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ABSTRACT 
 
The Earth is potentially entering a sixth mass extinction event comparable to the previous “big 

five” mass extinctions. Many marine fish species are currently facing rapid population declines 

from a broad range of threat types, but their extinction risk profiles are largely under-studied in 

comparison to their terrestrial counterparts. Selective extinction of increasing numbers of marine 

fish species may result in rapid alteration of global ocean ecosystem structure and function. In 

this study, we compiled a data set of 9,040 species of marine ray-finned fishes (class 

Actinopterygii) from global databases and used phylogenetic generalized linear models to 

examine which ecological traits are associated with increased extinction risk, based on the 

International Union for the Conservation of Nature (IUCN) Red List. We also assessed which 

threat types are driving these species towards greater extinction risk, if threatened species face a 

greater average number of total threat types than non-threatened species, and possible biases in 

the assignment of extinction risk status by the IUCN for each ecological variable. Further, we 

examined whether controlling for phylogenetic non-independence alters the general conclusions 

drawn from our study. We found that species with larger body size, longer population doubling 

times, life-history strategies that involve movement into brackish and/or freshwater, and pelagic 

species are all at elevated extinction risk. However, we found no significant difference in 

extinction risk based on trophic level. Commercial harvesting threatens the greatest number of 

species followed by pollution, development, and then climate change. We also found that 

threatened species, on average, simultaneously face a significantly greater total number of threat 

types than non-threatened species. We did identify relatively minor biases in the assignment of 

extinction risk status by the IUCN Red List across all traits and we further determined that 

controlling for phylogenetic non-independence does not strongly affect our general conclusions. 
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Collectively, these results point to which ecological traits place marine ray-finned fishes at 

higher risk of extinction and which threat types most urgently need to be addressed if we are to 

curtail rapid alteration of global marine ecosystems. 
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INTRODUCTION 

The current rate of species extinction in many clades is so high that the modern biodiversity 

crisis is often referred to as the 6th mass extinction (e.g., Barnosky et al. 2011), in reference to the 

“big five” mass extinctions first identified in the marine animal fossil record (Raup & Sepkoski 

1982). The modern rate of extinction in some clades has been estimated to be as much as a 1000 

times higher than their background rate known from the fossil record (De Vos et al. 2015). 

Marine fishes in particular are under intense pressure from overharvesting, in addition to a range 

of other local and global threats (McCauley et al. 2015; IPBES 2019). Among commercially 

fished species, three quarters of marine fish stocks are considered either fully exploited, over 

exploited, or depleted (IPBES 2019), with many species showing as much as 90% reduction in 

their historical ranges (McCauley et al. 2015; Newsome et al. 2020). Although there has been 

relatively few documented marine fish extinctions, these trends suggest marine fishes may start 

going extinct at higher rates in the near future (Hutchings & Reynolds 2004; Monte-Luna et al. 

2007; Ceballos et al. 2017) and the loss of marine fishes to extinction has profound implications 

for the structure and function of marine ecosystems globally (Worm et al. 2006). While the rate 

and magnitude of population declines has been well-studied, the complete picture of extinction 

selectivity in the modern biodiversity crisis for marine fishes remains understudied.  

 

Understanding extinction selectivity, or the traits associated with extinction, in addition to 

extinction rate and magnitude, is key to understanding how the current biodiversity crisis will 

reshape the biotic composition of marine life in the near future (Bush et al. 2020). Exploring if 

extinction selectivity is present is especially critical as nonrandom extinctions tends to lead to 

greater loss of evolutionary history than extinctions that are random (Purvis et al. 2000a; Vamosi 



2 
 

& Wilson 2008). Additionally the potential loss of phylogenetic diversity may be so impactful 

that the time for fish biodiversity to recover may be on the scale of many millions of years 

(Davis et al. 2018). 

 

To assess extinction risk status among ray-finned marine fishes (class Actinopterygii), we used 

the International Union for Conservation of Nature’s (IUCN) Red List (IUCN 2019). Previous 

studies have examined modern extinction selectivity, but prior studies have not focused on the 

ray-finned fishes at the species level with the breadth of ecological traits examined here (Purvis 

et al. 2000b; Olden et al. 2007; Jager et al. 2008; Payne et al. 2016; Ripple et al. 2017; 

Munstermann et al. 2022). We also capitalize on recently available large-scale and species-level 

phylogenetic hypotheses (Rabosky et al., 2018) to address possible phylogenetic non-

independence of species traits. Few prior studies have incorporated phylogenetic data into their 

analyses, which may potentially give rise to misleading results if the predictor and response 

variables are phylogenetically nested together (Purvis et al. 2000b; Harnik et al. 2012; Finnegan 

et al. 2015). In addition, leveraging IUCN Red List data with vastly greater coverage than in 

recent years (McCauley et al. 2015), we are uniquely able to provide an updated and improved 

analysis from previous assessments. We also analyze the association of threat types and predictor 

variables to contextualize our results, a method also only used in a limited number of previous 

studies (Arthington et al. 2016; Munstermann et al. 2022). We further examine our results for 

data biases in the IUCN assessment of risk for the ray-finned fishes, and we test if correcting for 

phylogenetic non-independence alters general study conclusions, which to our knowledge, has 

not been performed within a trait-extinction risk framework before.  

In this study we specifically focus on the traits body size, minimum population doubling time, 

trophic level, euryhaline status (ability to tolerate salinity), and general habitat association and 
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explore how they are associated with extinction risk and top extinctions threats. We address five 

research questions in this study: 1) Is there an association between these ecological traits and 

extinction risk? 2) Does correcting for phylogenetic non-independence influence inferred 

relationships among these variables? 3) Is there an association between ecological traits and 

threat types? 4) Do threatened species have a greater number of threats assigned on average than 

non-threatened species? 5) Is there an association between ecological traits and being assigned 

an IUCN Red List extinction risk status?  

 

METHODS 

Taxonomy  

All marine species from the World Register of Marine Species (WoRMs) were downloaded with 

permission in November 2019, which produced a dataset comprising 192,973 marine species. 

This list was then matched to species with an IUCN Red List assignment, and species without an 

assignment were removed. The dataset was then filtered to the ray-finned fishes (class 

Actinopterygii) by creating a subset filtering out all non-Actinopterygii Linnaean classes (“IUCN 

data set”). A separate dataset with predictor variables was created by extracting data from 

Fishbase.org, resulting in a dataset of 16,530 species. The Fishbase.org dataset was then matched 

with the IUCN dataset and species without an IUCN assignment were removed, resulting in a 

total of 9,040 species that were listed in WoRMS and contained both trait data from Fishbase.org 

an IUCN Red List assignment. Out of the 9,040 species, 7,206 species were classified as non-

threatened, 385 species were classified as threatened, and 1,438 species were data deficient, 

which were removed from downstream analyses.  
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Predictor Variables 

The predictor variables with available data from Fishbase.org that we chose to examine were: 

body size, minimum population doubling time, habitat tiering, euryhaline status, and trophic 

level. Body size (N = 4,146 species) was measured as total length in (log10) millimeters. In 

addition to testing how body size was associated with extinction risk, we also examined the 

proportion of species threatened among a range of categorical body sizes. Minimum population 

doubling time was based on Froese et al. (2017) and categorized by Fishbase.org into less than 

15 months (N = 3,604 species), 1.4 - 4.4 years (N = 2,367 species), 4.5 – 15 years (N = 542 

species), or more than 15 years (N = 160 species). Habitat tiering was converted to binomial 

categories as either benthic (N = 2,417 species) or pelagic (N = 1,168 species) from a range of 

classifications (such as demersal, pelagic-oceanic, bathypelagic, etc.), to increase statistical 

power. Euryhaline status was based on a binary categorization by Fishbase.org indicating 

whether they were or were not marine, brackish, or freshwater. A species could be classified as 

“marine only” (N = 6,049 species), “marine and brackish” (N = 720 species), or “marine, 

brackish, and freshwater” (N = 658 species). Trophic level (N = 6,946 species) was defined as 1 

+ mean trophic level of the food items the species eats (Froese & Pauly, 2000).   

 

Extinction Risk 

The IUCN’s Red List categorizes extinction risk into a heirarchy of categories of seven 

categories (from least- to most-threatened): least concern (LC), near threatened (NT), vulnerable 

(VU) endangered (EN), critically endangered (CR), extinct in the wild (EW), or extinct (EX). 

Species lacking sufficient data to make a categorization are assigned data deficient (DD). 

Following previous work, (Ripple et al. 2017; Atwood et al. 2020), extinction risk status was 

collapsed to binomial threatened and non-threatened to increase statistical power, with 
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vulnerable (VU), endangered (EN), and critically endangered (CR) classified as “Threatened” 

and near threatened (NT) and least concern (LC) classified as “Non-threatened” and both Extinct 

in the Wild (EW) and Extinct (EX) species were not included.    

 

Phylogenetic Generalized Linear Models  

Phylogenetic Generalized Linear Models (PhyloGLMs) were used to analyze associations among 

our five predictor variables and both IUCN threat status and threat types, while accounting for 

statistical non-independence due to shared evolutionary history (Felsenstein, 1985).Species-level 

molecular phylogenetic trees for the Actinopterygii were downlaoded from the data supplement 

in Rabosky et al. (2018) and all analyses were completed in R 4.1.1 (R Core Team 2021) using 

the Phylolm package (Tung Ho & Ané 2014). Trees were initially built using 24 nuclear and 

mitochondrial loci from five sources (see Rabosky et al. 2018 table S1 for details) utilizing a 

Bayesian analysis framework, with species missing molecular data added according to known 

taxonomic relationships. This estimation was repeated 100 times to generate 100 trees and 

produce a distribution of fully sampled Actinopterygii (Rabosky et al. 2018). For minimum 

population doubling time, the extinction risk reference category was set to the fastest doubling 

interval (less than 15 months) to test if increased population doubling time influenced extinction 

risk. For Euryhaline status, ‘marine only’ was set as the reference to explore test if coming into 

contact with fresh or brackish water influenced extinction risk. For tiering, pelagic was set as the 

reference to test if benthic species were at significantly different extinction risk. Reference 

categories were kept the same for both the data bias and threat type analyses for consistency. For 

each trait, a PhyloGLM was run on each of the 100 phylogenetic trees to produce a distribution 

of 100 results. To examine if accounting for phylogenetic relationships affected our general 
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conclusions, we ran each predictor-extinction risk analysis as both a PhyloGLM and as a simple 

Generalized Linear Model (GLM) for comparison.  

 

Threat Types 

Extinction threat types were downloaded with permission in February 2021 using the IUCN 

Application Programming Interface (API). The twelve primary IUCN Red List threat types are: 

1) Development, 2) Aquaculture and Agriculture, 3) Energy Production and Mining, 4) 

Transportation, 5) Harvesting, 6) Human Disturbance, 7) Natural System Modification, 8) 

Invasive Species and Disease, 9) Pollution, 10) Geological Events, 11) Climate Change, and 12) 

Other. A total of 3,897 of the 7591 species in our final dataset had one or more threats assigned 

to them. We determined what the most common threats were across all of these species using the 

IUCN assignments, and we tested if threatened species had a greater average number of assigned 

threats compared to non-threatened species using Wilcoxon rank-sum tests. Lastly, we explored 

how each predictor variable was associated with each of the four most common threat types 

using PhyloGLMs. 

 

Data Bias 

For each of the five predictor variables we assessed if biases were present in whether or not 

species were assigned an extinction risk status. Species were classified as either reviewed 

(having an IUCN status assigned) or unreviewed (no IUCN status assigned). Data deficient 

species were not included in this analysis. PhyloGLMs were used to test for an association 

between predictor variable and reviewed vs. unreviewed status. Additionally, we examined the 

number and percentage of species that had IUCN coverage by each predictor variable.  
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RESULTS 

Predictor Variables and Extinction Risk 

We found a statistically significant relationship between body size, minimum population 

doubling time, euryhaline status, tiering, and extinction risk. The distribution of coefficients for 

each predictor variable shows how each variable is associated with threatened status across the 

100 phylogenetic trees. Coefficient distributions that fall completely above or completely below 

zero indicate a statistically significant association (P<0.01; Munstermann et al. 2021). Larger 

body size was positively associated with extinction risk (Fig. 1A), however, a histogram of 

percentage of species threatened revealed a modestly bimodal distribution with some smaller 

species also threatened (Fig. 2). For habitat tiering, benthic fishes were at significantly greater 

risk relative to pelagic fishes (Fig. 1B). For minimum population doubling time, species 

categorized as taking longer than 15 months doubling time were at significantly higher extinction 

risk. We found no significant difference in extinction risk across trophic levels (Fig. 1C). For 

euryhaline status, “marine and brackish” and “marine, brackish, and freshwater” species were at 

significantly greater extinction risk than marine only species (Fig. 1D).  
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Figure 1. Results for ecological coefficient values from all 100 trees in the PhyloGLMs. The 

zero line represents the reference category, coefficients following completely above or 

completely below zero are statistically significant (p<0.01; Munstermann et al., 2021). The green 

violin plot shows the spread of coefficient values with width indicating the number of coefficient 

values, and boxplots are drawn within the violin showing the median and interquartile range. A) 

Greater total length is positively associated with higher extinction risk. B) Benthic species are at 

elevated extinction risk as compared to the pelagic reference category. C) Trophic level shows 

no significant relationships with extinction risk. D) Euryhaline species (species that move 

between marine and brackish and/or freshwater) are at significantly greater extinction risk than 

marine only species. E) Increasing minimum population doubling time is associated with greater 

extinction risk, although 1.4 - 4.4 years is not statistically significant as compared to reference 

category less than 15 months.  
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Figure 2. Number of species and percentage of species threatened as a function of body size 

(total length in log10 mm). A weakly bimodal distribution in which the largest and smallest 

fishes are at higher percent threatened. However, overall, threatened fishes are on average larger 

(t-test: Mean Non-Threatened = 2.42 log(mm), Mean Threatened = 2.77 (log)mm, t-stat = -9.9, 

df = 341.23, P<0.0001). 

 

Incorporation of Phylogenetic Data 

Across the variables body size, trophic level, euryhaline status, and habitat tiering, incorporating 

phylogenetic information led to small variations in results but did not change the pattern of 

significance and directionality of association (Table 1). Z-value scores did increase when 

incorporating phylogenetic data for minimum population doubling time, but the pattern of 

significance remained the same. Estimates are presented as log odds, which is the log of the odds 

ratio.  
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Table 1. Results for PhyloGLMs and GLMs, statistically significant results are in italics. 

 GLM PhyloGLM 
Variable, 
Levels of 
Variable 

Estimate Std. 
Error 

Z 
Value 

P Value Estimat
e 

Std. 
Error 

Z 
Value 

P Value 

Total Length 
 0.83 0.2 4.57 <0.000

1 
0.74 0.19 3.87 <0.001 

Trophic Level 
 -0.14 0.11 -1.36 0.18 -0.15 0.11 -1.46 0.14 
Minimum Population Doubling Time 
1.4 – 4.4 
years 

-0.21 0.13 -1.61 0.11 -0.6 0.13 -0.45 0.65 

4.5 – 14 
years 

0.55   0.18 3.13 <0.01 0.95 0.17 5.77 <0.000
1 

More than 14 
years 

1.58 0.21  7.3 <0.000
1 

1.83 0.21 8.54 <0.000
1 

Euryhaline Status 
Marine and                     
Brackish 

1.26 0.13 9.43 <0.000
1 

1.27 0.14    8.81 <0.000
1 

Marine 
Brackish 
and 
Freshwater 

0.38 0.17 2.23 0.03 0.53 0.16 3.29 <0.01 

Tiering 
Benthic 1.12 0.21 5.33 <0.000

1 
1.51  0.28    5.37 <0.000

1 
 

Threat Types 

The most common threat type across all species was harvesting, which was followed by 

pollution, development, and then climate change (Fig. 3A). Comparing the total number of 

threats facing a given species, threatened species had, on average, a greater number of total 

threats than non-threatened species (W = 297719, mean non-threatened: 1.71 threats, mean 

threatened: 2.23 threats, p < 0.0001) (Fig. 3B).  
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Figure 3. A) Number of species threatened by each threat type, across all species in the analyses 

with threat types assigned (n = 2,992). B) Distribution of the number of threats for non-

threatened and threatened species (Mean non-threatened: 1.71 threats, mean threatened: 2.23 

threats; W = 297719, p < 0.0001); black dots represent the mean for each category.  

 

Predictor Variables and Top Four Threat Types 

We tested for an association between each predictor variable and the top four threat types: 

harvesting, pollution, development, and climate change (Table 2). For body size, larger fishes 

were more likely to be signficantly associated with harvesting, while smaller fishes were more 

likely to be significantly associated with development, climate change, and pollution. For 

minimum population doubling time, fishes that have the longest population doubling times (more 

than 14 years) had the strongest positive association with harvesting, while having the strongest 

negative association with pollution. Further, fishes that have the shortest population doubling 

times (less than 15 months) had the strongest negative association with pollution. Higher trophic 

level species were positively associated with harvesting and pollution while lower trophic level 
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species were positively associated with climate change and development. For euryhaline status, 

“Marine Brackish and Freshwater” had the strongest negative association with harvesting and 

climate change, and the strongest positive association with pollution, and development. Lastly, 

for tiering, benthic species were most strongly negatively associated with harvesting and most 

strongly positively associated with pollution, climate change, and development.  

 

 

Table 2. PhyloGLM results for each predictor variable and the four most common threat types 

across all species included in the analysis. Statistically significant results are in italics.  

Italicized = reference  
Threat Type Level Coefficient Std Error Z Value P Value 
Body Size 
Harvesting n/a  2.08 0.20 10.56 <0.0001 
Pollution n/a  -0.70 0.15 -4.57 <0.0001 
Climate Change  n/a  -0.98 0.18 -5.47 <0.0001 
Development n/a  -1.32 0.19 -6.90 <0.0001 
Minimum Population Doubling Time 
Harvesting 1.4 – 4.4 Years 1.07 0.12 9.12 <0.0001 
 4.5 – 14 Years 1.46 0.20 7.36 <0.0001 
 More Than 14 

Years 
1.82 0.38 4.81 <0.0001 

Pollution 1.4 – 4.4 Years -0.59 0.10 -5.70 <0.0001 
 4.5 – 14 Years -0.66 0.16 -4.11 <0.0001 
 More Than 14 

Years 
-0.16 0.22 -0.74 0.46 

Climate Change 1.4 – 4.4 Years -0.86 0.13 -6.67 <0.0001 
 4.5 – 14 Years -0.95 0.21 -4.50 <0.0001 
 More Than 14 

Years 
-1.08 0.37 -2.94 0.003 

Development 1.4 – 4.4 Years -0.81 0.12 -6.63 <0.0001 
 4.5 – 14 Years -0.84 0.19 -4.42 <0.0001 
 More Than 14 

Years 
-1.47 0.40 -3.67 <0.001 

Trophic Level 
Harvesting n/a  0.82 0.10 8.31 <0.0001 
Pollution n/a  0.35 0.09 3.73 <0.0001 
Climate Change  n/a  -0.53 0.11 -4.91 <0.0001 
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Development n/a  -0.69 0.11 -6.42 <0.001 
Euryhaline Status 
Harvesting Marine, 

Brackish, and 
Freshwater 

-0.94 0.15 -6.45 <0.0001 

 Marine and 
Brackish 

0.09 0.12 0.73 0.47 

Pollution Marine, 
Brackish, and 
Freshwater 

1.59 0.15 10.64 <0.0001 

 Marine and 
Brackish 

0.11 0.12 0.91 0.36 

Climate Change Marine, 
Brackish, and 
Freshwater 

-0.81 0.18 -4.51 <0.0001 

 Marine and 
Brackish 

-0.57 0.15 -3.70 <0.001 

Development Marine, 
Brackish, and 
Freshwater 

0.77 0.15 5.09 <0.0001 

 Marine and 
Brackish 

0.74 0.13 5.79 <0.0001 

Habitat Tiering 
Harvesting Benthic -1.36 0.28 -4.79 <0.0001 
Pollution Benthic 1.53 0.25 6.15 <0.0001 
Climate Change Benthic 1.3 0.35 3.67 <0.001 
Development Benthic 1.5 0.30 5.10 <0.0001 

 

Data Coverage  

We found significantly different levels of IUCN Red List coverage for each predictor variable. 

For body size (total length), unreviewed species tended to be slightly smaller than reviewed 

species (Fig. 4A, Table S1, P < 0.0001). Lower trophic level species had a greater association 

with being unreviewed than higher trophic level species (Fig. 4B, Table S1, P < 0.0001). A 

slightly greater percentage of species with faster population doubling times (less than 15 months) 

were unreviewed relative to the other categories with slower doubling times (Fig. 4C, Table S1, 

P < 0.0001). Marine only species had a greater percentage of unreviewed compared to “marine 

and brackish” and “marine, brackish, and freshwater” species (Fig. 4D, Table S1, P < 0.0001). 
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Benthic species had a significantly greater percentage of unreviewed species than pelagic species 

(Fig. 4E, Table S1, P < 0.0001). 

 

 

 

Figure 4. Data bias trends showing how data coverage is distributed across variables. Data 

deficient species are not included in either category. Number of species are shown for continuous 

variables to better show distribution of data while percentage is used for categorical variables for 

ease of comparison. Purple color indicates where reviewed and unreviewed species overlap. 

Dashed line in C, D, and E represent the overall percentage of data coverage across all levels of 

the variable.  
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Table 3. Results for PhyloGLMs testing for predictor variable association with IUCN coverage. 
Negative estimate numbers indicate an association with being reviewed. Statistically significant 
results are in italics. 
Variable,  
Levels of Variable 

Estimate Std Error Z Value P Value 

Total Length -0.95 0.06 -16.02 <0.0001 
Trophic Level -0.75 0.033 -22.83 <0.0001 
Minimum Population Doubling Time 
 1.4 – 4.4 Years -0.65 0.04 -15.43 <0.0001 
 4.5 – 14 Years -0.74 0.06 -11.55 <0.0001 
 More Than 14 Years -0.93 0.11 -8.70 <0.0001 
Euryhaline Status 
 Marine and Brackish -1.51 0.09 -17.11 <0.0001 
Marine, Brackish, 
and         Freshwater 

-1.68 0.12 -14.16 <0.0001 

Tiering 
 Benthic 1.31 0.14 9.07 <0.0001 

 

DISCUSSION 

Our study provides novel insights into the well documented declines in marine ray-finned fishes 

by examining ecological extinction threat profiles, utilizing a phylogenetically informed 

approach. To our knowledge, this is the first study to examine this combination of core 

ecological traits and to perform a threat-based analysis to suggest which broad level extinction 

threats are contributing the most to extinction risk. We also provide a new analysis of assignment 

bias by the IUCN Red List and test the utility of tree-based comparative methods to control for 

evolutionary and statistical non-independence. Together, these new results illuminate which 

types of marine ray-finned fish species are most likely to be go extinct in the near future and 

which threat types most urgently need to be ameliorated to potentially prevent these extinctions.  

 

Traits Associated with Extinction Risk 

Humans have been selectively harvesting larger-sized fish species for at least the past 50,000 

years (Jackson et al. 2001) and this trend continues into the present. In line with this, we find that 
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larger fishes were at greater extinction risk confirming the results of previous studies (Olden et 

al. 2007; Pinsky et al. 2011; Ripple et al. 2017). This higher extinction risk among larger fishes 

appears that it may be unlike that of previous mass extinction events; in the “big five” mass 

extinctions (Raup and Sepkoski, 1982) either no size bias was detected or smaller marine 

vertebrate genera had a higher likelihood of extinction (Payne et al. 2016; Puttick et al. 2017). 

Further, Pinsky et al. (2011) and Ripple et al. (2017) have demonstrated the body size extinction 

risk relationship in the modern oceans is bimodal for bony fishes and our results generally 

support this finding (Figure 4), although we did not find that smaller fishes are at significantly 

greater risk.   

 

Slower life history species have been found to be less able to recover after adverse 

environmental events, perhaps driving them towards higher extinction risk (Purvis et al. 2000b; 

Jager et al. 2008). Indeed, we find that species with slower minimum population doubling times 

(4.5-14 years and greater than 14 years) are at higher extinction risk relative to those species with 

faster doubling times (less than 15 months). Slower life history species being at higher extinction 

risk may also reflect covariance between body size and population doubling time, given that 

larger species tend to have slower life histories (Fisher & Owens 2004) and are at greater risk 

(Fig. 1E). While some evidence suggests that faster life history species are now being targeted by 

fisheries under the assumption they are more sustainable, this appears to also be driving greater 

depopulation trends for these taxa (Pinsky et al. 2011). However, it is important to note that 

Pinsky et al. (2011) examined fisheries collapse rather than extinction risk, and only examined 

commercially fished species, potentially explaining the divergence from our results.  
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While some studies have provided evidence of fishing down trophic levels (i.e., “fishing down 

the food web” a la Pauly et al. (1998)) with the average trophic level of fishes caught by fisheries 

declining over time, we did not find a statistically significant association between trophic level 

and extinction risk. Further, it is unclear if the decline in the trophic level of fishes caught in 

commercial fisheries is the result of changing fishing practices driven by advances in technology 

that enable greater harvesting of benthic species or changing population levels by trophic level 

(Caddy & Garibaldi 2000). Regardless, there has been large decline in predator populations for 

marine fishes (Myers & Worm 2005), but predator population trends were not compared to non-

predator population trends, making it unclear if the decline is unique to predators or common 

across all trophic levels. Christensen et al. (2014) found evidence for the decline of higher 

trophic level species in their study, in which they used modeling techniques to compare predator 

(trophic level 3.5 and higher) and prey (trophic level 2.0 and lower) populations over the past 

century. They found over the past 100 years predator populations have declined by 66%, but 

prey populations have increased, potentially due to predator release (Christensen et al. 2014).  

The apparent discrepancy in results between our study and these previous studies (Caddy & 

Garibaldi 2000; Christensen et al. 2014) may be due to the use of different analytical models 

and/or treating trophic level as continuous variable rather than a categorical variable (e.g., 

predator and prey). 

 

We find that fishes that came into contact with brackish or freshwater are at elevated extinction 

risk relative to marine-only fishes, in line with previous research that has found diadromous 

fishes are at heightened extinction risk (Grant et al. 2019). “Marine, brackish, and freshwater” 

fishes being at a higher risk than the other two categories indicates that diadromous fishes are 

subjected to stressors not faced by exclusively marine species. There has been pronounced 
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documented declines in diadromous fish populations in the past century from overfishing with 

some species experiencing declines of over 90% (Limburg & Waldman 2009). Annual Atlantic 

salmon catches have declined to near zero from a high of 6000 tons (Chaput 2012) while 

Chinook salmon runs in Oregon are down to 11-19% of their estimated historical level (Meengs 

& Lackey 2005). A genetic analysis of Pacific salmon indicates the century-long decline of these 

species may be greater than previously estimated (Price et al. 2019). The situation for 

diadromous fishes may continue to worsen as climate change is predicted to pose significant 

challenges by altering hydrological patterns, which could change stream and river flow volumes 

and/or seasonality, further threatening diadromous fishes (Schröter et al. 2005). We also found 

benthic fishes were at higher extinction risk than pelagic fishes. This finding differs from one of 

the few studies to examine extinction risk and habitat tiering in the modern (Payne et al. 2016) 

that found no association between extinction risk and this binary habitat tiering designation. 

However, their study combined marine molluscs and vertebrates at the genus level in aggregate, 

which may explain the discrepancy in our findings.   

 

Threats Faced by Species 

The total number of species impacted by each threat type shows that commercial harvesting is 

the most common extinction threat for marine ray-finned fishes, followed by pollution, 

development, and then climate change (Fig. 3). Fisheries have long been recognized as exerting 

significant stress by over-harvesting fish populations and many commercially fished species are 

depleted far below their historical baseline (Hutchings & Reynolds 2004; McCauley et al. 2015; 

Arthington et al. 2016). The effects of ocean pollution on marine fish mortality and population 

trends are not as clear as the effects of harvesting. Oil spills can have negative impacts on fish 

stocks, especially in their damage to embryos and larvae, but even the effects of oil spills remain 
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understudied (Sørhus et al. 2015; Langangen et al. 2017). Studies have also demonstrated that 

pollution can lead to lower species richness among fishes in a given ecosystem (Johnston & 

Roberts 2009). However, the overall effects of pollution on extinction risk and population 

declines for marine fishes remains understudied. Rapid development, such as that occurring in 

the Persian Gulf region for example, can lead to massive loss of suitable habitat, as coastal land 

is taken over for homes, industry, and shipping, driving declines in fish species (Sheppard et al. 

2010; Cavalcante et al. 2011). The projected impacts of climate change on marine fishes is still a 

matter of ongoing research, but some results suggest climate change will have its biggest impact 

on tropical fishes and will be latitudinally selective in its impacts (Comte & Olden 2017).  

 

We also found that threatened species have a greater average number of threats than non-

threatened species, in line with other studies that have tested for the difference of average 

number of threats for threatened and non-threatened species (González-Suárez & Revilla 2014; 

Ducatez & Shine 2017; Munstermann et al. 2021). Among terrestrial vertebrates, Munstermann 

et al. (2021) found on average 2.66 threat types for threatened species and 2.37 threat types for 

non-threatened species. We also found that threatened species face a greater average number of 

threat types, but we find a lower average number of threats for both threatened (2.23) and non-

threatened (1.71), but a greater difference in means between the two categories. Ducatez & Shine 

(2017) found the number of threats assigned varied based on research effort, perhaps explaining 

why terrestrial species have more assigned threats on average, given the under-studied nature of 

marine ray-finned fishes in comparison to terrestrial vertebrates. Collectively, these findings 

demonstrate that as the number of threat types increases beyond two, species are more likely to 

be at higher extinction risk supporting that the “death by a thousand cuts” scenario is now a 
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consistent signal across multiple vertebrate groups (González-Suárez & Revilla 2014; Ducatez & 

Shine 2017; Munstermann et al., 2021). 

 

Threats and Predictor Variables 

The association of body size with the top four threat types may help explain why larger sized 

fishes are at greater extinction risk. We found a positive association between increased body size 

and harvesting as a threat type, in line with prior studies (Olden et al. 2007; Genner et al. 2010). 

On the other hand, we find that smaller fishes are more likely to have pollution, development, 

and climate change as a threat type, suggesting exposure to these threats is driving the 

heightened percentage of threatened smaller species. Genner et al. (2010) also found the smallest 

fish species were the most likely to be threatened by climate change. Smaller fishes tend to 

utilize smaller geographic ranges during their life history (Kramer & Chapman 1999; Luiz et al. 

2013), and perhaps small range size is driving the relationship of the smaller fishes being more 

threatened by pollution, climate change, and development that may not simultaneously impact all 

regions of a large ranging species in the same way. However, as noted above, Pinsky et al. 

(2011) found higher likelihood of fisheries collapse among the smallest fishes, due to fisheries 

management targeting these fishes under the assumption that the smaller, faster reproducing 

fishes can better withstand fishing pressure. Minimum population doubling time followed the 

same pattern as body size with species exhibiting slower population doubling time being more 

likely to be threatened by harvesting, and faster doubling time species were more likely to be 

threatened by pollution, development, and climate change.  

 

While our study did not find an association between trophic level and extinction risk, we did find 

that the harvesting threat type is more common for higher trophic level species, in line with prior 
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studies (Caddy & Garibaldi 2000; Myers & Worm 2005). In addition, pollution as a threat type 

was positively associated with higher trophic level, possibly suggesting bioaccumulation of 

pollutants from lower to higher trophic levels (Le Croizier et al. 2016). On the other hand, the 

climate change and development threat types were negatively associated with higher trophic 

level, perhaps due to covariation with body size and/or motility allowing these often larger, more 

motile, higher trophic level species to relocate away from these stressors.  

 

We also find that species that come into contact with brackish and freshwater are significantly 

more likely to have pollution or development as a threat type. Pollution can adversly impact 

diadromous fishes, with raw and lightly treated sewage creating oxygen dead zones, and other 

contaminants such as polychlorinated biphenyls (PCBs), may also cause sublethal issues that 

reduce diadromous fish survivability (Limburg & Waldman 2009). Further, dams are often 

associated with human development and there are estimated to be ~80,000 dams of six feet or 

taller in the rivers of the United States alone, that are well-documented to impede the natural life 

history migrations of salmonids and other fishes (Jackson & Marmulla 2001). Additionally, 

diadromous fishes often travel such long distances that they cross multiple political boundaries, 

impeding coordinated protection policies (McIntyre et al. 2015).  

 

We find that pelagic fishes are more likely to be threatened by harvesting as a threat type than 

benthic fishes, potentially explaining why they are at elevated extinction risk, with increased 

fishing pressure driving depopulation trends. This is despite pelagic fishes having larger ranges 

on average than benthic fishes (Macpherson 2003), and larger range size has been shown to be 

protective against extinction  across geological time intervals (Finnegan et al. 2015). Benthic 
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species are more likely to have pollution, development, and climate change as threat types, 

which may reflect benthic species having smaller ranges on average (Macpherson 2003).   

 

Caution is warranted however when interpreting the results for threat types, as the IUCN assigns 

threat types in a non-systematic manner. In contrast to the assignment to levels of extinction risk, 

which are determined using extensive quantitative criteria (IUCN Species Survival Commission 

2012), there appears to be no consistent criteria used to determine whether a threat applies to a 

given species (Hayward 2009; Cassini 2011). Deficiencies can be present, such as highly 

threatened species with clearly defined threats not being assigned any threats (Hayward 2009). 

For the climate change threat type in particular, assignment of climate change deviates from 

other methods used to assess species’ susceptibility to climate change (Trull et al. 2018). 

Nonetheless, there is general agreement between IUCN threat types and other assessments of 

threat types, such as harvesting being the greatest threat for marine fishes and the well 

documented decline in commercially fished species caused by fisheries (McCauley et al. 2015). 

Further improvement could be made by developing a more systematic and rigorous framework 

for assigning threat types, such as the one proposed by Cassini (2011), that calls for species 

assessors identifying threats to work with specialists in species distribution to define objective 

values to measure threat and match threats with geographic region.    

 

IUCN Data Coverage 

Data coverage biases are a well-documented issue in biology, for example “charismatic 

megafauna” receiving more research attention and funding (Hosey et al. 2020). However, we 

generally find only negligible differences across levels for each of our ecological categories 

between reviewed and unreviewed species (Fig. 4). An exception to this being that we did find 
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that larger species were more likely to have an IUCN Red List assignment, which is in 

agreement which previous findings that among cartilaginous fishes (Chondrichthyes) larger 

species are positively associated with research effort (Ducatez 2019). Further, we did not find 

any significant relationship between IUCN Red List coverage and trophic level. This is in 

contrast to Chondrichtyhes, which appear to have higher research effort for higher trophic level 

species (Ducatez 2019). Fast population doubling time species (less than 15 months) were more 

likely to be unreviewed. Marine only fishes were less well covered compared to species that 

came into contact with brackish and/or freshwater and benthic species were less well covered 

compared to pelagic. To our knowledge this is the first study to examine IUCN data coverage for 

these variables for Actinopterygii. However, despite finding differences in coverage, all 

differences were small. For total length, difference in means is < 0.35 (log)mm and for 

categorical variables differences are less than 12% (relative to all). Nonetheless, biases in the 

distribution of missing data are important and can lead to errors such as in increase in type I 

errors and incorrect imputation values (Ducatez 2019; Etard et al. 2020), so future studies should 

continue to check for IUCN coverage when doing trait extinction risk analyses. 

 

Phylogenetic Methods  

Comparative phylogenetic methods have been commonly used since the mid-1980s (Felsenstein 

1985) to address possible violations of statistical model assumptions that can occur when 

performing analyses on closely related species, as species are not statistically independent of 

each other due to their shared evolutionary history (Felsenstein 1985; Ives & Garland 2010). 

Over the past four decades, an array of approaches to addressing phylogenetic non-independence 

have been developed and routinely utilized (Pennell & Harmon 2013; Revell & Harmon 2022). 

However, it is not yet clear if accounting for phylogeny is always necessary when studying the 
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association between traits and extinction risk, and incorporation of well-constrained phylogenetic 

relationships is not always possible or practical for all taxa in question, often further limiting 

sample sizes. We find only marginal and non-significant differences between results based on 

phylogenetic GLMs versus GLMs without phylogenetic data (Table 1). Further, we find no 

instance where the directionality of an association changed between the two analytical 

approaches (Table 1). The lack of significant difference suggests incorporating phylogenetic 

relationships may not be necessary, at least for this specific data set, but this finding calls for 

further investigation into when incorporating phylogenetics is necessary for trait-based extinction 

risk analyses. 

 

Implications for Ecosystems  

The heightened extinction risk of species with these functional traits may adversely impact 

global ecosystems. For example, larger bodied fishes are at higher extinction risk and generally 

have larger home ranges and biomass intake (McCauley et al. 2015), and the selective removal 

of larger species may reduce nutrient movement and ecosystem connectivity (McCauley et al. 

2015; Ripple et al. 2017). Slower growing fishes are at greater risk and take longer to recover 

after population collapses, suggesting losing these species may impede population recovery after 

disturbances (Jennings et al. 1998; Jager et al. 2008). Species inhabiting marine, brackish, and 

freshwater habitats (i.e., diadromous species) are at heightened extinction risk and are critical for 

connecting marine and inland habitats and releasing nutrients into inland environments, 

especially through decomposition (Limburg & Waldman 2009).  
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Conclusion 

Given both magnitude of species that are threatened and the current rates of species loss 

(McCauley et al. 2015; Ceballos et al. 2017; IPBES 2019) in the modern biodiversity crisis, 

large-scale systematic analyses are necessary to pinpoint which ecological traits make species the 

most vulnerable to extinction and which threat types are most strongly associated with these 

species. By leveraging the combination of newly available ecological, phylogenetic, and 

extinction risk profile data for a large proportion of marine ray-finned fishes, we demonstrate 

that species with larger body size, longer population doubling times, life-history strategies that 

involve movement into brackish and/or freshwater, and pelagic species are all at elevated 

extinction risk. Further, we find that commercial harvesting is currently the greatest threat to 

marine ray-finned fishes, followed by pollution, development, and then climate change and that 

threatened species are simultaneously exposed to a greater number of threats supporting a “death 

by a thousand cuts” scenario, which appears to now be a common signature across marine and 

terrestrial vertebrates. Failure to quickly address and ameliorate these threats may lead to global 

consequences for marine ecosystem structure and function.  
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