era (1851-1890s: The Early “Lag-
Phase”) rapid urbanization, agriculture expansion, and the de-
velopment of transportation infrastructure, exerted increased
pressure on freshwater ecosystems. Minimal environmental
regulations, largely limited to fisheries management, com-
bined with the widespread introduction of non-native species,
exacerbated ecological imbalances. This period saw an average
extinction rate of 0.2 species/per year, foreshadowing future bio-
diversity losses.

The 20th century (1890s-1970s: Exponential Increase) witnessed
an explosion in global population, mirroring agricultural and
industrial expansion that profoundly impacted freshwater habi-
tats, notably accelerated by the Green Revolution (Ramankutty
et al. 2002; Pisani 2003; Tudi et al. 2021). Post-1950 industri-
alization accelerated species loss through chemical pollution,
overfishing, and invasive species introductions (Hulme 2009);
the latter exploding through global trade, aquaculture, recre-
ational fisheries, and the ornamental fish trade, in an environ-
ment of poor biosecurity and nascent public awareness. By the
1970s, 62 freshwater fish species had gone extinct, with extinc-
tion rates rising to 0.69 per year.

The turn of the century (1970s-2016: Misleading Deceleration)
was marked by a growing environmental awareness, lead-
ing to conservation initiatives and regulations, such as the
Ramsar Convention (1971), the US Clean Water Act (1972), the
Convention on Biological Diversity (CBD, 1992), and the EU
Water Framework Directive (2000) to mitigate anthropogenic
impacts on the environment (Haase et al. 2023). However,
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industrialization in emerging economies and climate change
posed new challenges. Thus, the apparent slowdown in this pe-
riod (rate: 0.55 species per year) may be misleading, as there are
probably “extinction debts” to be paid, with species bound to be
lost due to our past actions (Dudgeon and Strayer 2025).

4.5 | TUCN Red List Issues

To evaluate the accuracy and relevance of the ITUCN's extinct
fish dataset, an additional post-analysis comprehensive liter-
ature survey was carried out in December 2024 to track any
updates in the conservation status of species since their initial
assessment. This aimed to identify potential rediscoveries or re-
classifications that would reflect changes in the latest data avail-
able for these species. One prominent example of this dynamic
process is the rediscovery of the Giant featherback (Chitala
lopis), which was found at its type locality in Java, with morpho-
logical and genetic evidence revealing that the species is more
widespread across Java, Sumatra, and Borneo than previously
believed (Wibowo et al. 2023). Another case in point involves
the Maryland darter (Etheostoma sellare), which the TUCN has
classified as extinct, but the United States Fish and Wildlife
Service has retained the species on the Endangered Species List,
citing insufficient evidence to confirm extinction. This uncer-
tainty arises from the difficulty in detecting the species, un-
derlining the challenges of monitoring species that may be rare
or cryptic (Kilian et al. 2010). These examples emphasize the
importance of resolving taxonomic uncertainties and the need
for advanced genetic techniques (Hebert and Gregory 2005;
Taberlet et al. 2018). Additionally, emerging technologies like
environmental DNA sampling can provide novel tools for con-
firming species presence or absence with greater precision.

Given these complexities, revising a species' ITUCN Red List sta-
tus—whether “uplisting” or “downlisting,”—requires careful
consideration. This process may need to incorporate criteria
beyond the standard TUCN Red List metrics (Grace 2023). One
such initiative is the “Green status” assessment, which aims to
complement the Red List by evaluating species’ conservation
dependence (i.e., the potential for decline in the absence of con-
servation efforts) and their recovery potential (Grace et al. 2021;
Grace 2023). Furthermore, some researchers advocate for a
more comprehensive approach to conservation, challenging the
species-centric focus that has historically dominated the field.
These researchers propose an integrative strategy that considers
various facets of biodiversity, such as taxonomic, phylogenetic,
as well as importantly, functional diversity (Su et al. 2021). This
more holistic framework may better capture the complexities of
biodiversity loss and inform conservation strategies that pro-
mote ecosystem resilience across multiple scales.

A critical limitation of the ITUCN Red List's threat classification
scheme (version 3.3, December 2022) lies in its broad catego-
rization. These categories, which are largely based on expert
judgment, introduce a degree of subjectivity, creating potential
uncertainties in the assessment. This broad approach can ob-
scure the specific anthropogenic pressures that are driving spe-
cies extinctions and, at the same time, may underrepresent the
overarching role of climate change, which exacerbates virtually
all abiotic and biotic pressures. Climate change-related factors

are particularly challenging to attribute directly and specifically
to species declines, which further complicates their represen-
tation in the current system. Although additional information
can be recorded for each identified threat—such as timing (i.e.,
whether the threat is past, ongoing, or future), scope (i.e., the
extent of the population affected), and severity (i.e., the level of
impact)—only the timing element is required by the minimum
documentation standards, while scope and severity remain
optional. Prior to the 2022-2 Red List update, IUCN applied a
scoring system to quantify these variables and report their im-
pacts. However, due to concerns about the scientific robustness
of these scores, IUCN suspended their use, pending a review of
the methodology for assigning threats and calculating their ef-
fects. As a result, the current classification lacks a standardized
approach to assess the severity of different threats/extinction
drivers, further limiting its utility in guiding conservation strat-
egies. This lack of precision in assigning causality hinders the
development of targeted conservation interventions. Without
clear and consistent threat classifications, it becomes difficult
to design effective, species-specific conservation actions that
directly address the most impactful drivers of extinction. To
improve the situation, it is essential to refine the classification
of extinction drivers through more sophisticated, data-driven
approaches. This could involve species-specific threat model-
ing, standardized threat assessment metrics, and a deeper inte-
gration of ecological and socioeconomic data (Jari¢ et al. 2019).
Such advancements would allow for better-tailored conservation
strategies that can more effectively mitigate the primary threats
contributing to freshwater fish extinctions at regional and global
levels (Palacio et al. 2023).

4.6 | Conservation Lessons Learned

This study, which focuses on EX and EW freshwater fish spe-
cies, emphasizes the complex and multifaceted nature of ex-
tinction processes in freshwater ecosystems. It emphasizes the
importance of adopting integrated conservation strategies that
can effectively address the multiple, interconnected threats that
contribute to species loss. The overrepresentation of NSM, POL,
and INV as both primary and combined drivers highlights the
severe, ongoing impacts that these human-induced factors have
on freshwater biodiversity (Su et al. 2021; Sayer et al. 2025).
Given the significant role that these threats play, conservation
efforts must focus on proactively mitigating their impacts. This
includes tackling habitat degradation, reducing pollution, and
controlling the spread of invasive species. At the same time, it
is critical to prepare for emerging risks, such as those driven by
climate change and the introduction of new pollutants, which
could exacerbate the pressures on already vulnerable freshwa-
ter species (Reid et al. 2019; Tickner et al. 2020; Dudgeon and
Strayer 2025).

The ongoing declines and extinctions of freshwater fishes during
the Anthropocene necessitate a global, hybrid approach to fresh-
water system management, bringing together experts from var-
ious fields of freshwater biodiversity and conservation (Darwall
et al. 2018). This approach requires managing freshwater eco-
systems not only as providers of essential services—such as
sustainable agriculture and fisheries—but also as critical biodi-
versity hotspots that need to be preserved for future generations.
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Effective conservation strategies must include a combination of
approaches, that is, environmental flow regulations (Arthington
et al. 2018) essential for maintaining the ecological balance and
health of freshwater habitats and habitat restoration efforts
(Bellmore et al. 2017; Reid et al. 2019; Banaduc et al. 2022; Piczak
et al. 2023) helping rebuild ecosystems that have been damaged
by human activities. Furthermore, better-designed and more
effectively implemented protected areas should specifically in-
clude freshwater ecosystems, ensuring long-term conservation
and fostering biodiversity resilience (Moberg et al. 2024).

Addressing the global loss of freshwater biodiversity requires
the development of more robust international agreements and
policies that facilitate coordinated action across nations and
regions. These efforts should prioritize the strict protection of
relatively pristine freshwater habitats, while also implementing
aggressive restoration interventions that target threatened spe-
cies, critical habitats and even entire ecosystems. Conservation
translocations and reintroductions, guided by strict scientific
protocols, along with ex situ breeding programs, must become
urgent priorities for species in rapid decline. Moreover, bold
initiatives for habitat restoration employing an ecosystemic ap-
proach are essential for restoring both the biotic and abiotic integ-
rity of freshwater ecosystems. This comprehensive restoration
effort may be one of the few viable paths to reversing the trend
of global freshwater biodiversity loss and “bending the curve”
of extinction (Tickner et al. 2020; Dudgeon and Strayer 2025).
To support such large-scale initiatives, there is also a crucial
need for enhanced funding strategies. Thus, innovative finan-
cial mechanisms must be developed to support effective biodi-
versity conservation initiatives, ensuring that these efforts are
not solely reliant on resources like the IUCN Red List (Palacio
et al. 2023). Additionally, such strategies can provide direction
to governmental bodies and help them implement policies that
align with global conservation goals (Maasri et al. 2022).

There are several significant obstacles that could hinder fu-
ture efforts to reverse biodiversity loss in freshwater ecosys-
tems (Arthington et al. 2018; Piczak et al. 2023; Dudgeon and
Strayer 2025). One of the primary challenges is the lack of suffi-
cient data or the inaccessibility of existing data. This issue can
be addressed, albeit partially, by tools that incorporate uncer-
tainty into decision-making, highlighting the need for greater
investment in quantitative research and the continuous moni-
toring of freshwater species (Lopez-Gamero et al. 2011; Tydecks
et al. 2019; Hemming et al. 2022). Additionally, the integration of
artificial intelligence tools could accelerate data mining and as-
sessments, enabling faster analysis and supporting more holistic
approaches to freshwater conservation. Life Cycle Assessment
tools could also provide valuable insights by measuring the com-
parative environmental footprint of various sectors and activi-
ties impacting freshwater diversity.

Another critical challenge is the underfunding of freshwater ef-
forts, a problem that is particularly pronounced in this sector
(Birnie-Gauvin et al. 2023), often compounded by conflicting
priorities among different agencies and stakeholders. To address
it, future conservation interventions must incorporate socioeco-
nomic factors and foster a close collaboration between scientists,
managers, and local communities. Engaging local stakehold-
ers in decision-making processes is essential for ensuring that

conservation schemes are equitable and locally relevant. In ad-
dition, political barriers present a major obstacle, as economic
development often takes precedence over environmental conser-
vation, with both policymakers and the general public lacking
sufficient awareness of the threats facing freshwater biodiversity
(Cooke et al. 2013). Increasing exposure to the value of fresh-
water ecosystems through diverse communication channels is
a promising approach toward raising public awareness and ap-
preciation for these habitats. This, in turn, can build the political
will needed to implement and enforce appropriate conservation
policies (He et al. 2021; Cooke et al. 2013). Enhanced public un-
derstanding and political engagement can also catalyze a shift in
governance frameworks, recognizing freshwater ecosystems as
unique and critical components of global environmental gover-
nance, which have historically been sidelined in comparison to
terrestrial and marine ecosystems (Tickner et al. 2020; but see
Cooke et al. 2023).

A final critical issue worth addressing involves some challenging
questions that a devil's advocate might raise. For instance, one
could ask: “Why should we care about the extinction of freshwa-
ter fishes? Do all species have the same ecological importance, or
are some extinctions more harmful than others? Could freshwater
ecosystem services be substituted by replacing native species with
non-native ones for fisheries?” Moreover, is it realistic to focus on
freshwater fish conservation when there are other urgent global
issues, such as food security, health crises and climate change?”
Indeed, the devil's advocate position raises important questions,
but when examined closely, these arguments fail to account for
the deep ecological, ethical, and socioeconomic consequences
of species loss. The idea that freshwater fish extinctions do not
matter, or that non-native species can simply replace the lost
ones, overlooks critical elements of ecosystem functioning and
the broader implications for human societies. From an ecolog-
ical standpoint, each species plays a unique and essential role
in maintaining ecosystem balance. The extinction of even one
species can have cascading effects that disrupt the entire sys-
tem (Dudgeon et al. 2006; Closs et al. 2016; Lee et al. 2023).
Ethically, the intrinsic value of species cannot be ignored. Every
species has a right to exist, regardless of its direct utility to hu-
mans. This ethical standpoint asserts that species should not be
valued only based on their short-term economic or functional
benefit but also for their place in the broader web of life. Even
from a utilitarian perspective, the loss of species is a costly af-
fair. Each extinction eliminates a potential genetic resource and
an irreplaceable part of biodiversity that could have provided
invaluable insights into medicine, biotechnology, or ecosystem
resilience (Foret et al. 2008). The genetic diversity within species
forms the foundation of long-term ecological adaptability, which
is increasingly crucial in the face of climate change and other
environmental stressors. The argument that non-native species
can replace native species for fisheries is not only ecologically
misguided but also economically hazardous. While it is true that
certain non-native species, like the Nile perch (Lates niloticus)
in Lake Victoria, may offer short-term economic benefits, their
introduction often leads to severe long-term ecological disrup-
tions. The Nile perch's introduction to Lake Victoria, for exam-
ple, led to the decimation of numerous endemic fish species,
destabilizing the ecosystem and ultimately threatening the very
fisheries it was supposed to enhance (Aloo et al. 2017). Thus,
non-native species may initially appear to provide a functional
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substitute, but they often become invasive, outcompeting native
species and degrading habitats. Their population booms can de-
stabilize ecosystems, and their sudden crashes often lead to the
collapse of fisheries, leaving communities dependent on these
resources worse off.

Furthermore, dismissing the significance of even a small per-
centage of species extinctions, such as the argument that “0.5%
of freshwater species extinctions can be ignored since 99.5% have
survived” is a dangerous oversimplification. The sheer number of
extinctions may seem small in a quantitative sense, but the im-
pact on ecosystem health is disproportionately large. Freshwater
fish species are often highly specialized, and their loss can have
far-reaching consequences for ecosystem function and resil-
ience. Moreover, the timeline of extinction—just 165years—
highlights the alarming speed at which biodiversity is being lost,
something that is unprecedented in evolutionary terms.

In conclusion, the devil's advocate argument dismisses the com-
plexity of freshwater biodiversity loss and its profound implica-
tions for ecosystems and human societies. The loss of freshwater
fish species is not just a matter of numbers or economic consid-
erations; it is an urgent ecological, ethical, and socioeconomic
issue. To ignore this loss is to risk further destabilization of vital
ecosystem services that humans rely on, such as clean water,
food security, and climate regulation. Thus, addressing freshwa-
ter biodiversity loss must remain a priority, and any arguments
that attempt to trivialize or dismiss this issue are ultimately
flawed and shortsighted.
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