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Abstract 

Overfishing is a concerning threat that can lead to the collapse of fish stocks. We assessed the 

combinations of factors, including biological traits, types of exploitation and responses to sea 

temperature and salinity changes, that drive species to collapse in the Brazilian Exclusive 

Economic Zone (EEZ) tropical and subtropical regions. We applied a catch-based method of 

stock classification and a catch time series of 61 years from 132 exploited fish species. 

Species were categorized as Collapsed, Overexploited, Fully Exploited or in Development, 

and we used a GAM analysis to understand their categorization over time. Furthermore, a 

Redundancy Analysis was developed to assess the species characteristics that best predicted 

each exploitation category. Twelve species were classified as Collapsed, 55 as Overexploited, 
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46 as Fully Exploited and 19 as in Development. Tropical and subtropical exploited species 

collapses in Brazil were best explained by a complex combination of a negative impact of 

warmer sea temperatures, fishery exploitation and specific life-history traits. A synergistic 

interaction between these factors could bring species to collapse. We hypothesize that the 

exploitation of species with vulnerable traits may alter how these species respond to 

temperature and, therefore, lead them to collapse given that intense exploitation may affect 

their ability to respond to temperature increases. Measures to mitigate climate change impacts 

should take into consideration incentives to decrease the exploitation of vulnerable species 

and, specifically, consider species with more sensitive biological traits. Such measures are 

also important to minimize the socioeconomic impacts on the people that depend on these 

species. 
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Highlights 

 

 Overfishing and climate change are the main threats to marine communities in the 

Anthropocene 

 

 Understand how a combination of fishery, climate and intrinsic traits increases the 

chance of a species to collapse is crucial to mitigate loss of biodiversity 

 

 We tested which combination of these factors better explain exploitation status in 132 

tropical and subtropical marine fishes in Brazil 

 

 A combination of exploitation and smaller body size is related to collapse chance 

 

 Already collapsed species were more vulnerable to warm sea surface temperature  
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1. Introduction 

The Anthropocene, characterized by a wide variety of anthropic stressors, is strongly 

transforming the natural environments on Earth (Costello et al. 2012, Lewis and Maslin 

2015). Overexploitation, species extinction, habitat degradation, pollution and climate change 

are putting the resilience of entire biological communities at risk, leading to dramatic changes 

in populations of marine and terrestrial species, including declines and collapses. The impact 

on the oceans is of particular concern, given that more than 38 million people, mostly in 

tropical low-income countries, are directly or indirectly dependent on aquatic resources 

(FAO, 2018). Therefore, fish population declines, evidenced by the overexploitation of more 

than 30% of fish stocks (FAO, 2018) and the global loss of more than 90% of large predatory 

fish biomass (Myers & Worm, 2003), can have a notable impact on human well-being.  

The decline in marine populations is attributed to many causes, with overexploitation being 

an important one resulting from the fishing industry. Although industrial fisheries are largely 

to blame for practicing unsustainable levels, small-scale or artisanal fisheries can also reduce 

richness and abundance of target species (e.g. Alfaro-Shigueto et al. 2010; Goetze et al. 2011; 

Hawkins and Roberts 2004). In low-income tropical countries, small-scale fisheries can 

account for more than 50% of the total catch (Vasconcellos, Diegues, & Sales, 2007), and are 

generally poorly or unmanaged both in high- and low-income countries (Berkes, Mahon, 

McConney, Pollnac, & Pomeroy, 2001). Small-scale fisheries tend to be more restricted to 

coastal regions, which also happen to be more negatively impacted by cumulative anthropic 

activities (Jackson et al., 2001). Even selective small-scale practices, such as spearfishing, 

can negatively affect fish stocks, especially when targeting vulnerable species, such as 

groupers (Giglio, Bender, Zapelini, & Ferreira, 2017; Lindfield, McIlwain, & Harvey, 2014).  
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Both large- and small-scale exploitation can affect species’ capacity to respond to 

environmental changes through several mechanisms. For example, the excessive extraction of 

fish can result in the removal of some population units, which reduces species’ capacity to 

adapt to a changing environment through the “rescue effect” (Gonzalez, Lawton, Gilbert, 

Blackburn, & Evans-Freke, 1998; Jennings & Blanchard, 2004). The decrease in total 

abundance can also exclude populations from less suitable areas, leading to a distribution 

contraction (Blanchard et al., 2005; Ciannelli et al., 2013). Exploitation can affect species’ 

responses to climate variability through size truncation when individuals of a specific body 

size are removed, due to the preference of fisheries for larger–and older–individuals (Pinsky 

et al. 2011). Even in moderate levels of exploitations (Berkeley, Hixon, Larson, & Love, 

2004), size truncation can have several effects, such as a decrease in a population’s average 

body size, a reduction in egg-to-recruit survival (because smaller produce less and lower 

quality eggs, e.g. Hislop 1988), and a loss of learning capacity due to the loss of older 

individuals (Planque et al., 2010). Increased mortality due to fishing can also alter growth 

rates and decrease maturity at age (Enberg, Jørgensen, Dunlop, Varpe, & Boukal, 2012) with 

the potential of affecting the speed at which species respond to a changing environment 

(Perry, Low, Ellis, & Reynolds, 2005).  

Changes in sea temperature due to global climate change have been affecting species 

composition and fish production worldwide (Cheung, Watson, & Pauly, 2013; Free et al., 

2019). The effect of environmental shifts, especially temperature, were detected in nearly 

seven out of every ten stocks analyzed by Vert-pre et al. (2013), with consequences on 

species occurrence or abundance due to changes in mortality rates and distributions 

(Blanchard et al., 2005). Nevertheless, there is still much to be learned about how, when and 

why a warmer sea will affect fish stocks, especially for tropical species, for which there is 

less information available on ecosystems, communities, populations and individuals (Cheung, 
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Pinnegar, Merino, Jones, & Barange, 2012; Cheung, Reygondeau, & Frölicher, 2016; Free et 

al., 2019). The response to changes in the environment will depend on the magnitude of 

climate change and the species adaptation capacity (Torda et al., 2017), which, among other 

factors, depends on species physiology, dispersion capacity, and genetic diversity (Post & 

Palkovacs, 2009). Even within the same species, the individual response can vary depending 

on its life stage, with some stages (e.g., eggs and larvae) being more vulnerable to 

temperature changes (Pörtner & Farrell, 2008). Recruits can be more severely impacted by 

environmental changes, and a decrease in their abundance has a large impact on a 

population’s size (Brander, 2005; Lindegren & Checkley, 2013). On the other hand, warmer 

oceans can benefit fish production in some areas (Blanchard et al., 2012) or benefit some 

large herbivores due to effects on food web dynamics (Smith-Ramesh, Rosenblatt, & 

Schmitz, 2017).  

It has been suggested that exploitation and climate variability interaction affects demographic 

dynamics and conservation of fish species (Cheung, Jones, Reygondeau, & Frölicher, 2018; 

Planque et al., 2010). The responses to these two factors, however, vary according to the 

species and region. For example, in the North Sea, changes in climate affected the primary 

production while fishing impacted demersal fish abundance, increasing the abundance of 

macro-invertebrates and unbalancing the whole food web (Heath, 2005). In the western 

English Channel, a long-term time series of demersal fisheries showed that small body-sized 

species abundance is more affected by climate, whereas larger bodied species abundance is 

more influenced by exploitation (Genner et al., 2010). For sardines and anchovy, climate 

affects long-term population variability, but fisheries can induce higher-frequency variability 

(Lindegren, Checkley, Rouyer, MacCall, & Stenseth, 2013). Identifying those biological traits 

that make species respond differently to the same climate and exploitation conditions can 

help predict future responses of marine communities to climate change (Sunday et al., 2015). 
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Although there is no consensus (e.g. Pinsky et al. 2013; Schuetz et al. 2018), biological traits 

play an important role in species vulnerability to climate changes and exploitation (Cheung et 

al., 2018; Pörtner & Farrell, 2008). Some evidence suggests that large bodied marine fish are 

more likely to collapse, both because of their own life history traits and the selective 

harvesting to which they are exposed (Cheung et al., 2018; Dulvy, Sadovy, & Reynolds, 

2003; Olden, Hogan, & Zanden, 2007). The time it takes for a species to grow is also 

relevant, with some evidence suggesting that slow-growth species, such as sharks, are more 

affected by fisheries, while fast-growth species seem to be more affected by climate 

(Quetglas, Rueda, Alvarez-Berastegui, Guijarro, & Massutí, 2016). Moreover, short-lived 

species, which tend to grow faster and are positioned at low trophic levels, are also likely to 

decline due to both climate and exploitation (Pikitch et al. 2018; Pinsky et al. 2011; Pinsky 

and Byler 2015). Other traits, such as dispersion capacity, region and distribution range affect 

the likelihood of species collapse due to fishing or climate variability. Among sharks and 

rays, more rare and specialized species living in estuarine or coastal areas are more 

vulnerable to climate change (Chin, Kyne, Walker, & McAuley, 2010), whereas species 

mobility also seems to contribute (Sunday et al., 2015).  

Synergistic interactions between climate, fishing and biological traits have been identified in 

temperate regions (Botsford, Holland, Field, & Hastings, 2014; Lindegren et al., 2013). Here, 

we identify how these interactions are related to tropical and subtropical fish stock statuses, 

and which combinations are more likely to put species on the brink of collapse We used 61 

years of reconstructed data on the fisheries catches of 132 marine species exploited over more 

than 8,000 km along the Brazilian coastline. To define stock status we applied a catch-based 

classification method (Froese & Kesner-reyes, 2002; Kleisner, Zeller, Froese, & Pauly, 2013), 

which is adequate for data-poor areas like Brazil. This is the first assessment that attempts to 
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analyze the responses of a large set of tropical and subtropical fish facing a combination of 

threats, including overexploitation and climate variability. 

2. Material and methods 

2.1 Catch data 

Brazilian Exclusive Economic Zone (EEZ) catch data for 132 studied species were extracted 

from the Sea Around Us website (www.seaaroundus.org) for the period 1950 to 2010 (Fig. 1). 

This reconstruction data is a result of a long-term project to re-estimate global catch 

combining reported data from FAO and estimates of other unreported sources of catch (Pauly 

& Zeller, 2016). The analyzed dataset includes industrial and small-scale fisheries catches 

expressed as wet weight equivalent of landings per year for each species. Data of discarded 

fish was excluded due to the lack of reliable information. Discard can have an impact on 

Brazilian fisheries, especially in troll fisheries – both artisanal and industrial – but the 

information is not available for the region.  

Species were selected based on their distribution range limited within West Atlantic waters, 

so stock declines and collapses can be attributed mostly to Brazilian parameters (local 

environmental variables, exploitation and economic variables). Species were representative 

of 43 families, with a wide range of life history traits: maximum body size varied between 6.8 

and 250 cm (average of 64.64±45.87), and trophic level ranged from 2 to 4.5 (average 

3.6±0.58). Of 132 species, 63 were demersal, 26 pelagic and 43 reef species (Supplementary 

Material Table S1). For 110 of selected species, the exploitation is mainly by small-scale 

fleet, while for only 22 species the most important exploitation was the industrial fishery 

(Supplementary Material Table S1). 

 

2.2 Ecological Traits 

Four different ecological traits were selected as possible predictors of vulnerability to species 

http://www.seaaroundus.org/
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collapse: trophic level, maximum body size, resilience category and type of habitat 

(Supplementary material Table S1). All of these features, individually or aggregated, have 

been shown to affect the vulnerability of species to exploitation or climate change (e.g. 

Cheung et al. 2018; Dulvy, Sadovy, and Reynolds 2003; Olden, Hogan, and Zanden 2007; 

Pinsky et al. 2011; Pinsky and Byler 2015; Quetglas et al. 2016). Information on traits was 

extracted from the online database FishBase; all species has the necessary information on 

traits available (Froese & Pauly, 2017).  

Trophic level represents the position that each species occupies in the food web, where higher 

values represent carnivorous species (Froese and Pauly, 2015). Maximum body size is the 

maximum size recorded for a species. The resilience index aggregates several biological 

features (growth parameter von Bertalanffy K, the intrinsic rate of population growth, 

fecundity, life span, and age of first maturity) of a species’ life history and is expressed on a 

four categories scale that varies from high to very low resilience values (Musick, 1999). 

Finally, the type of habitat preferred by a fish was divided into three levels: demersal, pelagic 

and reefs. 

2.3 External Drivers 

2.3.1 Environmental Variables 

As a proxy for climate variability, we used annual data of Sea Surface Temperature (SST) and 

Sea Surface Salinity (SSS) (Supplementary Material Figure S2). Data were obtained from the 

NEMO climatology model (https://www.nemo-ocean.eu/) for Brazil for the time series 1950-

2010. The two variables were explored for correlation, outliers, and missing data before 

including them in the analyses (Zuur et al 2009). The Pearson correlation test (r=0.8, p-

value=0.06) identified high correlation between these two variables. 2.3.2 Economic and 

Fishery Variables 

We considered the type of fishery exploitation (industrial or small-scale) and two economic 
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factors (the ex-vessel price and the landed value of the species) as economic and fishery 

variables (Supplementary material in Table S1). The fishery exploitation type was computed 

as the proportion (from 0 to 100%) caught by small-scale fisheries for each species per year 

(1950-2010). The classification in small-scale or industrial fishery was provided by Sea 

Around Us. The ex-vessel price, the value fishers receive when they first sell the catch (in 

USD), was extracted from the Sea Around Us website and included the period between 1950 

and 2010. This quantitative variable was available for only 56 out of the 132 species (Table 

2); thus, the analyses that included price and landed value (kg of landing multiplied by ex-

vessel price) as one independent variable were only performed for these species. Statistical 

models for species without economic information available were performed using only the 

other variables. For the RDA, we also used a qualitative price information variable (very low, 

low, medium, high, very high price categories), available from FishBase for all the species.  

2.4 Stock Status Definition: Exploitation Index (EI) and Exploitation Status (ES) 

Species Exploitation Status (ES) was obtained by calculating the Exploitation Index (EI) 

using the catch-based method of stock classification (Froese and Kesner-reyes 2002). It is 

important to emphasize some important caveats of catch-only methods. First, they do not 

include any effort data (Walsh et al., 2018). We opted for a catch-only method because effort 

data is not available for Brazilian fisheries, which suffer from a lack of fisheries monitoring 

(Ruffino, Lima, & S’antana, 2016). Second, the occurrence of unusual high catch in one year 

(outlier) could take to a strongly classification in a collapsed stock. Aside from its limitations, 

this method provides an adequate indicator of stock status and is frequently the only option 

available for use in data-poor fisheries, such as Brazil and most developing tropical countries 

(Chrysafi & Kuparinen, 2015; Froese & Kesner-Reyes, 2002; Ghosh et al., 2015; Kleisner et 

al., 2013; Thorson et al., 2013; Tsikliras, Dinouli, Tsiros, & Tsalkou, 2015).  

Firstly, the EI was defined annually based on the relationship between the catch in a given 
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year and the maximum catch of the historical landing data (catch of the year divided by the 

maximum catch). The EI ranges from 0 to 1, where values closer to 0 suggest that the species 

is closer to collapse, and values closer to 1 suggest that the species is at a low exploitation 

level. Using these values, species were classified into one of the four ES categories: values 

from 0 to 0.10 are Collapsed stocks, from 0.10-0.50 are Overexploited stocks, from 0.50 to 

0.80 are Fully Exploited, and from 0.80-1 are Developing stocks (Table 1). To classify the 

investigated species in each category of ES, we considered the most frequent corresponding 

value in the last ten years of catches (time series from 2001 to 2010). 

 

2.5 Statistical Analysis  

2.5.1 Generalized Additive Models to assess External Drivers over time  

Generalized Additive Models (GAMs; Hastie, T., & Tibshirani 1987) were used to test the 

influences of External Drivers on the species EI. In order to normalize the EI a logarithmic 

transformation was applied to these variables and a Gaussian distribution was used to fit it in 

the GAMs. Specifically, we tested the percentage of small-scale fisheries per year 

(considering an inverse relationship between small-scale and industrial fisheries), annual 

climate variability (sea surface temperature–SST and sea surface salinity–SSS) and economic 

factors (ex-vessel prices and landed values) on the species EI. The annual EI was used as the 

response variable. As explicative variables in GAMs cannot be highly correlated among 

them, SSS and SST (Pearson correlation, r=0.8, p-value=0.06) and ex-vessel price and landed 

value (Pearson correlation, r=0.85, p-value=0.08) were included in the model separately with 

the rest of variables.  

GAMs are often used for their ability to deal with non-linear and non-monotonic 

relationships between response variables and explanatory variables (Hastie and Tibshirani 

1987; Wood 2006). Separated GAMs for each of the 132 species were fitted using a Gaussian 
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distribution. 

Models by species were run for each of the possible combinations of terms. Variables were 

selected with forward and backward stepwise procedures based on three different criteria 

including Akaike Information Criterion (AIC), Un-Biased Risk Estimator (UBRE) and 

deviance explained (D2). The best (and most parsimonious) model was ultimately chosen 

based on the compromise between low AIC and UBRE values, high D2 values, and 

significant predictors. GAMs were performed using the “mgcv” package (Wood, 2011) of the 

R software (Team, 2015). 

2.5.2 Redundancy Analysis to identify Ecological Traits and External Drives related to 

EI 

A Redundancy Analysis (RDA) was applied to explore links between the species’ ES and 

intrinsic characteristics of the species (ecological traits) and external parameters. Specifically, 

the ecological traits used were trophic level, maximum body size, resilience category (very 

low, low, medium, high) and the type of habitat (demersal, pelagic, reef), whereas the 

external traits were the percentage of catch by small-scale fisheries (considering total catch) 

and the ex-vessel price (very low, low, medium, high, very high).  

In particular the response variable y=(y1, …yn) was the EI matrix of the entire time-series 

(1950-2010) by species, while the set of explanatory variables x=(x1,…xn) was represented 

by a mean of the ecological and external factors by species. 

In RDA it is possible to assess the influence of each co-variables (partial RDA), which allows 

testing the effect of a particular explanatory variable after removing the variation explained 

by the co-variables. This technique was used to verify how much of the total variation of the 

EI was explained by the different variables. The significance of each RDA model was tested 

using Monte Carlo permutation tests (Manly, 1991) to retain the ten variables that best 

explained the variation in EI. For this purpose, the “vegan” package (Oksanen et al., 2011) of 
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the R software was used.  

 

3. Results 

3.1 Exploitation Status 

Of the 132 species analyzed, 12 species were classified as Collapsed, 55 as Overexploited, 46 

as Fully Exploited and 19 as in Development (Table 2). External and intrinsic variables tested 

affected species in each category differently (more details below). 

3.2 Explaining the Exploitation Index and Status – External Drivers  

3.2.1 Collapsed species  

The collapsed species models (GAMs) explained between 14% and 78% of the EI variation 

(deviance D2) (Table 2, Supplementary Material Figure S3a). The Ground croacker 

Bairdiella ronchus was the only species without a significant predictor. EI of seven species 

(Argentine menhaden Brevoortia pectinata, White sea catfish Genidens barbus, Argentine 

hake Merluccius hubbsi,  Black drum Pogonias cromis, Wreckfish Polyprion americanus, 

Sandperch Pseudopercis numida, Lookdown Selene vomer) had a mostly negative 

relationship with the SST or SSS; i.e., these species were captured less under conditions of 

higher temperatures or salinity (Fig. 2a). 

For five species the proportion of exploitation by small-scale fisheries was a significant 

predictor. For two species (Argentine hake Merlucchius hubbsi and Narrownose 

Smoothhound Mustelus schmitti), the relationship was positive, meaning that when the 

species were more exploited by small-scale fishery, the EI was closer to 1 (less collapsed); 

whereas for three other species (White sea catfish Genidens barbus, Namorado sandperch 

Pseudopercis numida, Brazilian guitarfish Rhinobatos horkelii) the relationship was negative, 

higher levels of exploitation by small-scale fisheries meant lower EI (Fig. 2b). Two species  

had their exploitation affected by the ex-vessel price in opposite ways: the Narrownose 
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Smoothhound Mustelus schmitti was negatively related to it, whereas the Argentine 

menhaden Brevoortia pectinata was positively related  to ex-vessel price (Fig. 2c).  

3.2.2 Overexploited species  

The GAM models explained between 11% and 88% of the EI variability for 34 species (Table 

2). In only six of the 55 species (Madamango sea catfish Cathorops spixii, Spotfin 

butterflyfish Chaetodon ocellatus, Bluelip parrotfish Cryptotomus roseus, Cottonwick grunt 

Haemulon melanurum, Sailor’s grunt Haemulon parra, Cubera snapper Lutjanus 

cyanopterus), the variables used in the model could not significantly explain the EI variability 

(Table 2, Supplementary material Figure S3b). Out of the 42 species affected by the climatic 

variables, 34 showed a positive relationship, meaning that when either SST or SSS was 

higher, the EI was higher, meaning that the catch was higher and the risk of collapsing was 

lower (Fig. 2a). Conversely, for seven species (Softhead sea catfish Amphiarius rugispinis, 

Black margate Anisotremus surinamensis, Pluma porgy Calamus pennatula, Southern king 

weakfish Macrodon atricauda, Lebranche mullet Mugil liza, Smalleye croaker Nebris 

microps, Permit Trachinotus falcatus), data suggested that higher temperatures were 

associated with a lower Exploitation Index, indicating a higher risk of collapse (Fig. 2a). 

Climatic variables were not relevant in seven species (Western Atlantic seabream 

Archosargus rhomboidalis, Barred grunt Conodon nobilis, Red grouper Epinephelus morio, 

Tomtate grunt Haemulon aurolineatum, Bigtooth corvina Isopisthus parvipinnis, Argentine 

goatfish Mullus argentinae, Atlantic moonfish Selene setapinnis). 

3.2.3 Fully Exploited species 

The GAM models were significant for 44 of the 47 species with a Fully Exploited status, 

which explained between 14% and 69% of the EI variation (Table 2, Supplementary material 

Figure S3c). Whereas one species (Vaillant’s anchovy Anchoviella vaillanti) showed a mostly 

negative relationship between salinity and the EI, the other 39 showed a positive relationship: 
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with higher temperatures or salinity, their risk of collapse decreased (Fig. 2a). For eight of 

these species (Coco sea catfish Bagre bagre, Dog snapper Lutjanus jocu, Southern red 

snapper Lutjanus purpureus, Silk snapper Lutjanus vivanus, Southern kingcroaker 

Menticirrhus americanus, Whitemouth croaker Micropogonias furnieri, Atlantic thread 

herring Opisthonema oglinum, Parona leatherjacket Parona signata), price was also 

important: in years when these species were more expensive, the EI was lower (Fig. 2c). For 

five species, the type of fishery was important: for three of them (Acoupa weakfish 

Cynoscion acoupa, King weakfish Macrodon ancylodon, Castin leatherjacket Oligoplites 

saliens) when the proportion of fish caught by small-scale fisheries was higher, the species EI 

were lower, whereas for two (Green weakfish Cynoscion virescens, Sand tilefish 

Malacanthus plumieri), the EI were higher (Fig. 2b). 

 

3.2.4 Developing species 

The GAM models explained between 15% and 52% of the developing status variation of 

species, except for one species (Lane snapper Lutjanus synagris) (Table 2, Supplementary 

material Figure S3d). Seventeen species were positively affected by SST or SSS, meaning 

that when temperature or salinity was higher, so was the EI, whereas the risk of collapse was 

smaller (Fig. 2a). One species (Irish mojarra Diapterus auratus) was negatively affected by 

small-scale fisheries (Fig. 2b). Three species (Ladyfish Elops saurus, French angelfish 

Pomacanthus paru, Vermilion snapper Rhomboplites aurorubens) EI presented negative 

relationship with their prices (Fig. 2c).  
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3.3 Biological and fishery effects on Exploitation Index (RDA) 

The full RDA model (all factors together, Fig. 3) explained 61% of the species ES (i.e. 

constrained variance) (t=1.50, df=6, p-value < 0.001). Particularly, the main fishing fleet used 

to exploit species was the principal factor (34% conditioned variance of the partial RDA; 

Monte Carlo: F = 3.08, p-value<0.001), followed by price (12% conditioned variance of the 

partial RDA; Monte Carlo: F = 2.12, p-value <0.001), resilience (10% conditioned variance 

of the partial RDA; Monte Carlo: F = 1.58, p-value <0.001) and maximum body size (10% 

conditioned variance of the partial RDA; Monte Carlo: F = 2.47, p-value <0.001). Habitat 

and trophic level were the less relevant variables (8% and 6% conditioned variance of the 

partial RDAs; Monte Carlo: F = 2.11, p-value <0.001 and Monte Carlo: F = 1.95, p-value 

<0.001 respectively). Fully Exploited and in Development species were more affected by 

type of fishery and price, with a negative relationship, meaning that when species were more 

exploited by Small-Scale fisheries and presented a higher price, they were in a worst 

situation. These variables were not important to explain de EI variation for Overexploited and 

Collapsed species. Maximum size had some effect in Overexploited and Collapsed species, 

meaning that species with larger body sizes are in a better situation that smaller ones. 

Resilience was important to explain ES for the four categories, meaning that higher 

Resilience values were related with higher EI, then, a better situation.  

 

4. Discussion  

Most studies that address the vulnerability of marine fish stocks rely on “data-rich” fisheries, 

using quantitative methods such as stock assessment models (Fernandes et al., 2017). 

However, in tropical developing countries such as Brazil, fisheries tend to be poorly 

documented and inadequately managed due to a lack of research funding and official 
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statistics for stock monitoring and analyses (Honey, Moxley, & Fujita, 2010), compromising 

comprehensive assessments. For example, there is no effort data for the analyzed area. 

Therefore, to measure the state of fish stocks, it is essential to adapt or develop flexible and 

reliable alternative analytical tools that can perform well with limited available information 

(Fonseca, Pennino, de Nóbrega, Oliveira, & de Figueiredo Mendes, 2017; Rufener, Kinas, 

Nóbrega, & Lins Oliveira, 2017). 

The collapse of marine fishes is a result of a myriad of factors and cannot be assessed in a 

univariate approach. Our results provide evidence that tropical and subtropical exploited 

species collapse in Brazil is best explained by a complex combination of a negative impact of 

climate, fishery exploitation type (industrial fisheries versus small-scale fisheries) and 

specific ecological traits – here, smaller body size. These factors have been shown to explain 

fish population fluctuation in other contexts, including sardine, salmon, cod and herring, 

mostly from temperate regions (Botsford et al., 2014; Cheung et al., 2018; Lindegren et al., 

2013; Rouyer et al., 2011). Our study suggests that a synergistic interaction among these 

factors can lead species to collapse in a tropical context as well, which can be especially 

exacerbated by the fishery type and a negative effect of temperature increase. 

Temperature and salinity affect different species in opposite ways: whereas some apparently 

flourish in higher temperatures and/or salinity concentrations, as demonstrated by higher 

catches, others struggle under these same conditions, showing decreased catches. Even within 

the same species, stocks located in different environmental conditions can present 

antagonistic effects to changes in temperature (Ottersen et al., 2013). Tropical species are 

frequently considered to have a lower capacity to adapt to warmer temperatures because they 

evolved in stable environments (Stillman, 2003; Tewksbury, Huey, & Deutsch, 2008). In this 

study, however, results showed that more than 70% of tropical and subtropical species 

seemed to benefit from warmer temperatures at first glance. Each species presents an optimal 
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thermal window in which its fitness is higher, and its physiological functions performances 

are maintained (Ern et al., 2016). Small increases in temperature, within a species thermal 

tolerance, can increase its metabolic rate and, then, be positive for species production 

(Thresher et al., 2007). 

Yet, when only the collapsed species are considered, we found that almost 60% of them 

presented a negative relationship with higher temperatures or salinity Intrinsic traits can 

explain how species respond to variability in the environment. This depends on species’ 

thermal tolerance, physiology and behavior (Pörtner, 2006). Temperature affects marine 

organisms’ metabolic rates by influencing water oxygen availability (Holt and Jorgensen 

2015). When an increase in temperature is higher than the species thermal tolerance, the 

effect on physiological performance will be negative. Warmer temperatures are known to 

increase growth rate in early stages, which can reduce pelagic larval duration and, then, affect 

larval dispersion (O’Connor et al., 2007), decrease body size in late stages due to limitations 

in oxygen acquisition by gills (Pauly and Cheung 2018; Atkinson 1994), reduce reproduction 

(Miller et al., 2015), and cause a general decrease in aerobic performance (Pörtner and Knust 

2007). 

We found that, among already overexploited species, smaller body size species are more at 

risk than larger ones. This result suggests that overexploited smaller species have a higher 

chance of collapsing in our study area. In fact, fast-growth and small-sized species can be 

more vulnerable to climate variability, making them more likely to collapse, when exploited 

(Pinsky and Byler 2015). Small species with short generation times and early maturation can 

respond more quickly to climate variability (Botsford et al., 2014). One mechanism that may 

be at work is the negative effect of temperature on recruitment, which is particularly crucial 

for population maintenance of small species with short generation times (Checkley et al. 

2009; Hamdoun and Epel 2007; Van Der Lee, Koops, and Shuter 2016; Pinsky et al. 2013). 



 18 

Three major hypotheses could explain this pattern: (i) species negatively affected by warmer 

temperatures are more likely to collapse due to intrinsic traits, (ii) exploitation is focused on 

more sensitive species, and/or (iii) after a certain level of exploitation, species start to respond 

negatively to warmer temperatures. 

The exploitation regime is also an important aspect to be considered to avoid collapse. In this 

study, the type of fishery was an important factor in explaining EI variation for species in 

better status (Fully Exploited and in Development), therefore reinforcing the hegemonic 

paradigm that attests that small-scale fisheries can be less impactful to marine fish 

populations than industrial fisheries. We found that some stocks classified as in Development 

or Fully Exploited had lower chances of becoming Overexploited or Collapsed when 

harvested by small-scale fisheries, while others had a higher chance of collapse when 

exploited by small-scale. However, it is important to emphasize that most species currently 

performing better are not exploited by industrial fisheries However, when looking only at 

collapsed species, 50% were industrial targets. This combination of large effort and 

vulnerable species can explain why the Brazilian coast is one of the most vulnerable areas for 

commercial harvesting (Di Minin et al., 2019). 

Moreover, climate adds new threats to the system. We found that collapsed species are 

vulnerable to warmer sea temperatures. One possible explanation is that these species have 

already reached a level of exploitation that makes them respond negatively to warmer 

temperatures, thus increasing their vulnerability. It is known that industrial fisheries can have 

a degrading effect on fish stocks (Free et al., 2019), especially when the gear used has a low 

selective capacity for species or size, by overexploiting small-bodied species or juveniles. 

Also, it is known that the recruitment and biomass of exploited stocks in temperate climates 

(Northern Atlantic) respond to warmer temperatures (Ottersen et al., 2013), although the 

mechanisms behind this observation are complex – some stocks presented a positive 
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relationship, while others showed a negative relationship. The effect of temperature on the 

recruitment of herrings, for example, seems to be related to stock location, in which cold 

water stocks being positively affected by warmer waters (Ottersen et al., 2013). Most of the 

species considered here, even the overexploited ones, tend to respond positively to warmer 

temperatures. However, the impact of fisheries on collapsed species may have led them to 

respond negatively to warmer temperatures, thus increasing their vulnerability further. 

The collapse of tropical and subtropical fishes is shown here to be a consequence of a 

combination of a biological trait (body size), and a negative response to warmer sea 

temperatures. Thus, marine fish species collapse in Brazil could be produced due to: (i) 

exploitation focus on more vulnerable species; (ii) a decrease in population size, age 

truncation and other population structure changes due to overexploitation (not measured 

here); and (iii) in turn, a higher sensitivity to warmer temperature. Therefore, besides 

analyzing the synergetic effect of exploitation and climate sensitivity, it is necessary to 

include specific vulnerable traits. A deeper understanding of which traits and how these traits 

can affect the relationship of tropical and subtropical species to climate and exploitation is 

crucial, especially when considering that climate change may be the main factor leading 

species to extinction in the future (Thomas et al., 2004). 

Saving species from the brink of extinction is one of the most vital challenges of modern 

civilizations. Our results bring important information to understand the collapse of tropical 

and subtropical marine fish species, but strategies to reverse population declines should be 

thought in different scales of decision-making. To start, tropical developing countries could 

consider adopting broader governance systems within fisheries, especially regarding species 

with vulnerable traits. It is also urgent to apply measures to mitigate climate change to 

prevent the loss of more species, especially because the economic impacts of the effects of 

climate change on fisheries are difficult to predict (Sumaila, Cheung, Lam, Pauly, & Herrick, 
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2011). Our results can contribute to designing better strategies, and provide examples of how 

to mitigate climate variability effects through management and regulations of marine 

organisms (e.g. Le Bris et al. 2018; Gattuso et al. 2018; Kritzer et al. 2019). 
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Figures and Tables 

 

 

 
Figure 1: a and b) Map showing Brazilian Exclusive Economic Zone along a more that 8,000 

km of coastline; c) Temporal catch (in tons) of 132 analyzed species, separated by habitat 

(demersal, pelagic or reef). 
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Table 1: Definition of the Exploitation Status of a stock using the catch-based method. This 

method is based on the relationship between the catches (CY) of a given year (YC) and the 

year (YCmax) of historical maximum catch (Cmax). 

 

Exploitation Status Criterion applied 

Collapsed YC > YCmax and CY ≤ 0.1 Cmax 

Overexploited YC >YCmax and 0.1 Cmax < CY ≤ 0.5 Cmax 

Fully exploited CY > 0.5 Cmax 

Developing YC < YCmax and 0.1 Cmax < CY < 0.5 Cmax 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Relationship between temporal Exploitation Index and a) Sea Surface Temperature 

(SST) or Sea Surface Salinity (SSS), b) Small-scale fishery and c) ex-vessel price, based on 

Generalized Additive Model results. Colors show current Exploitation Status. Negative values 

imply that the Exploitation Index was negatively related to the variable, positive values imply 

that the relationship was positive, and neutral means that the variable was not selected as an 

important predictor for the species’ Exploitation Index variability. 
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Table 2: Summary of the main results of the multi-step analytical approach. Results of the 

GAMs refer to the final selected model for each species, based on the compromise between 

low AIC and UBRE values, high D2 values, and significant predictors. Ex-vessel price and 

landed value were only available for the species indicated by asterisks. In order to summarize 

the overall trends of the explicative variable seen all the GAMs fitted, we reported in Table 2 

these trends as (+) if the functional curve of the GAM was mainly with an increasing trend 

and (-) if was mainly a decreasing pattern. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 30 

Species Family Exploitation 

status 

GAMs  

significant 

predictors 

GAMs D2 

explained 

(%) 

Amphiarius rugispinis Ariidae Collapsed SST (-) 18 

Anchoa januaria Engraulidae Fully exploited SST (+) 15 

Anchoa spinifer* Engraulidae Collapsed SSS (+) and Price 

(-) 

45 

Anchovia clupeoides Engraulidae Developing  SST (+) 15 

Anchoviella 

lepidentostole 

Engraulidae Developing  No significance  

Anchoviella vaillanti Engraulidae Fully exploited SSS (-) 14 

Anisotremus 

surinamensis 

Haemulidae Collapsed  SSS (-) 26 

Anisotremus virginicus Haemulidae Fully exploited SST (+) 38 

Archosargus 

rhomboidalis* 

Sparidae Fully exploited Price (-) 15 

Aspistor luniscutis Ariidae Overexploited  SST (+) 37 

Aspistor quadriscutis* Ariidae Fully exploited SST (+) 42 

Astroscopus sexspinosus Uranoscopidae Overexploited  SSS (+) 20 

Bagre bagre* Ariidae Fully exploited Price (-) 32 

Bairdiella ronchus* Scianidae Fully exploited No significance  

Batrachoides 

surinamensis 

Batrachoididae Fully exploited SST (+) 45 

Brevoortia pectinata* Clupeidae Collapsed SST (-) and Price 

(+) 

42 

Calamus pennatula Sparidae Collapsed SSS (-) and 

Artisanal fishery 

(-) 

88 

Carangoides 

bartholomaei 

Carangidae Developing SST (+) 16 

Cathorops spixii Ariidae Overexploited No significance  

Caulolatilus chrysops Malacanthidae Developing SST (+) 29 

Centropomus ensiferus Centropomidae Overexploited SSS (+) 13 

Centropomus parallelus Centropomidae Fully exploited SST (+) 15 

Centropomus pectinatus Centropomidae Overexploited SSS(+) 13 

Centropomus 

undecimalis* 

Centropomidae Developing SST (+) 15 

Cephalopholis fulva* Serranidae Developing SST (+) 22 

Cetengraulis edentulus* Engraulidae Overexploited SSS (+) 21 

Chaetodipterus faber Ephippidae Developing SST (+) 23 

Chaetodon ocellatus Chaetodontidae Overexploited No significance  

Conodon nobilis* Haemulidae Overexploited Artisanal fishery 

(+) 

48 

Cryptotomus roseus Scaridae Overexploited No significance  

Ctenosciaena 

gracilicirrhus* 

Scianidae Fully exploited SST (+) 15 

Cynoscion acoupa* Scianidae Developing SST (+) and 69 



 31 

Artisanal fishery 

(-) 

Cynoscion guatucupa Scianidae Fully exploited SST (+) 30 

Cynoscion jamaicensis Scianidae Fully exploited SST (+) 36 

Cynoscion leiarchus Scianidae Overexploited SSS (+) and 

Artisanal fishery 

(+) 

49 

Cynoscion 

microlepidotus 

Scianidae Fully exploited SST (+) 39 

Cynoscion virescens Scianidae Fully exploited SST (+) and 

Artisanal fishery 

(+) 

53 

Dasyatis americana Dasyatidae Overexploited SST (+) 31 

Dasyatis guttata* Dasyatidae Overexploited SST (+) 31 

Diapterus auratus Gerreidae Developing Artisanal fishery 

(-) 

34 

Diapterus rhombeus* Gerreidae Overexploited SST (+) and Price 

(-) 

27 

Elops saurus* Elopidae Developing SST (+) and Price 

(-) 

48 

Epinephelus itajara* Serranidae Overexploited SST (+) 22 

Epinephelus morio* Serranidae Collapsed Artisanal fishery 

(-) 

47 

Eugerres brasilianus Gerreidae Developing SST (+) 44 

Genidens barbus Ariidae Collapsed SST (-) and 

Artisanal fishery 

(-) 

46 

Genyatremus luteus* Haemulidae Overexploited SSS (+) and Price 

(+) 

32 

Genypterus brasiliensis Ophidiidae Fully exploited SST (+) 14 

Gobioides broussonnetii Gobiidae Fully exploited SST (+) 17 

Gobionellus oceanicus Gobiidae Overexploited SST (+) 28 

Haemulon aurolineatum Haemulidae Overexploited Artisanal fishery 

(-) 

40 

Haemulon 

chrysargyreum 

Haemulidae Fully exploited SST (+) 20 

Haemulon flavolineatum Haemulidae Fully exploited SST (+) 23 

Haemulon melanurum Haemulidae Overexploited No significance  

Haemulon parra Haemulidae Overexploited No significance  

Haemulon plumierii Haemulidae Developing SST (+) 33 

Haemulon squamipinna Haemulidae Developing SST (+) 52 

Harengula clupeola* Clupeidae Overexploited SST (+) 22 

Harengula jaguana* Clupeidae Overexploited SST (+) 12 

Hexanematichthys 

herzbergii 

Ariidae Fully exploited SST (+) 39 

Hyporhamphus 

unifasciatus 

Hemiramphidae Overexploited SST (+) and 

Artisanal fishery 

(-) 

51 
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Hyporthodus niveatus* Serranidae Fully exploited SST (+) 37 

Isopisthus parvipinnis Scianidae Overexploited Artisanal fishery 

(-) 

50 

Larimus breviceps Scianidae Collapsed SST (+) 27 

Lile piquitinga Clupeidae Developing SST (+) 38 

Lophius gastrophysus* Lophiidae Overexploited SST (+) 11 

Lopholatilus villarii Malacanthidae Overexploited SST (+) and 

Artisanal fishery 

(-) 

57 

Lutjanus alexandrei Lutjanidae Fully exploited SST (+) 29 

Lutjanus analis* Lutjanidae Fully exploited SST (+) 33 

Lutjanus cyanopterus Lutjanidae Collapsed No significance  

Lutjanus jocu* Lutjanidae Fully exploited SST (+) and Price 

(-) 

55 

Lutjanus purpureus* Lutjanidae Fully exploited SST (+) and Price 

(-) 

59 

Lutjanus synagris* Lutjanidae Developing No significance  

Lutjanus vivanus* Lutjanidae Fully exploited SST (+) and Price 

(-) 

25 

Lycengraulis grossidens Engraulidae Fully exploited SST (+) 20 

Macrodon ancylodon* Scianidae Fully exploited SST (+) and 

Artisanal fishery 

(-) 

33 

Macrodon atricauda Scianidae Collapsed SST (-) 32 

Malacanthus plumieri Malacanthidae Fully exploited SST (+) and 

Artisanal fishery 

(+) 

27 

Menticirrhus 

americanus* 

Scianidae Fully exploited SST (+) and Price 

(-) 

33 

Merluccius hubbsi* Merluccidae Collapsed SST (-) and 

Artisanal fishery 

(+) 

42 

Micropogonias furnieri* Scianidae Fully exploited SSS (-) and Price 

(-) 

23 

Mugil gaimardianus Mugilidae Overexploited SST (+) 14 

Mugil incilis Mugilidae Developing SST (+) 37 

Mugil liza* Mugilidae Collapsed SST (-) and 

Artisanal fishery 

(-) 

46 

Mugil trichodon Mugilidae Fully exploited SST (+) 14 

Mullus argentinae* Mullidae Fully exploited Artisanal fishery 

(-) and Price (-) 

68 

Mustelus schmitti* Triakidae Collapsed SST (+), Price (-) 

and Artisanal 

fishery (+) 

75 

Mycteroperca bonaci* Serranidae Overexploited SST (+) and 

Artisanal fishery 

(-) 

45 
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Myrichthys breviceps Ophichthidae Fully exploited No significance  

Nebris microps* Scianidae Collapsed SST (-) and Price 

(-) 

23 

Notarius grandicassis* Ariidae Overexploited SST (+) and Price 

(-) 

30 

Ocyurus chrysurus* Lutjanidae Developing SST (+) 19 

Odontesthes 

argentinensis 

Atherinopsidae Collapsed SST (+) 22 

Odontoscion dentex Scianidae Fully exploited No significance  

Oligoplites palometa Carangidae Fully exploited SST (+) 29 

Oligoplites saliens Carangidae Fully exploited Artisanal fishery 

(-) 

36 

Opisthonema oglinum* Clupeidae Fully exploited SST (+) and Price 

(-) 

43 

Orthopristis ruber Haemulidae Fully exploited SST (+) 24 

Paralichthys 

orbignyanus 

Paralichthyidae Fully exploited SST (+) 34 

Paralonchurus 

brasiliensis* 

Scianidae Overexploited SST (+), Price (-) 

and Artisanal 

fishery (-) 

38 

Parona signata* Carangidae Fully exploited SSS (+) and Price 

(-) 

53 

Peprilus paru* Stomateidae Overexploited SSS (+) and 

Artisanal fishery 

(+) 

70 

Percophis brasiliensis* Percophidae Fully exploited SST (+) and Price 

(-) 

35 

Pogonias cromis* Scianidae Overexploited SSS (-) 23 

Polydactylus virginicus Polynemidae Overexploited SST (+) 32 

Polyprion americanus* Polyprionidae Collapsed SST (-) 22 

Pomacanthus paru Pomacanthidae Developing SST (+) and Price 

(-) 

47 

Prionotus punctatus Triglidae Developing SST (+) 18 

Pseudopercis numida Pinguipedidae Collapsed SSS (-) and 

Artisanal fishery 

(-) 

78 

Pseudupeneus maculatus Mullidae Developing SST (+) 18 

Pterengraulis 

atherinoides 

Engraulidae Overexploited SST (+) 23 

Rhinobatos horkelii Rhinobatidae Collapsed SST (+) and 

Artisanal fishery 

(-) 

48 

Rhizoprionodon lalandii Carcharhinidae Fully exploited SST (+) 41 

Rhizoprionodon porosus Carcharhinidae Fully exploited SST (+) 40 

Rhomboplites 

aurorubens* 

Lutjanidae Developing SST (+) and Price 

(-) 

28 

Sardinella brasiliensis* Clupeidae Overexploited SST (+) 27 

Sciades couma* Ariidae Fully exploited SST (+) 15 
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Sciades herzbergii Ariidae Overexploited SST (+) and 

Artisanal fishery 

(+) 

30 

Sciades parkeri* Ariidae Fully exploited SST (+) 25 

Sciades proops* Ariidae Fully exploited SST (+) 20 

Scomberomorus 

brasiliensis* 

Scombridae Fully exploited SST (+) 23 

Scorpaena plumieri Scorpaenidae Developing SST (+) 18 

Selene setapinnis* Carangidae Overexploited Artisanal fishery 

(+) and Price (+) 

52 

Selene vomer* Carangidae Collapsed SSS (-) 14 

Sparisoma axillare Scaridae Fully exploited SST (+) 23 

Sphyraena tome Sphyraenidae Overexploited SST (+) 33 

Stellifer brasiliensis Scianidae Developing SST (+) 36 

Trachinotus carolinus* Carangidae Fully exploited SSS (+) and 

Artisanal fishery 

(-) 

88 

Trachinotus falcatus Carangidae Overexploited SSS (-) 15 

Trachurus lathami Carangidae Overexploited SST (+) 24 

Umbrina canosai* Scianidae Fully exploited SST (+) 38 

Urophycis brasiliensis* Phycidae Fully exploited SST (+) 28 
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Figure 3: Two-dimensional RDA plot of the Exploitation Status groups for the 132 Brazilian 

species studied. 
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Highlights 

 

 Overfishing and climate change are the main threats to marine communities in the 

Anthropocene 

 

 Understand how a combination of fishery, climate and intrinsic traits increases the 

chance of a species to collapse is crucial to mitigate loss of biodiversity 

 

 We tested which combination of these factors better explain exploitation status in 132 

tropical and subtropical marine fishes in Brazil 

 

 A combination of exploitation and smaller body size is related to collapse chance 

 

 Already collapsed species were more vulnerable to warm sea surface temperature 

 


