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SUMMARY 
 

Sustainable management of fish stocks is critical to the conservation of marine biodiversity, but is 
often hindered by knowledge gaps, which include the spatial distribution of fish stocks, how this 
distribution is influenced by environmental characteristics and the consequences of connectivity 
to genetic variation. In this thesis I describe the conservation status, effective population size, 
genetic structure and connectivity of commercially important marine fishes in Brazil. The first 
chapter presents an analysis of catch data for 132 species over 61 years. The results indicate that 
the magnitude of population decline is influenced by the type of exploitation and complex 
interactions between climatic and biological factors. The second chapter analyzes mitochondrial 
DNA (mtDNA) at COI and CytB and describes the genetic structure and historical demography 
for 17 species of commercially exploited marine fish. Here, the genetic structure implies a lack of 
environmental barriers to gene flow along the Brazilian coast for 15 of these species. The 
exceptions were the mtDNA structure identified for Pomatomus saltatrix and Cynoscion 
jamaicensis, which indicate genetic discontinuity due to temperature changes and isolation by 
distance, respectively. The goal of the third chapter was to, through the analysis of single 
nucleotide polymorphisms (SNPs), characterize the effective population size of two reef species – 
Lutjanus jocu and Sparisoma axillare – and examine the influence of past climatic variability and 
habitat suitability on changes on the effective population size.  The population of Sparisoma 
axillare expanded until five thousand years ago due to increased habitat suitability, and has been 
mostly stable since then. The population of L. jocu has been stable in the last one million years, 
although an expansion was detected prior to this period. Although L. jocu currently finds less 
suitable habitats than in the past, this change does not seem related to population size estimates. 
The distribution of L. jocu, from south Brazil to Caribe, is larger than that of S. axillare, which is 
endemic to Brazil, so the first is likely less susceptible to regional climate change. In the fourth 
chapter, I identified which seascape characteristics explain patterns of genetic connectivity for S. 
axillare, by analyzing samples collected at six locations on the Brazilian coast and also at the 
islands of Fernando de Noronha, Abrolhos and Trindade, which are located at various distances 
from the coast. The results indicate that only individuals at Trindade Island, the most distant one, 
are genetically distinct. I found that seascape factors, such as bathymetry and oceanic currents are 
better at explaining genetic variation than geographical distance. The results of this thesis suggest 
that some environmental variables affect species conditions: temperature can positively affect 
some stocks, but species vulnerable to warmer temperatures have a higher chance of collapse; 
Sparisoma axillare, a species with vulnerable characteristics, seems to be sensitive to past changes 
in habitat suitability, whereas depth and oceanic currents influence its population connectivity, 
increasing the risks of its isolated population.   
 
Key words: Catch-based analysis, fishery, fish stock, effective population size, species distribution 
modelling, population connectivity 
 
 



GENERAL INTRODUCTION 
 

Genetic tools applied to fishery science 

In the current biodiversity crisis, the importance of applied science is paramount. Scientific 

data are helping to identify high priority areas and more vulnerable species to be protected, in 

addition to pointing out more sustainable ways of using natural resources. Marine fisheries support 

millions of people worldwide, but their unsustainable exploitation has resulted in the decline or 

collapse of fish stocks, threatening the human communities that depend on them, especially in 

developing countries (FAO, 2016). Fishery science is engaged in finding sustainable solutions for 

the maintenance of both peoples’ livelihood and biodiversity. Among several scientific tools, 

genetic-related ones have been developed and applied in fishery management in the last decades 

(Ovenden et al., 2013). Recent technological developments have increased the array of genetic 

applications in fisheries and lowered their costs, opening new doors to fill the knowledge gaps that 

especially plague developing countries.  

Fish stocks are defined as groups of individuals of a same species demographically 

independent from others (Carvalho & Hauser, 1994) and stock structure can be characterised using 

genetic tools. Mitochondrial DNA was used for years, but these markers were not powerful enough 

and identified a very low level of structure in marine organisms. On the other hand, the use of 

microsatellite markers is considered a better approach to identify structure because they can 

resolve more recent differentiation (e.g. Xue et al., 2014). Consequently, different genetic markers 

can result in contrasting results, for example, mitochondrial DNA may not identify population 

structure, whereas microsatellites do (Xue et al., 2014). Currently, new sequencing-based methods, 

called Single Nucleotide Polymorphism (SNPs), identify a much larger number of markers, which 

allows testing for population structure more accurately with a lower sample size. In addition, large 

SNP-based datasets open a new door to investigate local adaptation. Usually, mtDNA markers and 

microsatellites are considered to be selectively neutral. With large SNP datasets, it is possible to 

identify both neutral loci and those under selection. 

Brazilian Marine Environment  

The large latitudinal range (4ºN to 33ºS), across almost 8 thousand kilometers of the 

Brazilian coastline results in an environmental gradient. The northern region, with the Amazonas 

River outflow, is rich in nutrients that result in high primary productivity, which, on its turn, 

translates into high fishery production (McGlinley, 2008). This region is marked by two special 



environments, the deep sponge reefs near the Amazonas outflow, one of the most unique reef 

formations, and the reefs that grow at giant pinnacles, from 30 m to sea level, at Parcel Manuel 

Luiz (Leão et al., 2016). The less productive northeast region is marked by high species richness 

and reef environments (Miloslavich et al., 2011). Reef formations from the northeast coast up to 

the large São Francisco River outflow (10ºS of latitude) are characterised as coastal, connected to 

the coast or extending in parallel to the coastline (Leão et al., 2016). South of the São Francisco 

outflow there is an especially high density of reefs (Leão et al., 2016). In this region, on an 

enlargement of the continental shelf lies the Abrolhos Bank, the most biodiversity rich area in the 

South Atlantic (Miloslavich et al., 2011). Abrolhos reef formations are of great interest because of 

their unique characteristics of large abundance of corals and high animal diversity (Leão & 

Kikuchi, 2001). The area from Bahia to Santa Catarina has the highest species richness and is 

considered an independent biogeographical province by Pinheiro et al. (2018). The Southeastern 

region is subtropical, and has a high general fish abundance (Miloslavich et al., 2011), although 

with a low reef species biomass compared to the oceanic islands and the northeast coast (Morais 

et al., 2017). Its high productivity is due to environmental conditions, such as the presence of an 

upwelling system that positively affects biomass and biodiversity, especially near Cabo Frio 

(Brandini, 2006). The South region is characterised by environmental conditions including low 

sea temperature, absence of reefs, sparse mangrove occurrence, and lower species richness 

(Miloslavich et al., 2011).  

 In addition to its high coastal biodiversity, Brazil also has high levels of endemism and reef 

fish biomass in its oceanic islands. These include the archipelagos of Fernando de Noronha and 

Atol das Rocas, the archipelago of São Pedro e São Paulo, and Trindade e Martin Vaz islands 

(Morais et al., 2017). Fernando de Noronha and Atol das Rocas are located less than 400 km from 

the coast (Rio Grande do Norte State), between 3ºS and 4ºS of latitude. Atol das Rocas is the only 

atoll of the Southwest Atlantic and presents a large diversity of reef formation, despite its relatively 

small size (Leão et al., 2016). Fernando de Noronha and Trindade e Martin Vaz are volcanic 

islands that can be considered as connected to the coast by seamount chains. However, Trindade e 

Martin Vaz islands are located further southern, at 20ºS of latitude, and over one thousand 

kilometers from the nearest coast (Espírito Santo State). The archipelago of São Pedro e São Paulo 

consists of small rocky islands, located at latitude 3ºN of latitude, more than a thousand kilometers 

from the coast (Rio Grande do Norte state). 

Natural changes in marine environment  



The idea that oceans are homogeneous areas without barriers raises questions about how 

marine diversity arises. Characteristics of marine organisms such as life histories that include large 

and open populations, and at least one pelagic phase, make it even harder to answer this question 

(Carr et al., 2003). The speciation of organisms that share these characteristics are thought to be 

shaped by five mechanisms: i) barriers; ii) isolation by distance; iii) dispersal limiting behavior; 

iv) selection; v) recent species demographic and evolutionary history (Palumbi, 1994). 

Both barriers to gene flow and local environmental variability can lead to diversification 

(Rundle & Nosil, 2005). Some clear barriers are responsible for speciation, such as the Panama 

Isthmus uplift that split marine populations from the Atlantic and the Pacific 15 million years ago 

(Coates & Stallard, 2013). Other types of barriers can be more permeable, such as river outflows 

or deep open oceanic areas. However, “invisible barriers” can also play an important role in 

diversification. Oceanic currents are one example, because they can limit and direct individual 

dispersal during pelagic phases and influence gene flow (Palumbi, 1994). Temperature, salinity 

and productivity gradients can also have an “invisible barrier” effect.  

However, diversification can also occur without barriers. Although pelagic larvae disperse 

over large distances, most will establish in closer areas, creating an isolation by distance pattern 

(Palumbi, 1994). The extent to which geographically distant populations will be genetically 

isolated strongly depends on the environment and species biology (Palumbi, 1994). Around 50% 

of studies testing geographic distance as one of the factors influencing genetic divergence found 

significant relationships (Selkoe et al., 2016). 

Selective pressures can also play an important role in diversification. Occasionally, 

different populations can occupy different niches that lead to genetic differentiation caused by 

adaptation to local conditions (e.g. Schroth et al., 2002). Thus, widely distributed species can have 

populations occupying different environments, and these differences can lead to diversification. 

These adaptive processes can play an even more important role in genetic differentiation between 

populations than barriers or geographic distance (Chen et al., 2019; Frankham, 1997). 

Climate can also have species-specific effects on survival (Pörtner & Farrell, 2008). 

Negative effects of a warming climate have already been reported for adult fish (Pörtner & Knust, 

2007), impacting their reproductive capacity (Takasuka et al., 2008), and on larval survival 

(O’Connor et al., 2007). Although adaptation might be possible for some species, the climate is 

changing fast, perhaps faster than the adaptive capacity of some populations or species (Pievani, 

2014). 



Distribution (or niche) models can contribute to an understanding of these patterns (e.g. 

Milanesi et al., 2018). With technological advances in Geographical Information Systems it is now 

routine to predict distributions and identify high or low environmental suitability. These niche 

models now also allow the use of past and expected future climate models to predict or estimate 

changes in species distribution (e.g. Martínez et al., 2018). 

 The Anthropocene 

The current epoch is called by many as the Anthropocene because of the human impact on 

the natural environment, including an enormous biodiversity crisis referred to as the sixth mass 

extinction event (Corlett, 2015; Dirzo et al., 2014; Pievani, 2014). In America, for example, human 

communities were responsible for the extinction of 72% of the large mammals in the past, and the 

impact is currently increasing (Barnosky et al., 2004). Threatening processes include natural 

habitat degradation, pollution and overexploitation. The same processes have impacted all marine 

ecosystems (Halpern et al., 2007). It is predicted that, if greenhouse gas emissions continue 

unabated, climate change will threaten one sixth of all species, especially in South America and 

Oceania (Urban, 2015). This rate is the same for all ecosystems, including the marine environment.  

Global climatic change increases the temperature, changes pluviosity, and increases ocean 

acidity and extreme event frequency (IPCC, 2014). Because the oceanic temperature typically 

varies only slightly, it is possible that marine organisms have a lower capacity to deal with large 

changes in comparison with terrestrial organisms (McCauley et al., 2015). Although tropical 

species might be supposed to be pre-adapted to sea warming, small increases in temperature can 

be disastrous, as reported for tropical corals (McCauley et al., 2015; Parmesan, 2006). Coral 

bleaching has been shown to be more intense in tropical regions, in intermediate latitudes, between 

15º and 20º (Sully et al., 2019). 

In Brazil, climate change has affected pluviosity, with drought intensification, affecting 

mainly semi-arid regions, and extreme flood events being seen in several regions (da Silva, 2004). 

Mangrove areas, important for the recruitment of several fish species, are predicted to disappear 

in the Southeast region due to increases in temperature and sea level (Godoy & Lacerda, 2015). 

Increased sea temperature has been reported for the Brazilian coast (Bernardino et al., 2015) 

causing coral bleaching in some areas (Leão et al., 2016). 

 Despite the climatic effects on marine biodiversity, there is a consensus that most damage 

is caused by unmanaged fisheries (Costello et al., 2010), especially on the more easily accessed 

coastal species (Halpern et al., 2007). For decades researchers have been warning about fish stock 



overexploitation, especially marine stocks (Hauser et al., 2002; Hoarau et al., 2005; Hutchinson et 

al., 2003). Some estimates suggest that 60% of the marine stocks evaluated were already fully 

exploited in 2011 (FAO, 2016). A majority of the affected organisms are the k-selected species 

that are often at the top of the food chain, such as rays, sharks, groupers, snappers and other large 

body carnivorous fishes (Pauly et al., 1998; Bender et al., 2013). However, smaller species are also 

declining due to fishing pressure and other factors, such as climate variability sensitivity (Pinsky 

et al., 2011).  

 Brazilian fisheries catch around 585 thousand tons annually (MPA, 2011) and is associated 

with the employment of 3.5 million people (WWF-Brasil, 2016). Fishing occurs more frequently 

in the coastal regions and targets a large diversity of fish (WWF-Brasil, 2016). The northeastern 

coast provides 37% of the country’s catch, mostly through small-scale fisheries exploiting a large 

diversity of species. On the South and Southeast regions, the main fleet is industrial, species 

diversity is lower, and productivity is higher, and represents almost 50% of all the national fishery 

production (WWF-Brasil, 2016). The high fish diversity, types of fishery, large coastline and 

decentralized landings, besides the lack of funding and management, result in poor or, currently, 

no fishery statistics at all in Brazil (WWF-Brasil, 2016). For example, there is no reliable 

information on fishing effort, especially in the Northeast region. In data-poor regions, the use of 

catch data to analyze species compositions is an alternative. Also, fishery reconstruction data, 

which is based on a scientific effort to congregate different sorts of data and model missing 

information, are extremely useful to fill information gaps and refine the data (Freire et al., 2015).  

Fishery management and spatial planning 

Despite the increase in marine protected areas on the Brazilian coast (Ervin et al., 2010; 

Nagelkerken et al., 2015; Araújo & Bernard, 2016), the lack of enforcement and inappropriate 

management minimize their effectiveness (Maretti, 2001; Santos & Schiavetti, 2014). Marine 

nursery areas, for example, are of great ecological value, and are also among the most impacted 

environments (Ervin et al., 2010; Nagelkerken et al., 2015). Moreover, the biased distribution of 

protected areas worsens the situation, frequently excluding vulnerable areas due to other interests 

and ignoring experts’ opinions (Magris et al., 2013; Giglio et al., 2017). New strategies for 

selecting protected areas should now account for climate change (Green et al., 2014), but this is 

still far from the Brazilian reality. Still, the Brazilian government has proposed initiatives to 

establish and monitor protected areas, including an analysis of the conservation priority area along 

the coast (MMA, 2012), although no concrete decisions have been made.  



Globally, marine conservation strategies lag behind those adopted for the terrestrial 

environment. Less than 4% of marine areas are protected and those that tend to be smaller than 

many home ranges of animals that should benefit from this protection (McCauley et al., 2015). 

Moreover, the combination of natural and anthropogenic effects on marine ecosystems affects 

habitat change and biodiversity loss in Brazilian marine ecoregions (Bernardino et al., 2015; Lana 

et al., 2018). However, unlike in the terrestrial environment, only recently has the importance of 

connectivity between marine protected areas really been included in the conservation debate 

(Botsford et al., 2009; Burgess et al., 2014). Indirect measures, such as the use of genetic tools, are 

of great use to better understand connectivity in marine environments, given the difficulty of 

directly observing dispersal in all levels. 

Thesis structure 

In Chapter 1, we analysed a large database of fishing catches from 1950 to 2010 of 132 

species in order to identify which factors, including fishing, climate and biological traits, increase 

species vulnerability. In the second chapter, we used mitochondrial DNA data from 17 species of 

commercial importance in Brazil. The objective was to identify if there is a general pattern of 

genetic structure and historical demography along the Brazilian coast. In Chapter 3, we aimed to 

identify the effective population size variability of two reef fish species – Lutjanus jocu and 

Sparisoma axillare – and to test the correlation between past climate and population size. In 

Chapter 4, we identified which features of the seascape explain Sparisoma axillare genetic 

connectivity patterns by analyzing samples collected from six coastal sites and three islands. 
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ABSTRACT 
 
Overfishing is a concerning threat that can lead to the collapse of fish stocks. We assessed 
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 
Generalized Additive Model (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, 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. 

 

 

KEYWORDS: Brazil; catch data; climate change; maximum body size; overexploitation; 
response to temperature; SST 

https://doi.org/10.1016/j.scitotenv.2019.134940


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 & 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 & 

Roberts, 2004). In low-income tropical countries, small-scale fisheries can account for more than 

50% of the total catch (Vasconcellos et al., 2007), and are generally poorly or unmanaged both in 

high- and low-income countries (Berkes et al., 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 et al., 2017; Lindfield et al., 2014).  

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 et al., 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 et al., 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 et al., 

2012) with the potential of affecting the speed at which species respond to a changing environment 

(Perry et al., 2005).  

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

and fish production worldwide (Cheung et al., 2013; Free et al., 2019). The effect of environmental 

shifts, especially temperature, were detected in nearly seven out of every ten stocks analysed 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 et al., 2012; Cheung et al., 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 et al., 2017).  

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

dynamics and conservation of fish species (Cheung et al., 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 et al., 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). 

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 et al., 2003; Olden et al., 2007). Large body species can 

present higher value for fishers, increasing its exploitation. 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 and also have a delayed recovery of overexploitation, as well as trophic level, 



because top predators can be more sensitive to food web disequilibrium (Quetglas et al., 2016). 

However, fast-growth species seem to be more affected by climate (Quetglas et al., 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 & 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 et al., 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 et al., 2014; Lindegren et al., 2013). Here, we identify how these 

interactions are related to tropical and subtropical fish stock statuses, and which combinations of 

biological  (habitat, size, trophic level)  and external (temperature, salinity, type of fishery and 

price) 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 et al., 2013), which is adequate for data-poor areas like Brazil. 

This is the first assessment that attempts to analyze the responses of a large set of tropical and 

subtropical fish facing a combination of threats, including overexploitation and climate variability. 

We expect that larger species, in high trophic levels, exploited by industrial fisheries and with 

higher prices will be the ones with higher collapse chance.  

 

2. MATERIAL AND METHODS 
 

2.1 Catch data 



Brazilian 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 effort project to re-estimate global catch combining reported data from FAO and 

estimates of other unreported sources of catch (Pauly & Zeller, 2016). The analysed dataset 

includes industrial and small-scale fisheries catches (excluding discarded fish due to the lack of 

reliable information) expressed as wet weight equivalent of landings per year for each species.  

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

stock declines and collapses can be attributed mostly to Brazilian factors (local environmental 

variables, exploitation and economic factors). 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. Of 132 species, 63 were demersal, 26 pelagic 

and 43 reef species (Supplementary Material 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 S1). 

 

Figure 1: a) Map showing Brazilian Exclusive Economic Zone along a more that 8,000 km of coastline; 
b) Temporal catch (in tons) of 132 analysed species, separated by habitat (demersal, pelagic or reef). 

 

http://www.seaaroundus.org/


2.2 Ecological Traits 

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

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 et al., 2003; Olden et al., 2007; Pinsky et al. 2011; Pinsky & 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 & 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 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 & 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 et al., 2016). 

Second, the occurrence of an unusual high catch in one year (an outlier) could strongly influence 

the classification of 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 et 

al., 2015).  

Firstly, the EI was defined annually based on the relationship between the catch in a given 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). 

 

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 

 

 

 

 



2.5 Statistical Analysis  

2.5.1 Generalized Additive Models to assess External Drivers over time  

Generalized Additive Models (GAMs; Hastie & 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 & Tibshirani, 1987; Wood, 2006). 

Separated GAMs for each of the 132 species were fitted using a Gaussian 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 (R Core Team, 2015). 

 

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



A Redundancy Analysis (RDA, Anderson, 2001) 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 the R software was used. 

 

3. RESULTS 
3.1 Exploitation Status 

Of the 132 species analysed, 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). 

 

 

 



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. 

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 
Artisanal fishery (-) 

69 



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 

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 

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 

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 
 

 

 

 

 



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 croaker 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 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: 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).  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 

 

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 than smaller 

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

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

 

 

 

 

  

 

 

 

 

Figure 3: Two-dimensional RDA plot of the Exploitation Status groups for the 132 Brazilian 
species studied. 



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 statistics for stock monitoring 

and analyses (Honey et al., 2010), compromising comprehensive assessments. For example, there 

is no effort data for the analysed 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 et al., 2017; Rufener et al., 2017). 

The collapse of marine fishes is a result of myriad 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). 

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 et al., 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 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 & 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 & Cheung, 2018; 

Atkinson, 1994), reduce reproduction (Miller et al., 2015), and cause a general decrease in aerobic 

performance (Pörtner & 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 & 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 & Epel, 2007; Van Der 

Lee et al., 2016; Pinsky et al., 2013). 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, 

only 50% of collapsed species 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 change 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 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). However, the results presented 

here can support management strategies to minimize the exploitation of species with higher levels 

of vulnerability. 

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

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

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

at different scales of decision-making. To start, tropical developing countries could consider 

adopting broader governance systems within fisheries, especially regarding species with 

vulnerable traits. The application of measures to mitigate climate change is urgently needed 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 et al., 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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7. SUPPLEMENTARY MATERIAL 
Table S1: List of the ecological and external traits for the 132 studied species.     

 

 
 
 
 
 
 
 
 
 

  



Species Family Exploitation 

status 

Habitat Maximum 

size 

Trophic 

level 

Resilience Price 

category 

Small-scale fishery  

exploitation (%) 

Amphiarius rugispinis Ariidae Collapsed demersal 45 3.3 medium medium 100 

Anchoa januaria Engraulidae Fully exploited pelagic 7.5 2.9 high na 100 

Anchoa spinifer Engraulidae Collapsed pelagic 24 4.1 high medium 98.39049 

Anchovia clupeoides Engraulidae Developing  pelagic 30 3.4 high medium 100 

Anchoviella lepidentostole Engraulidae Developing  pelagic 13.1 3.1 high medium 99.85351 

Anchoviella vaillanti Engraulidae Fully exploited pelagic 6.8 3.2 high na 100 

Anisotremus surinamensis Haemulidae Collapsed  reef 76 3.6 low medium 99.69557 

Anisotremus virginicus Haemulidae Fully exploited reef 40.6 3.6 medium medium 99.93546 

Archosargus rhomboidalis Sparidae Fully exploited reef 33 2.9 high very high 99.99451 

Aspistor luniscutis Ariidae Overexploited  pelagic 120 3.8 very low na 99.72214 

Aspistor quadriscutis Ariidae Fully exploited pelagic 50 3.5 medium medium 99.29363 

Astroscopus sexspinosus Uranoscopidae Overexploited  demersal 31 4.3 medium na 5.148599 

Bagre bagre Ariidae Fully exploited demersal 55 4 low medium 98.94126 

Bairdiella ronchus Scianidae Fully exploited demersal 35 3.5 high medium 100 

Batrachoides 
surinamensis 

Batrachoididae Fully exploited demersal 57 3.7 low na 99.87813 

Brevoortia pectinata Clupeidae Collapsed pelagic 35 3.4 high low 45.18829 

Calamus pennatula Sparidae Collapsed reef 37 3.7 medium medium 69.29762 

Carangoides 
bartholomaei 

Carangidae Developing reef 100 4.5 high medium 97.89175 

Cathorops spixii Ariidae Overexploited demersal 30 3.5 medium medium 99.91453 

Caulolatilus chrysops Malacanthidae Developing demersal 60 3.5 low very high 99.51799 



Centropomus ensiferus Centropomidae Overexploited pelagic 36.2 4.2 medium very high 100 

Centropomus parallelus Centropomidae Fully exploited demersal 72 4.2 medium very high 99.37948 

Centropomus pectinatus Centropomidae Overexploited pelagic 56 4 high very high 100 

Centropomus undecimalis Centropomidae Developing reef 140 4.2 medium low 99.77485 

Cephalopholis fulva Serranidae Developing reef 41 4.1 low very high 99.97666 

Cetengraulis edentulus Engraulidae Overexploited pelagic 18.2 2.1 medium medium 71.19001 

Chaetodipterus faber Ephippidae Developing reef 91 4.5 medium medium 93.3095 

Chaetodon ocellatus Chaetodontidae  Overexploited reef 20 3.7 high na 100 

Conodon nobilis Haemulidae Overexploited demersal 33.6 3.6 medium low 90.58414 

Cryptotomus roseus Scaridae Overexploited reef 13 2 high na 100 

Ctenosciaena 
gracilicirrhus 

Scianidae Fully exploited demersal 21 3.9 medium medium 100 

Cynoscion acoupa Scianidae Developing demersal 110 4.1 medium medium 95.53175 

Cynoscion guatucupa Scianidae Fully exploited pelagic 50 3.7 medium na 3.221284 

Cynoscion jamaicensis Scianidae Fully exploited demersal 50 3.8 high medium 11.98273 

Cynoscion leiarchus Scianidae Overexploited demersal 90.8 3.1 medium medium 91.1822 

Cynoscion microlepidotus Scianidae Fully exploited demersal 92 4 low medium 96.93048 

Cynoscion virescens Scianidae Fully exploited demersal 115 4 low medium 94.17786 

Dasyatis americana Dasyatidae Overexploited reef 200 3.5 very low low 98.73743 

Dasyatis guttata Dasyatidae Overexploited demersal 200 2.6 low low 98.73743 

Diapterus auratus Gerreidae Developing demersal 34 2.4 high medium 100 



Diapterus rhombeus Gerreidae Overexploited demersal 40 3 high medium 95.11321 

Elops saurus Elopidae Developing reef 100 3.5 medium low 97.1187 

Epinephelus itajara Serranidae Overexploited reef 250 4.1 low very high 96.25688 

Epinephelus morio Serranidae Collapsed reef 125 3.5 medium medium 79.98057 

Eugerres brasilianus Gerreidae Developing demersal 50 3.4 medium medium 99.91535 

Genidens barbus Ariidae Collapsed demersal 120 3.8 low medium 67.39006 

Genyatremus luteus Haemulidae Overexploited demersal 37 3.5 medium medium 99.36289 

Genypterus brasiliensis Ophidiidae Fully exploited demersal 68.8 4 low medium 7.420273 

Gobioides broussonnetii Gobiidae Fully exploited demersal 55.3 3.7 low very high 100 

Gobionellus oceanicus Gobiidae Overexploited demersal 15.4 3.4 medium na 100 

Haemulon aurolineatum Haemulidae Overexploited reef 25 4.4 medium medium 85.75917 

Haemulon chrysargyreum Haemulidae Fully exploited reef 23 3.5 high medium 100 

Haemulon flavolineatum Haemulidae Fully exploited reef 30 3.5 medium medium 100 

Haemulon melanurum Haemulidae Overexploited reef 33 2.2 medium medium 100 

Haemulon parra Haemulidae Overexploited reef 41.2 3.5 medium medium 100 

Haemulon plumierii Haemulidae Developing reef 53 3.8 medium medium 98.67408 

Haemulon squamipinna Haemulidae Developing pelagic 11.5 3.4 high na 100 

Harengula clupeola Clupeidae Overexploited reef 18 3.3 high low 76.58062 

Harengula jaguana Clupeidae Overexploited reef 21.2 3.4 medium low 98.53447 

Hexanematichthys 
herzbergii 

Ariidae Fully exploited demersal 94.2 3.3 medium medium 100 



Hyporhamphus 
unifasciatus 

Hemiramphidae Overexploited reef 30 2 high na 67.16993 

Hyporthodus niveatus Serranidae Fully exploited demersal 122 4 low very high 65.85647 

Isopisthus parvipinnis Scianidae Overexploited demersal 25 3.6 high medium 92.21827 

Larimus breviceps Scianidae Collapsed demersal 31 3.5 high medium 89.33915 

Lile piquitinga Clupeidae Developing pelagic 15 3.1 high low 100 

Lophius gastrophysus Lophiidae Overexploited demersal 60 4.5 medium low 2.473732 

Lopholatilus villarii Malacanthidae Overexploited demersal 107 3.8 low na 21.92815 

Lutjanus alexandrei Lutjanidae Fully exploited demersal 24.3 3.8 medium na 86.85309 

Lutjanus analis Lutjanidae Fully exploited reef 94 3.9 low high 82.98959 

Lutjanus cyanopterus Lutjanidae Collapsed reef 160 4.4 low high 99.43184 

Lutjanus jocu Lutjanidae Fully exploited reef 128 4.4 low high 91.16136 

Lutjanus purpureus Lutjanidae Fully exploited demersal 100 3.6 low high 56.60694 

Lutjanus synagris Lutjanidae Developing reef 60 3.8 medium medium 99.05092 

Lutjanus vivanus Lutjanidae Fully exploited reef 83 3.1 low high 98.71344 

Lycengraulis grossidens Engraulidae Fully exploited pelagic 23.5 3.7 medium medium 100 

Macrodon ancylodon Scianidae Fully exploited demersal 45 3.9 medium medium 98.04558 

Macrodon atricauda Scianidae Collapsed demersal 46 4 high na 24.13667 

Malacanthus plumieri Malacanthidae Fully exploited reef 70 3.7 low very high 99.49777 

Menticirrhus americanus Scianidae Fully exploited demersal 50 3.5 medium medium 94.81103 

Merluccius hubbsi Merluccidae Collapsed pelagic 95 4.2 low medium 0.809073 



Micropogonias furnieri Scianidae Fully exploited demersal 60 3.1 medium medium 63.96272 

Mugil gaimardianus Mugilidae Overexploited reef 67 na low na 100 

Mugil incilis Mugilidae Developing demersal 40 2 high medium 100 

Mugil liza Mugilidae Collapsed demersal 80 2 medium high 59.62887 

Mugil trichodon Mugilidae Fully exploited pelagic 46 2 medium na 100 

Mullus argentinae Mullidae Fully exploited demersal 30 3.5 medium high 36.76047 

Mustelus schmitti Triakidae Collapsed demersal 92 3.6 very low medium 2.762541 

Mycteroperca bonaci Serranidae Overexploited reef 150 4.3 low very high 84.76615 

Myrichthys breviceps Ophichthidae Fully exploited reef 102 3.5 medium na 100 

Nebris microps Scianidae Collapsed demersal 40 3.6 high medium 97.79816 

Notarius grandicassis Ariidae Overexploited demersal 63 4 low medium 97.07656 

Ocyurus chrysurus Lutjanidae Developing reef 86.3 4 low medium 85.99113 

Odontesthes argentinensis Atherinopsidae Collapsed pelagic 42.1 3.7 medium na 100 

Odontoscion dentex Scianidae Fully exploited reef 30 3.5 high medium 100 

Oligoplites palometa Carangidae Fully exploited pelagic 49.7 4.3 medium medium 98.70636 

Oligoplites saliens Carangidae Fully exploited pelagic 50 3.8 medium medium 77.03803 

Opisthonema oglinum Clupeidae Fully exploited reef 38 4.5 medium low 35.50198 

Orthopristis ruber Haemulidae Fully exploited demersal 40 3.6 medium medium 33.43073 

Paralichthys orbignyanus Paralichthyidae Fully exploited demersal 50 3.5 low na 0 

Paralonchurus 
brasiliensis 

Scianidae Overexploited demersal 30 3.4 high medium 64.46513 



Parona signata Carangidae Fully exploited demersal 60 3.4 medium low 67.32392 

Peprilus paru Stromateidae  Overexploited pelagic 30 4.5 high high 56.90707 

Percophis brasiliensis Percophidae Fully exploited demersal 53.3 4.2 medium low 21.41425 

Pogonias cromis Scianidae Overexploited demersal 170 3.9 medium low 49.37303 

Polydactylus virginicus Polynemidae Overexploited demersal 33 3.7 high very high 100 

Polyprion americanus Polyprionidae Collapsed demersal 210 4.1 low low 5.856582 

Pomacanthus paru Pomacanthidae Developing reef 41.1 2.8 medium high 97.28996 

Prionotus punctatus Triglidae Developing demersal 45 3.8 low medium 75.74702 

Pseudopercis númida Pinguipedidae Collapsed demersal 120 3.9 very low na 40.50387 

Pseudupeneus maculatus Mullidae Developing reef 30 3.7 high medium 99.99892 

Pterengraulis 
atherinoides 

Engraulidae Overexploited pelagic 30 3.9 high medium 100 

Rhinobatos horkelii Rhinobatidae Collapsed demersal 138 3.8 very low low 53.02956 

Rhizoprionodon lalandii Carcharhinidae Fully exploited demersal 77 4.3 very low medium 99.05499 

Rhizoprionodon porosus Carcharhinidae Fully exploited reef 110 4 very low medium 99.05499 

Rhomboplites aurorubens Lutjanidae Developing demersal 60 4.4 medium very high 99.97458 

Sardinella brasiliensis Clupeidae Overexploited pelagic 27 3.1 high medium 7.779252 

Sciades couma Ariidae Fully exploited demersal 97 3.9 medium medium 79.74402 

Sciades herzbergii Ariidae Overexploited demersal 94.2 3.3 medium medium 99.0129 

Sciades parkeri Ariidae Fully exploited demersal 190 4.1 high medium 95.05379 

Sciades proops Ariidae Fully exploited demersal 100 4.4 high medium 98.70436 



 

 

 

 

 

 

 

 

Scomberomorus 
brasiliensis 

Scombridae Fully exploited reef 125 3.3 medium high 95.78942 

Scorpaena plumieri Scorpaenidae Developing reef 45 3.6 low low 99.23456 

Selene setapinnis Carangidae Overexploited pelagic 60 3.7 medium medium 93.12563 

Selene vómer Carangidae Collapsed demersal 48.3 4.3 medium medium 99.86845 

Sparisoma axillare Scaridae Fully exploited reef 37 2 medium na 100 

Sphyraena tome Sphyraenidae Overexploited pelagic 45 4.1 medium na 80.0052 

Stellifer brasiliensis Scianidae Developing demersal 14.5 3.4 high na 100 

Trachinotus carolinus Carangidae Fully exploited pelagic 64 3.5 medium very high 68.01927 

Trachinotus falcatus Carangidae Overexploited reef 122 4 medium medium 99.99345 

Trachurus lathami Carangidae Overexploited reef 40 4 medium low 25.44865 

Umbrina canosai Scianidae Fully exploited demersal 40 3.9 medium low 2.26094 

Urophycis brasiliensis Phycidae Fully exploited demersal 40 3.8 medium low 40.69418 



 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

Figure S2. Time series of Sea Surface Temperature (SST), dashed line, and Sea Surface Salinity (SSS) 
in Brazil region extracted from NEMO climatology model (https://www.nemo-ocean.eu/). 



 

Figure S3a. Results of General Additive Models for the significant variables for collapsed species 
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b1 

Figure S3b1. Results of General Additive Models for the significant variables for overexploited species  



 

 

 

 

 

 

 

Figure S3b2. Results of General Additive Models for the significant variables for overexploited species  

b2 
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Figure S3b3. Results of General Additive Models for the significant variables for overexploited species  
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Figure S3b4. Results of General Additive Models for the significant variables for overexploited species  
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Figure S3b5. Results of General Additive Models for the significant variables for overexploited species  
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Figure S3c1. Results of General Additive Models for the significant variables for fully exploited species  
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Figure S3c2. Results of General Additive Models for the significant variables for fully exploited species  
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Figure S3c3. Results of General Additive Models for the significant variables for fully exploited species  
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Figure S3d1. Results of General Additive Models for the significant variables for in development 
species  
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Figure S3d2. Results of General Additive Models for the significant variables for in development 
species  
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ABSTRACT 
 

Conservation of evolutionarily significant genetic lineages is considered crucial for the 

management of exploited species. We characterised the genetic structure and historical 

demography of 17 commercially important fish species using the mitochondrial COI and CytB 

sequence data. For most species, there was no evidence of gene flow barriers along the Brazilian 

coast, indicating that differences in the environment do not strongly affect their genetic structure. 

The only exception was Pomatomus saltatrix, for which we found significant population structure, 

with genetic discontinuity close to Rio de Janeiro, which is congruent with sudden changes in 

water temperature. In Cynoscion jamaicensis, significant isolation by geographic distance 

indicates that the dispersal of this species may be limited. The inference of past demographic 

changes using mtDNA sequence data suggested that most species have been keeping stable 

population sizes, potentially reflecting the stable environmental conditions found in the southwest 

Atlantic region.  

 

KEYWORDS: Cytochrome Oxidase I, Cytochrome B, Pomatomus saltatrix, tropical fishes  
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1. INTRODUCTION 
 

The influence of past climate change on species ecology and evolution may contribute to 

our understanding of current species distributions (Avise, 2000; Brown, 1995). Historical 

processes, including climate change, can influence connectivity through the formation of 

geographical barriers or corridors, thereby influencing dispersal rates or changes in habitat 

suitability that force species to move to other areas or adapt to new conditions (Brown & Lomolino, 

1998; Brown et al., 2002). Genetic structuring may also occur due to habitat differences, for 

example populations occurring in less suitable locations may adapt genetically, leading to greater 

genetic divergence from the original population (Kawecki & Ebert, 2004).  

In the marine environment, physical barriers to gene flow are less evident than those of 

terrestrial environments, and ecological boundaries may be more influential for patterns of 

diversity and distribution (Palumbi et al., 1997; Bowen et al., 2013). Changes in sea level, 

temperature, salinity and oceanic currents, especially during the last glacial maximum, have been 

shown to affect individual dispersal and, consequently, marine biodiversity patterns (O’Brien et 

al., 2013; Gaggiotti et al., 2009; O’Connor et al., 2007; Sjöqvist et al., 2015; White et al., 2010; 

Liu et al., 2006). Climatic changes during the Pleistocene may be responsible for population 

bottlenecks detected in some species, although the genetic signature that remains today depends 

on the severity of the bottleneck and the distribution and connectivity characteristics (Ludt & 

Rocha, 2015; Baggio et al., 2017). For example, during periods of low sea level, the importance 

of rivers outflow may increase (Rocha, 2003) and affect species that inhabit areas close to the coast 

(e.g. Liu et al., 2006).  

Widely distributed marine fish stocks are common and can be explained by the lack of clear 

barriers in the marine environment (Hauser & Carvalho, 2008). However, a growing number of 

genetic studies shows that population structuring of marine species is more common than expected 
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(Hauser & Carvalho, 2008; Riginos & Nachman, 2001). Processes that drive genetic structure 

include environmental characteristics, such as large river mouths and sea currents, which can be 

effective barriers to dispersal and gene flow. In addition, climate effects, such as changes in sea 

surface temperature, may result in conditions outside the tolerance limits of an organism, 

determining its distribution (Allen et al., 2006; Castillo et al., 1996; Stuart-Smith et al., 2017).  

Population size can also be affected by the past and present environment (e.g. Bucklin & 

Wiebe, 1998; Okello et al., 2008). One indirect genetic measure of the population size is the 

Effective Population Size (Ne), which is usually much smaller than the total population size, 

especially in high fecundity species, such as most marine ones (Frankham, 1995; Hauser et al., 

2002; Ovenden et al., 2006). If a population has a large decline in effective size due to climatic 

factors, genetic diversity will be lost through random genetic drift (Hauser et al., 2002; Ovenden 

et al., 2006). Genetic diversity can be crucial as it influences the ability to adapt to changing 

environments (Reed et al., 2002).  

The global status of fisheries suggests that overfishing is a major threat to the marine 

environment. More than 30% of all fish stocks are overexploited worldwide (FAO, 2016), which 

is of particular concern in developing tropical countries, where insufficient regulation and more 

vulnerable fishing communities are present (Bailey, 1988). Therefore, effective conservation and 

management planning are imperative to ensure fisheries sustainability and should be based on 

sound stock delimitation and evaluation of genetic variability (Cowen & Sponaugle, 2009). 

Genetic tools can offer some of the support needed for fisheries management (Waples et al., 2008).  

For sound management strategies, some basic information is required, including the 

definition of fisheries stock structure (Ovenden et al., 2013). The term stock is used for 

commercially harvested fish and can be used as equivalent to the term population. A stock is a 

group of individuals of the same species, usually defined genetically, that share the same genetic 

characteristics and demographic history, and that respond distinctly to exploitation (Carvalho & 
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Hauser, 1994; Ovenden et al., 2013). Usually the limits of a stock are spatially defined, and these 

limits are used to support management measures (Ovenden et al., 2013). The analyses of stock 

limits for several species in a region can be used to indicate the most appropriate management 

scale (e.g. Lukoschek et al., 2016). This is especially useful in regions where the fishing is 

multispecific, such as in Brazil (WWF-Brasil, 2016). Another important measure for setting 

sustainable levels of fishing is fish abundance. However, it is difficult to count fish in the sea. An 

alternative is to use molecular tools to identify trends in effective population size. Decreases in 

effective population size can affect genetic diversity, a key measure of resilience. 

We used a mitochondrial sequence dataset for 17 fish species exploited in tropical and 

subtropical regions of Brazil to investigate stock structure and effective population size variability. 

Brazil has a vast coastline, with a great heterogeneity in terms of temperature, productivity and 

freshwater outflows, which can affect species structure; yet this coastline does not have clear 

barriers. These species have different biological attributes, which may affect their individual 

genetic patterns. Here, we aim to: i) describe the genetic structure of these species; ii) describe 

changes in population effective size over time; and iii) relate the results to the current and past 

climate in the region. We expected coastal species to have higher population structure rates, mainly 

due to past changes in sea level. Such changes were expected to be especially pronounced where 

the continental shelf is narrower. Moreover, we also expected to find less population structure in 

pelagic species during their adult phase due to their dispersal capacity. 

 

2. METHODOLOGY 
 

2.1 Study area 

In marine areas environmental changes may have differing impacts depending on location. 

The Brazilian coast extends over 8 thousand kilometers in the southwest Atlantic, covering both 

tropical and subtropical regions (Fig. 1). The wide latitudinal range represents a gradient of 
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different environments in terms of current and past climate, including temperature, salinity, 

oceanic currents, river mouths, continental shelf width and sea level fluctuation. The northern zone 

(north coast), highly affected by the Amazon River plume, has warmer sea temperatures and strong 

westward currents. The northeast area (northern region of the east coast) is characterised by warm 

sea temperatures and a narrow continental shelf, although its southern area is affected by the plume 

of the large São Francisco River. The southern coast of Brazil has relatively colder sea temperature, 

and a wide shelf, marked by an upwelling system around 30oS of latitude (Coelho-Souza et al., 

2012). These environmental and geographical differences along the coast, associated with past 

environmental changes, may explain the current distribution of marine species due to different 

habitat requirements for each species or populations. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: a) Brazilian Coast with Sea Surface Temperature gradient and states location (AP – Amapá, PA – 

Pará, MA – Maranhão, PI – Piauí, CE- Ceará, RN- Rio Grande do Norte, PB – Paraíba, PE – Pernambuco, 

AL – Alagoas, SE – Sergipe, BA – Bahia, ES – Espírito Santo, RJ – Rio de Janeiro, SP – São Paulo, PR – 

Paraná, SC – Santa Catarina, RS – Rio Grande do Sul), and hypothesis tested in AMOVA: b) large rivers 

outflow (Amazonas and São Francisco) and c) temperature change .  

 

a 
b 

c 
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Species selection and data collection 

The 17 species (Supplementary Material Table S1) selected for this study represented more 

than 53,000 tons and almost 11% of the total fish catch in Brazil in 2010 (Freire et al., 2015), and 

belong to ten different families: five Lutjanidae, three Scombridae, three Sciaenidae, and one 

species of Serranidae, Ephippidae, Haemulidae, Malacanthidae, Clupeidae and Pomatomidae. In 

addition, these species have a wide diversity of biological traits. For example, their maximum body 

size ranges from 32.1 cm to 130 cm, their trophic level between 3.3 and 4.5, and there are species 

with demersal, pelagic and reef habitats (Froese & Pauly, 2019). They also show a variety of 

reproduction and developmental traits, including having some aggregation and estuarine spawners, 

species with pelagic and benthic larval stage and protogynous species. Most species are considered 

of ‘least concern’ by IUCN (N = 10), although five of those have their population trends unknown 

and two have been decreasing. Of the remaining seven, two species have not been evaluated by 

IUCN, two are considered ‘data deficient’ (with decreasing population), two are ‘near threatened’ 

and one is ‘vulnerable’. Overall, the group of species analysed here is either of some conservation 

concern and/or important fishing targets.  

These 17 species were also chosen due to number of sampling and spatial coverage 

available in the RENIMP (Rede Nacional de Identificação do Pescado; National Network for the 

Molecular Identification of Fisheries - UFRJ) project database and Genbank, as we needed species 

that had a minimum of four samples per “group” (see below). Genetic markers available in the 

dataset were cytochrome c oxidase subunit I (COI) and cytochrome b (CytB). Only sequences with 

a minimum length of 450 bp for COI and 700 bp for CytB were used. COI sequences were 

available for eight species, and CytB for 14 species. The RENIMP sequences analysed here will 

be submitted to Genbank. 
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2.2 Genetic analysis 

The analyses involved three main steps: i) describing the genetic structure of each species; 

ii) analyzing demographic changes over time for each species; iii) looking for associations between 

demographic changes and the past environment. 

2.3 Genetic population structure 

The RENIMP and Genbank sequences were combined and aligned in MEGA4 (Tamura et 

al., 2007), using the MUSCLE function. Using DNAsp software (Librado & Rozas, 2009), 

populations sets were defined. To identify the population structure, Analysis of Molecular 

Variance (AMOVA) and φST were performed using Arlequin 3.5 software (Excoffier & Lischer, 

2010), with 10,000 permutations; differences were considered significant when p<0.05. These 

parameters were calculated between some localities grouping combinations, based on possible 

barriers: i) large rivers (Rio São Francisco and Amazonas), temperature (based on Spalding et al., 

2007 realms), endemism (Pinheiro et al., 2018), and location (coarse scale represented by Brazilian 

states due to location information availability). To visualize the haplotype diversity, networks were 

built using PopArt (Leigh & Bryant, 2015) using TCS network function. The figures were edited 

with InkScape software (Bah, 2009). After defining the population structure, some genetic 

diversity parameters were calculated: DNA Polymorphism, haplotype number, haplotype 

diversity, number of polymorphic sites, and nucleotide diversity. Aside from population structure 

due to barriers, genetic divergence may arise from geographic distance. Thus, we tested for 

isolation by distance. We used a pairwise Fst matrix between sites, calculated in Arlequin 

(Excoffier & Lischer, 2010), and geographic distance, calculated in Google Earth. The correlation 

between the two distance matrices was calculated using a Mantel test (mantel.rtest function from 

ade4 package) in R for each species (R Core Team, 2019). 
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2.4 Historical Demography 

We used three different and complementary approaches to identify population size 

tendencies (expansion, stability or decline). First, we applied two neutrality tests (Tajima’s D and 

Fu’s Fs), using Arlequin (considering significant p lower than 0.02 after Bonferroni correction). 

Tajima’s D test uses information on mutation frequency to distinguish stable from expanding or 

contracting populations (Tajima, 1989). However, these changes in mutation frequency can be 

attributed to changes in population size change or positive selection (Ford, 2002). Fu’s Fs uses 

haplotype distribution information to infer changes in population size (Fu, 1997). Fs can be 

sensitive to small sample size, but can be more powerful in identifying population expansion under 

some conditions (Ramos-Onsins & Rozas, 2002). 

Because neutrality tests cannot use all signals of historical demography, we used an 

additional coalescent approach. We identified changes in effective population size over time using 

the Bayesian Skyline Plot, in Beast v1 and Beauti (Drummond, 2005). This analysis allows us to 

infer changes in population size over time. The parameters included in Beauti were clock rate = 

1.2E-08, based on the mitochondrial gene substitution rate in fish (Bermingham et al., 1997). The 

chain length used was 10,000,000, but this number was increased whenever the Effective Sample 

Sizes of any parameter was less than 200. Convergence was assessed by the Bayesian Skyline. The 

reconstruction graphics were made using Tracer v1.7.1. 

3. RESULTS 
 

3.1 Genetic diversity 

In total, 507 sequences from all the 17 species were analysed, 214 for eight species for COI 

and 293 for 14 species for CytB (Table 1). For COI, nucleotide diversity ranged from 0.00014 

(Chaetodipterus faber) to 0.00563 (Stellifer rastrifer), and haplotype diversity ranged from 0.08 

(C. faber) to 0.95 (S. rastrifer). For CytB, nucleotide diversity ranged from 0.00108 (Lutjanus 
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synagris) to 0.00497 (L. purpureus), and haplotype diversity ranged from 0.583 (C. faber) to 1.00 

(Auxis thazard). 

3.2 Population Structure 

The only species that had significant geographic structuring was Pomatomus saltatrix (CytB 

Fst = 0.79467) (Fig. 2). For the other 16 species, the AMOVA and Fst analyses indicated no 

significant genetic differentiation between localities (Fig. 3, all haplotype networks are presented 

in Supplementary Material Fig. S1). Thus, for these species it was not possible to test the 

relationship between genetic structure and biological traits. The isolation by distance analysis 

found, for 16 species, that geographic distance is not correlated with genetic distance (p>0.05). 

Cynoscion jamaicensis was the only species with significant results for isolation by distance 

(p=0.0119), with genetic differentiation increasing with geographic distance. 

Table 1: Results of number of analysed sequences and genetic diversity 

Species Marker # sequences Number 
of sites 

Polymorphic 
sites 

Haplotype 
number 

Haplotyp
e 
diversity 

Nucleotid
e diversity 
Pi 

 Average 
number of 
nucleotide 
differences 

Sites (sample 
number) 

Auxis thazard CytB 12 1022 22 12 1 0.0048 4.909 SE (7) PR+RJ (4)  

Cephalopholis 
fulva CytB 18 1043 7 8 0.752 0.00118 1.235 BA (11) PE+CE 

(5) 

Chaetodipterus 
faber COI 98 564 4 5 0.08 0.00014 0.082 

SP (15) RJ (5) ES 
(21) MA (21) PB 
(8) PE (3) SC 
(21) AL (1) BA 
(1)  

Chaetodipterus 
faber CytB 9 725 4 4 0.583 0.00123 0.889 SC (4) PA (5) 

Conodon nobilis COI 13 517 1 2 0.154 0.0003 0.154 AL (5) RJ (5) SP 
(3) 

Conodon nobilis CytB 9 725 8 6 0.833 0.00245 1.778 SC (4) PA (5) 

Cynoscion 
jamaicensis COI 13 452 2 3 0.295 0.00068 0.308 SP (2) RJ (5) AL 

(5)  
Cynoscion 
jamaicensis CytB 21 722 14 11 0.895 0.00339 2.448 RS (8) SC (2) SP 

(3) RJ (5) ES (3) 
Lopholatilus 
villarii CytB 20 896 7 5 0.821 0.00238 2.132 RS (9) RJ (1) ES 

(7) BA (3)  

Lutjanus analis CytB 12 724 11 7 0.773 0.00291 2.106 PE (3) CE (2) BA 
(5) ES (2) 

Lutjanus 
purpureus CytB 51 779 40 44 0.995 0.00497 3.87  

Lutjanus 
synagris CytB 17 725 5 6 0.588 0.00108 0.779 PE (7) CE (5) BA 

(4) PA (1) 
Menticirrhus 
americanus COI 23 565 5 5 0.644 0.00153 0.862 SP (11) RJ (5) 

AL (5) 
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Ocyurus 
chrysurus COI 16 564 4 4 0.575 0.00137 0.775 SP (6) BA (1) PE 

(1) CE (8) 

Ocyurus 
chrysurus CytB 30 645 13 13 0.832 0.00231 1.49 

PA (5) MA (3) 
CE (14) RN (2) 
PE (2) BA (2) ES 
(1) 

Opisthonema 
oglinum COI 13 600 11 8 0.91 0.00496 2.974 (3) 

Pomatomus 
saltatrix CytB 36 736 22 19 0.927 0.00259 1.908 

RS (40) RJ (16) 
SC (1) SP (9) ES 
(2) 

Scomber 
japonicus  CytB 20 1043 15 13 0.947 0.00256 2.674 SC (10) SE (8) 

RJ (2) 
Scomberomorus 
brasiliensis COI 22 625 11 11 0.913 0.00296 1.853 SP (13) RJ (4) 

AL (5) 
Stellifer 
rastrifer COI 16 627 12 11 0.95 0.00563 3.525 AL (1) SP (2) RJ 

(8) SC (1) PA (4) 
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Fig. S1. Haplotype networks for each commercially marine fish species and mitochondrial marker. Abbreviations 

refer to Brazilian coastal states: AP – Amapá, PA – Pará, MA – Maranhão, PI – Piauí, CE – Ceará, RN – Rio 

Grande do Norte, PB – Paraíba, PE – Pernambuco, AL – Alagoas, SE – Sergipe, BA – Bahia, ES – Espírito Santo, 

RJ – Rio de Janeiro, SP – São Paulo, PR – Paraná, SC – Santa Catarina, RS – Rio Grande do Sul. NA is for the 

individuals without site information.  
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3.3 Historical Demography 

According to Tajima’s D, seven of the 17 species underwent population expansion.  Fu’s 

Fs provided evidence of population expansion in ten species, while signatures of expansion were 

common in the analyses of four species. However, selection may make some of the tests using 

mitochondrial DNA biased. Analysis of changes in population size over time, using Bayesian 

Skyline Plots, indicated that all but one species (Lutjanus purpureus) were stable (Table 1 and 

Supplementary material Fig. S2).  

 

Table 1: Demography results for each species and marker to Tajima’s D, Fu’s Fs and Bayesian Skyline Plot 

(BSP) analyses. For Tajima’s D and Fu’s Fs, only significant results (p<0.02) were included. 

Species Marke
r Tajima’s D Fu’s Fs BSP 

Auxis thazard CytB Non-significant Expansion Stability 

Cephalopholis fulva CytB Non-significant Expansion Stability 

Chaetodipterus faber COI Expansion Expansion Stability 

Chaetodipterus faber CytB Non-significant Non-significant Stability 

Conodon nobilis COI Non-significant Non-significant Stability 

Conodon nobilis CytB Expansion Non-significant Stability 

Cynoscion jamaicensis COI Non-significant Expansion Stability 

Cynoscion jamaicensis CytB Non-significant Expansion Stability 

Lopholatilus villarii CytB Non-significant Non-significant Stability  

Lutjanus analis CytB Expansion Non-significant Stability 

Lutjanus jocu CytB Expansion Non-significant NA 

Lutjanus purpureus CytB Expansion Expansion 
Stable expansion 

through time 

Lutjanus synagris CytB Non-significant Expansion Stability 

Menticirrhus americanus COI Non-significant Non-significant Stability 

Ocyurus chrysurus COI Non-significant Non-significant Stability 

Ocyurus chrysurus CytB Expansion Expansion Stability 
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Opisthonema oglinum COI Non-significant Not significant Stability 

Pomatomus saltatrix north pop CytB Non-significant Expansion Stability 

Pomatomus saltatrix south pop CytB Expansion Expansion Stability 

Scomber japonicus  CytB Non-significant Expansion Stability 

Scomberomorus brasiliensis COI Non-significant Expansion Stability 

Stellifer rastrifer COI Non-significant Expansion Stability 

 

 

 

4. DISCUSSION 

Our results indicate low levels of genetic structure and large effective population size 

variability for a large dataset of commercially exploited marine fish in Brazil. The pattern seems 

to be independent of the biological traits and distribution of the species. Low FST values and high 

connectivity are common in marine species, mainly due to lack of effective barriers, large 

population sizes and dispersal capacity (e.g. Momigliano et al., 2017). It is important to consider 

the differences in spatial coverage for each species and the low number of samples for some 

populations, which may influence the results of the genetic structure. In addition, it must be 

recognized that effective population size analysis using data from only a few mitochondrial loci is 

not ideal. 

4.1  Genetic Structure 

Despite relatively large environmental differences along the Brazilian coast, such as the 

existence of sea surface temperature gradients, there was no detectable genetic structure for 16 

species. The outflow of the Amazon River, which has been considered a strong barrier, especially 

for reef species, is now seen as no more than a filter for some species (Rocha, 2003), including for 

the four species with samples taken north and south of the Amazonas river. Most previous studies 

in the same area found a similar pattern, although in general these studies focused only on one or 
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two species (e.g. da Silva et al., 2015; Silva-Oliveira et al., 2008). The lack of genetic structure in 

marine organisms can also be attributed to their pelagic larval phase, which allows the mixing of 

young individuals in early stages of their lives (Palumbi, 1994). There is, however, some evidence 

that this characteristic may still not explain the dispersal capacity across large marine barriers (Luiz 

et al., 2012). In addition, most species analysed here are large-bodied (76.2 cm in average), which 

facilitates the crossing of what might be otherwise considered a marine barrier (Luiz et al., 2012). 

For species not restricted to coastal waters, such as Lutjanus purpureus and Ocyurus 

chrysurus, a lack of structure was previously reported using different genetic markers (da Silva et 

al., 2015; Gomes et al., 2012), which was confirmed by our findings. Surprisingly, coastal species, 

such as Cephalopholis fulva, Chaetodipterus faber, Lutjanus jocu, Menticirrhus americanus, 

Opisthonema oglinum and Stellifer rastrifer, which are usually found in waters less than 30-40m 

of depth, have also shown a lack of genetic structure (Froese & Pauly, 2017). A previous study 

indeed reported no genetic structure for C. fulva, even when comparing samples from the coast 

with oceanic islands (Souza et al., 2015). One coastal species, Cynoscion jamaicensis, was 

characterised by isolation by distance. The juveniles of this species depend on brackish waters, 

and usually inhabit estuaries and mangroves (FAO, 2019). This fact potentially limits the species 

dispersal and could explain the correlation between genetic and geographic distance. 

Pomatomus saltatrix, a species that inhabits deeper waters up to 200m, was the only one 

to show some population structure, with one population identified in the southern Brazilian coast 

and another in the southeast coast, which is consistent with temperature differences (Fig. 2). 

Genetic divergence, however, is not explained by distance or by obvious aspects of this species’ 

biology. Pomatomus saltatrix is a large bodied species and is globally distributed (Froese & Pauly, 

2017), which are characteristics that suggest high dispersal, thus inconsistent with the presence of 

genetic structure. However, in some cases, environmental factors may be more important than 

biological traits in explaining genetic structure (Jenkins et al., 2018; Lehnert et al., 2019). The 
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genetic discontinuity happens close to an area of upwelling and temperature change (Coelho-Souza 

et al., 2012). This change in temperature has been suggested as an important determinant of species 

condition and distribution (Coelho-Souza et al., 2012). Local adaptations can also lead to 

unexpected patterns of genetic diversity (Rocha et al., 2005).  

 

4.2 Historical Demography 

We combined three different methods to identify demographic history (Eytan & Hellberg, 

2010). Each of the tests used presents some caveats and responds differently to sample size, 

population size and departures from neutrality (selection) (Domingues et al., 2018; Grant, 2015). 

Despite some contrasting results between different analyses, most species showed stable or 

expanding populations. The high connectivity across sites, together with the West Atlantic climate 

stability, could explain the population stability found for 16 species (BSP results). Climatic 

stability presumably supports stable populations through time. Despite some debate, different 

models suggest that oceanic temperature varied less in low latitude areas. 

Coastal dependent species may have been subject to more population bottlenecks followed 

by population expansion in response to past sea level declines (Domingues et al., 2018; Ludt & 

Rocha, 2015). However, the only species that showed consistent evidence of population expansion 

was Lutjanus purpureus, which is not dependent on coastal habitats and is found in waters more 

than 300m deep (Froese & Pauly, 2017). The distribution of L. purpureus is mostly tropical, and 

is associated with especially warm waters (Froese & Pauly, 2017). Its expansion, contrary to 

expectations, could have been due to changes in the environment, related to the effect of sea level 

changes and increased habitat availability given by the expanded continental shelf (Hoareau et al., 

2013).  
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4.3 Management implications and future directions 

Here we provided some useful information for the management of marine resources in 

Brazil. Overall, the results suggest that the Brazilian marine environment can potentially be 

managed as a single unit for most of its fished species (despite some exceptions, such as 

Pomatomus saltatrix and Cynoscion jamaicensis). We found that most species’ populations have 

been stable or expanding over the last thousand years, although the methods used do not allow any 

inference about short time changes in population size that could be caused by recent anthropic 

impacts. Integrating these types of genetic data with fishery monitoring could improve the 

prediction of sustainable catch rates for commercially exploited species. 

It is important to bear in mind that low levels of genetic structure may not have been 

detected (Mariani et al., 2005). Subtler levels of differentiation could be detected using markers 

that have higher resolving markers (e.g. microsatellites, SNPs) (e.g. Drinan et al., 2018; Xue et al., 

2014). Mitochondrial DNA is traditionally used to identify management units, but the application 

of different markers provides finer grained information on genetic connectivity (e.g. Knutsen et 

al., 2003; Nielsen et al., 2004). Although our study presents some methodological caveats (e.g., 

low sample size and the spatial arrangement of the data), this is the first available information on 

genetic structure for a large number of species along the Brazilian coastline. This is the type of 

information that could be applied in evolutionary and molecular systematics studies, in addition to 

management and conservation measures. Following this publication, new RENIMP sequences will 

be publicly available to help build a strong database that can aid future phylogeographical, 

molecular systematic, and fish forensics studies. 
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7. SUPPLEMENTARY MATERIAL 
Table S1. List of analysed species, biological information (Fish Base), markers, number of sequences for 

each marker (N) and number of sites, represented by Brazilian coastal states (N sites). Some species had 

two markers analysed, so are repeated in the list. 

 

 

 

 

 

 

 

 

 

 
Species 

 
Family 

 
Order IUCN Habitat 

Distributio
n 

Depth 
range 
(m) 

Brackis
h 
related 

Maximu
m 
size 

Trophic 
level 

 
Marker N N sites 

Auxis thazard Scombridae Perciformes LC pelagic tropical 50 - ? No 65 4.4 CytB 12 4 
Cephalopholis 
fulva Serranidae Perciformes LC reef subtropical 1 - 150 No 41 4.1 CytB 18 4 
Chaetodipterus 
faber Ephippidae Perciformes LC reef subtropical 3 a 35 Yes 91 4.5 COI 9 9 
Chaetodipterus 
faber Ephippidae Perciformes LC reef subtropical 3 a 35 Yes 91 4.5 CytB 98 2 
Conodon nobilis Haemulidae Perciformes LC demersal subtropical 1 - 100 No 33.6 3.6 COI 13 3 
Conodon nobilis Haemulidae Perciformes LC demersal subtropical 1 - 100 No 33.6 3.6 CytB 9 2 
Cynoscion 
jamaicensis Sciaenidae Perciformes LC demersal subtropical 1 a 70 Yes 50 3.8 COI 21 3 
Cynoscion 
jamaicensis Sciaenidae Perciformes LC demersal subtropical 1 a 70 Yes 50 3.8 CytB 13 5 
Lopholatilus villarii Malacanthidae Perciformes NA demersal subtropical NA No 107 3.8 CytB 20 4 
Lutjanus analis Lutjanidae Perciformes NT reef tropical 25 - 95 Yes 94 3.9 CytB 12 4 
Lutjanus jocu Lutjanidae Perciformes DD reef subtropical 2 a 40 Yes 128 4.4 CytB 10 2 
Lutjanus purpureus Lutjanidae Perciformes NA demersal tropical 26 a 340 No 100 3.6 CytB 14 2 
Lutjanus synagris Lutjanidae Perciformes NT reef subtropical 10 - 400 No 60 3.8 CytB 17 4 
Menticirrhus 
americanus Sciaenidae Perciformes LC demersal subtropical ? – 40 Yes 50 3.5 COI 23 3 
Ocyurus chrysurus Lutjanidae Perciformes DD reef subtropical 0 - 180 No 86.3 4 COI 30 4 
Ocyurus chrysurus Lutjanidae Perciformes DD reef subtropical 0 - 180 No 86.3 4 CytB 16 7 
Opisthonema 
oglinum Clupeidae Clupeiformes LC reef tropical 1 a 50 No 38 4.5 COI 13 3 
Pomatomus 
saltatrix Pomatomidae Perciformes VU pelagic subtropical 0 a 200 Yes 130 4.5 CytB 68 5 
Scomber japonicus Scombridae Perciformes LC pelagic temperate NA Yes 65 3.9 CytB 20 3 
Scomberomorus 
brasiliensis Scombridae Perciformes LC reef tropical NA No 125 3.3 COI 22 3 
Stellifer rastrifer Sciaenidae Perciformes LC demersal tropical 0 a 40 Yes 32.1 3.4 COI 16 5 
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Fig. S2. Bayesian Skyline Plot for each Brazilian commercially exploited marine fish species or 
population and marker. Axis x is time and y is effective population size. 
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ABSTRACT  
 

The relationship between temporal variation in effective population size and environmental 

changes can be explored to better predict the consequences of anthropogenic impacts. Here we 

characterize the past effective population sizes for two commercially exploited reef fish species - 

Lutjanus jocu and Sparisoma axillare - in the Southwest Atlantic and test whether past climate 

variability correlates with changes in population size. Using thousands of SNP markers and 

Bayesian species distribution modelling we found that both species underwent population 

expansions in the past, although during different periods of time. The population size of S. axillare 

increased until 5,000 ybp, and has been stable ever since. This expansion coincides with the 

increased probability of having suitable habitat, as indicated by the increase in suitable areas in the 

niche modeling results. For L. jocu, the results suggest that, after a period of population expansion, 

its population size has remained stable over the last 1 million years. Habitat suitability for L. jocu 

is currently more restricted than in the past, but this was not reflected by simultaneous changes in 

estimated effective population size. 

 

KEYWORDS: Bayesian analysis, Effective Population Size, Species Distribution Models. 
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1. INTRODUCTION 
 

Knowledge of species distributions and abundance is critical to effective conservation 

management. Both are a consequence of habitat suitability, which in turn, is influenced by climate. 

In the marine environment, past climatic change is known to have affected sea level and water 

temperature. In periods of low sea level (e.g. glacial periods) the reconfiguration of the coastline 

and the shortening of the continental shelf may isolate previously connected parts of an area 

occupied by a species, resulting in genetic divergence. This has been described for a shallow Indo-

Pacific region and also for the region between the Caribbean and the South Atlantic (Ludt & 

Rocha, 2015). Low sea level may also increase the importance of permeable barriers, such as river 

outflow (Rocha, 2003), affecting the dispersal of species sensitive to low salinities, but facilitating 

the dispersal of brackish dependent species. Temperature variability can also have an important 

effect on species distribution if the change is higher than the thermal niche of the species. 

Temperature changes can change the population dynamics of a species by forcing individuals to 

move to more suitable areas (Parmesan, 2006). During these periods of climate change, species 

may contract to areas of suitable habitat known as refugia (Keppel et al., 2012). 

Climate change in the coming centuries will be characterised by increasing inter-annual, 

decadal and multi-decadal fluctuations in conjunction with other anthropogenic impacts (IPCC, 

2014; Peterson et al., 2002). The impact of climate change will be influenced by the environmental 

sensitivity of each species and its adaptive capacities (Jezkova et al., 2011). In the oceans, climate 

change will mainly affect sea level, temperature, salinity and acidity, factors known to affect 

species distribution. 

Species Distribution Models (SDMs) link spatial abundance or occurrence information 

with environmental variables to predict where (and how much) a species distribution is likely to 

be present in unsampled locations or other time periods (Guisan & Thuiller, 2005). It uses 

environmental information from known occurrence points to model and predict where species have 
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high or low probability of occurrence according to the differences in the environment. SDMs can 

be used to predict the occurrence and abundance of species in the present, in a future climate 

change context and also in the past, due to species niche conservatism potential (Peterson, 1999). 

Applying SDMs using past climatic events can contribute to understanding how events that 

changed the climate have had lasting impacts to the present day (Gür, 2013). Clearly, these 

methods have some caveats because it is impossible to include all factors that affect the distribution 

of a species (for example, biotic interactions), but they are still useful. 

Analysis of whether and how these past processes affect species distributions may reveal 

fundamental phenomena that would likely go unrecognized in the observational record (e.g., novel 

and disappearing climates). In this sense, the integration of traditional SDMs with other 

methodologies and past data will benefit our understanding of ecological and biogeographic 

processes underlying species distribution and abundance. 

Genetic data can be used to estimate current and past effective population size (Ne). In the 

terrestrial environment, most wild populations have a much smaller Ne than that provided by a 

census count, averaging one tenth the size of the census (Frankham, 1995). For marine species, 

which often have larger populations, large numbers of offspring and high mortality among 

juveniles, the effective size can be proportionately even smaller (Waples et al., 2016). Estimates 

of Ne can also be applied to understand demographic fluctuations over time (Hare et al., 2011). 

The integration of Ne fluctuation information and past niche modelling can help understand how 

species population size was affected by past climatic events and predict how it will respond to 

future event (e.g. Zhu et al., 2016; Khanal et al., 2018). Evidence of population expansion during 

periods of high temperature, for example, may suggest that species will benefit from future 

temperature increases. In addition, population size stability during periods of poor habitat 

suitability may indicate high persistence capacity for a species or high niche plasticity (Jezkova et 

al., 2011).  
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Here, using genetic data and current occurrence data for two tropical marine reef fish species, 

commonly targeted by fishers, we aimed to: i) calculate the past variation in their Ne, and ii) model 

their past and current distribution probability to identify correlations between habitat suitability 

and Ne.  For that, we used a two-step approach, first using genomic data (SNPs markers) to estimate 

Ne and then SDMs to infer niche variability. 

 

2. METHODS 
 
2.1 Species 

We focused on two fish species that are relatively abundant and exploited along the 

Brazilian coast and its oceanic islands: the dog snapper Lutjanus jocu and the grey parrotfish 

Sparisoma axillare. Both species share some characteristics, such as being reef dependence, 

having a pelagic larval phase and preferring relatively shallow waters (up to 40m deep) (Froese & 

Pauly, 2019). Both species are considered data deficient by the International Union for 

Conservation of Nature (IUCN). Sparisoma axillare, according to the Brazilian Red List of 

Aquatic Endangered Animals, is currently classified as Vulnerable (MMA, 2014). Both species 

are regularly exploited by the Brazilian fisheries, especially artisanal fisheries. Lutjanus jocu is 

widely exploited by artisanal fisheries in Brazil, being present in almost 40% of landings (Frédou 

et al., 2006). The exploitation of Sparisoma axillare is more heterogeneous, although increases in 

the last decades have resulted in some signs that the species is under heavy exploitation pressure 

(Floeter et al., 2006). 

On the other hand, the two species also have contrasting biological features, being L. jocu 

a large snapper that grows  up to 130 cm of length and lives up to 25 years; its occurrence ranges 

from Southeastern Brazil to the Caribbean Sea (Cervigón, 1993; Rezende & Ferreira, 2004; Floeter 

et al., 2003). Like many other snappers, L. jocu is carnivorous and uses different habitats according 

to its ontogeny: juveniles are frequently in estuaries and inner-shelf reefs, while adults are mainly 
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present in mid-shelf reefs (Moura et al., 2011). Conversely, S. axillare is an herbivorous parrotfish 

endemic to Brazil that grows up to 43 cm of length and can live up to 12 years (Froese & Pauly, 

2019; Gaspar, 2006). In addition to being depth limited, its distribution is probably limited by the 

Amazon outflow (Araújo et al., 2019; Robertson et al., 2006).  

 

2.2 Study area and sampling 

Tissue samples were collected from fish caught along the Brazilian coast and around 

oceanic islands (Fig. 1, Table 1). For L. jocu, the northern limit of sampling was the Brazilian state 

of Maranhão, the southern limit was the state of Espírito Santo, and the sampled island was 

Fernando de Noronha. For S. axillare, the northern sampling limit was the state of Rio Grande do 

Norte, the southern limit the state of Rio de Janeiro, and the sampled islands included Fernando 

de Noronha, Abrolhos and Trindade. Because S. axillare coming from Trindade has significant 

genetic divergence from fish from other regions (Chapter 4 of this thesis), this site was excluded 

from the analyses.  

For the distribution modelling analysis, geo-referenced presence records of both species 

were extracted from the Global Biodiversity Information Facility (GBIF) and the SpeciesLink 

online databases. Before running the analyses, presence data were checked for duplicate removal. 
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Fig. 1: Location of sampling sites for Lutjanus jocu (pink) and Sparisoma axillare (green). MA – 

Maranhão, CE – Ceará, RN – Rio Grande do Norte, FN – Fernando de Noronha, PE – Pernambuco, AL – 

Alagoas, BA – Bahia, ABR – Abrolhos, ES – Espírito Santo, RJ – Rio de Janeiro. 

 

 

Table 1: Sample number for each locality, for each species. 

Species Maranhão Ceará 
Rio Grande 

do Norte Pernambuco Alagoas Bahia 
Espírito 
Santo 

Rio de 
Janeiro 

Fernando de 
Noronha Abrolhos Total 

Lutjanus 
jocu 12 9 11 10 3 10 2 0 14 0 71 

Sparisoma 
axillare 0 0 8 12 12 12 4 10 10 12 80 

 

 

 

2.3 Estimating Effective Population Size (Ne) 

2.3.1 DNA extraction, sequencing and SNPs filtering 

DNA extraction, SNP discovery and genotyping were performed by Diversity Arrays 

Technology Pty. Ltd using their basic protocol described by Jaccoud et al. (2001). SNPs were 

selected based on their call rate, i.e. the minimum samples that the SNP was called (97% for S. 

axillare and 90% for L. jocu), reproducibility, i.e. the consistency in technical replicates (100% 

 
 

MA CE 
FN 

RN 
PE 

AL 
BA 

ABR 
ES 

RJ 



103 
 

for S. axillare and 97% for L. jocu), and Minimum Allele Frequency, to avoid SNPs resulting from 

sequencing errors (threshold of 2% for both species). We excluded SNPs in the same fragment to 

avoid physical linkage, and SNPs that significantly deviated from Hardy-Weinberg Equilibrium 

using the dartR package applying Bonferroni correction and alpha value of 0.05 (Gruber & 

Georges, 2019) in R (R Core Team, 2019). We excluded individuals with more than 20% of 

missing data (S. axillare, N = 1; L. jocu N = 11). After these filtering steps we had data on 5,093 

SNPs for 80 individual of S. axillare, whereas for L. jocu our dataset included 3,955 SNPs for 71 

individuals. 

 

2.3.2 Genetic Population Structure and Isolation by Distance 

We tested for population structure and isolation by distance before continuing the Ne, 

calculation because genetic differentiation may bias Ne estimates. The genetic structure was 

described using the admixture analysis in the LEA package in R software (Pritchard et al., 2000; 

Frichot & François, 2015). This multilocus approach provides a probability of K (number of 

populations or clusters) that will be characterised by a determined allele frequency. To test 

isolation by distance, we used the most usual test, the Mantel tests using the mantel.randtest 

function in R. We used linear geographic distance between sites and pairwise Fst, calculated using 

Arlequin 3.5 (Excoffier & Lischer, 2010). 

 

2.3.3 Historical Effective Population Size (Coalescent method) 

We identified changes in effective population sizes over time by constructing a Bayesian 

Skyline Plot using Beast v1 and Beauti (Drummond et al., 2005). This coalescent method 

reconstructs demographic history based on contemporary sampled gene sequences and provides 

more detailed information on effective population size history than previous methods (Drummond 

et al., 2005). The parameters included in Beauti to build the input file for Beast were clock rate = 
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6.8 x 10-8, based on the substitution rate for SNPs described for other fish species (Roesti et al., 

2015). The chain length used was 10,000,000, but this number was increased when the effective 

sample sizes of any parameter was smaller than 200. The Bayesian Skyline Reconstruction 

analysis was performed in Beast and graphics were visualized using Tracer v1.7.1.  

 

2.4 Environmental variables  

  The potential explanatory variables used here, which are those known to affect the 

distribution of marine organisms were: bathymetry (m), maximum sea surface temperature (ºC), 

range of sea surface temperature (ºC), and mean sea surface salinity (PSS). All variables were 

extracted with a spatial resolution of 0.01 x 0.01 degrees, from the MARSPEC databases 

(http://www.marspec.org; Sbrocco & Barber, 2013) for present-day, mid-Holocene (6 kya) and 

Last Glacial Maximum (21 kya) scenarios.  

In particular, bathymetry was selected as a possible predictor of both species distributions 

as many faunal changes seem to follow a depth gradient (e.g. Costa et al., 2017; Dell’Apa et al., 

2016; Roos et al., 2015). Temperature and salinity were considered in the analyses, as they can be 

used to locate thermal fronts and productivity hotspots and therefore determine the influence of 

these characteristics on species distribution (Pennino et al., 2013). 

Following the protocol established by Zuur et al. (2009), these variables were explored for 

correlation, co-linearity, outliers, and missing data before their use in the analyses and modelling. 

A Spearman’s correlation test was used to test for correlation among variables using the ‘corrplot’ 

function in R software. Collinearity was tested by computing the generalized variance-inflation 

factors (GVIF), which are the corrected VIF values by the number of degrees of freedom of a 

predictor variable. GVIF was assessed using the ‘corvif’ function (Fox & Weisberg, 2018) in R.  

Finally, after an exploratory analysis, to better interpret the direction (positive or negative) 

and magnitudes (effect sizes) of parameter estimates relative to the others, the explanatory 

http://www.marspec.org/
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variables were standardized (difference from the mean divided by the corresponding standard 

deviation) (Gelman, 2008). 

 

 2.3.2 Bayesian Distribution Modelling 

We used a hierarchical Bayesian point-reference spatial model (H-BSM) to estimate the 

specific habitat requirements, and this was implemented for populations of each species identified 

by the genetic structure analysis. Habitat availability was estimated for the present-day, mid-

Holocene and Last Glacial Maximum conditions. H-BSMs can understood as a spatial extension 

of Generalized Linear Models (GLMs) because the modelling process describes variability in the 

response variable as a function of the explanatory variables, but with the addition of a stochastic 

spatial effect to model the residual spatial autocorrelation (Muñoz et al., 2013).  

For the response variable (presence/absence of the species) a binomial distribution was 

used with a logarithmic link function. Because only species presence data were available, pseudo-

absences were randomly generated for the entire area, using the ‘srswor’ function of the sampling 

package (Tillé & Matei, 2016) in R. In each case, the number of pseudo-absences was the same as 

the number of real presences (Barbet-Massin et al., 2012). Pseudo-absences were then combined 

with real presences into a single presence-absence dataset to be used for the binomial model. We 

opted for a binomial distribution with a H-BSM, instead of a less accurate model that allows the 

use of presence-only data (e.g. BIOCLIM, MAXENT). This enabled us to include a spatial effect 

to deal with spatial autocorrelation, and also to explicitly quantify uncertainties (Costa et al., 2017; 

Pennino et al., 2018; Roos et al., 2015).  

For all H-BSMs, Bayesian parameter estimates and predictions were obtained throughout 

the Integrated Nested Laplace Approximations (INLA) approach (Rue et al., 2009) and R-package 

(http:\\www.r-inla.org). INLA uses Stochastic Partial Differential Equations (SPDE) approach 
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(Lindgren et al., 2011) for the spatially structured random effect (see Martínez-Minaya et al., 2018 

for more details about the spatial effects). 

Vague zero-mean Gaussian prior distributions with a variance of 100 were assigned for all 

fixed effect parameters, which are approximations of non-informative priors and are designed to 

have little influence on the posterior distributions. As recommended by Lindgren & Rue (2015), 

multivariate Gaussian distributions with a mean of zero and a spatially-structured covariance 

matrix were assumed for the spatial component. 

The environmental variable selection with all possible interaction terms was mainly based 

on the Watanabe-Akaike information criterion (WAIC) (Watanabe et al., 2015) and the mean 

logarithmic of the approximated conditional predictive ordinate (LCPO) (Gneiting & Raftery, 

2007). While WAIC values indicate the goodness of fit of the models, the LCPO evaluates the 

predictive capacity. Lower values for both WAIC and LCPO represent the best compromise 

between fit and parsimony. 

To predict the suitable habitats for L. jocu and S. axillare populations, we used a Bayesian 

kriging approach. This approach treats parameters as random variables to consider parameter 

uncertainty. We created a Delaunay triangulation around the presence-absence points using the 

INLA SPDE module (Lindgren & Rue, 2015). Then, using linear interpolations we finally obtained 

maps of the probability of current occurrence (habitat suitability) of each species (present-day 

model). Past period scenarios were predicted based on the present-day model estimation. 

 

3. RESULTS 
 

3.1 Estimating Effective Population Sizes 

For both species there was a weak genetic structure (most probable number of K = 1) and 

no evidence of isolation by distance (IBD) (S. axillare, Mantel test p-value: 0.23; L. jocu, Mantel 



107 
 

test p-value: 0.14; Fig. 2). Thus, for both species, samples from all locations were considered to 

be from the same population.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Admixture results for a) Lutjanus jocu and b) Sparisoma axillare indicating lack of structure 
and geographical distance effect on genetic distribution. 
 

3.1.1 Historical Population Effective Size (Coalescent estimate) 

The population size of S. axillare increased until 5,000 ybp, after which the population 

remained stable (Fig. 3). The increase in suitable habitats during the expansion period is consistent 

with the increase in population size. The population of L. jocu has been stable for the last 1 million 

years (Fig. 3). Due to differences in datasets and genetic diversity between the two species, the 

automatic output of the analysis provided different time spans (Fig. 3).  
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Fig. 3: Bayesian Skyline Plot indicating Effective Population Size variability from present (zero) to past 
for a) Lutjanus jocu and b) Sparisoma axillare.  
 
 
 
 
3.2 Bayesian Distribution Modelling  

For both species, the maximum sea surface temperature was highly correlated with the sea 

surface temperature (r>0.80) with these variables having a Generalized Variance Inflation Factors 

of (GVIF)>3. Thus, separate runs of H-BSM were performed and each run included only one of 

the highly correlated variables at a time to determine which would account for most of the species 

variance.  

For L. jocu, the variables that showed the most predictive power (based on the lowest 

WAIC and LCPO values, Supplementary Material Table S1) were the maximum sea surface 
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temperature and bathymetry. The findings showed a positive relationship between the occurrence 

of L. jocu and the maximum sea surface temperature (posterior mean = 0.835; 95% CI = [-0.976, 

2.839]) and bathymetry (posterior mean = 1.932; 95% CI = [1.307, 1.872]). Probability maps of 

the presence of L. jocu revealed that the maximum extension of its distribution occurred in the 

mid-Holocene period (Fig. 4b), while the Last Glacial Maximum scenario presented more suitable 

habitats in the southern coast of Brazil, especially in deeper waters. Currently, the most suitable 

habitats for L. jocu are restricted to the northern coast of Brazil (Fig. 4). 

 

 

 

 

 

 

 

 

 
Fig 4. Predicted distribution of Lutjanus jocu, for a) Last Glacial Maximum (21kya), b) mid-Holocene 
(6kya), and c) present. 
 
 
 

 

 

 

 

 

 

Fig 5. Predicted distribution of Sparisoma axillare, for a) Last Glacial Maximum (21kya), b) mid-Holocene 
(6kya), and c) present. The warmer the color, the more likely species occurrence. 
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For S. axillare, the most important environmental variables to predict its distribution were 

mean sea surface salinity, sea surface temperature range and bathymetry. The model selected was 

the third best one regarding the values of WAIC and LCPO (Supplementary Material Tables S2). 

We opted for the third best model because the WAIC and LCPO values were not significantly 

different than the first and second ones, whereas the third model included more variables, which 

could provide more information on how these variables changed through time. The distribution of 

Sparisoma axillare was negatively related to sea surface temperature range (posterior mean = -

0.1365; 95% CI = [-1.1318, 0.8539]) and positively related to both sea surface salinity (posterior 

mean = 3.5897; 95% CI = [1.4402, 5.7318]) and bathymetry (posterior mean = 4.3433; 95% CI = 

[1.2926, 7.3931]). In the three periods, higher suitability for this species was found in the southeast 

coast of Brazil, near the state of Rio de Janeiro. The north-northeast region was also identified as 

suitable under current conditions (Fig. 5). 

 

 

 

5. DISCUSSION 
 

We found limited genetic structure, large effective population sizes (Ne) and some evidence 

of population stability after a period of sharp expansion for both the dog snapper Lutjanus jocu 

and the grey parrotfish Sparisoma axillare. We suggest that the expansion was caused by different 

reasons for each species, since each expansion period ended at a different time. For S. axillare, the 

expansion sharply followed the Holocene, which may be consistent with the small increase in 

niche availability seen in the results of distribution models or as a result of a recent bottleneck. 

The population of L. jocu has remained stable for over a million years, prior to the large increase 

in habitat suitability that occurred between the LGM and the mid-Holocene periods. Despite the 
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sympatric occurrence in most of the distribution of both species, differences in their biology and, 

mainly, in their demographic history could help explain these results. 

Sparisoma axillare is endemic to Brazil and appears to be more dependent on shallow 

waters (1-35 m, Moura et al., 2001), which could help explain the population size increases after 

the Holocene periods. Indeed, with sea-level rise after glacial melt, a greater extent of shallow 

habitats became available on the continental shelf, as can be observed when comparing the 

distribution prediction maps for the LGM and mid-Holocene. The endemism of S. axillare and its 

low connectivity attributed to isolation by depth indicates that this species has a limited dispersal 

capacity. This feature can cause variability in population size due to habitat availability and may 

have resulted in a recent bottleneck that could explain its short reconstruction span in comparison 

with L. jocu. Glacial cycles could affect the abundance and distribution of other coastal non-pelagic 

species (Liu et al., 2006; Liu et al., 2011). Population size variability might also be a result of 

speciation, which for S. axillare happened much earlier than the population expansion detected 

here. The separation between Sparisoma rubripinne from East-Atlantic and S. rubripinne and S. 

axillare (West-Atlantic) occurred almost 3 million years ago, while the separation between the 

Caribbean S. rubripinne and S. axillare was around 2.2 million years ago (Floeter et al., 2007). 

Therefore, the population size variability in S. axillare is most likely a response to environmental 

changes.  

In contrast, L. jocu has a larger distribution, from the southern Brazil to the Caribbean Sea 

(Cervigón, 1993; Floeter et al., 2003), probably because the species seems less limited by depth 

and other environmental factors, such as rivers outflows. Thus, for L. jocu, historical factors, 

including speciation, might have shaped patterns with Ne more so than habitat suitability. 

Population expansions during the Pleistocene, such as those observed with L. jocu, also occurred 

in other Atlantic fish (Larmuseau et al., 2009). It is known that some marine species may not be 

so sensitive to glacial cycles, due to their capacity to move to more suitable areas and to their large 
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population sizes (Francisco et al., 2011). For these species, even if climate change decreased their 

population size in some regions, this reduction may not be sufficient to impact its overall 

population size (Francisco et al., 2011). During the Pleistocene some reef habitats were 

maintained, regardless of sea level fluctuations, and this may have supported some reef species 

during glacial cycles (Ludt & Rocha, 2015). It has been hypothesized that the genus Lutjanus can 

be resistant to climatic fluctuations and could have avoided the extinctions of the Oligocene, which 

have affected other reef species, due to its ability to move and occupy refugia areas (Cowman & 

Bellwood, 2011; Frédérich & Santini, 2017). Thus, the demographic history of L. jocu and the 

expansion of its population in Brazil could be more related to the divergence of the populations 

than to climate oscillation in the south-western Atlantic. The species L. jocu and Lutjanus 

argentiventris probably diverged about 2 million years ago, and this could explain the earlier 

expansion of L. jocu population (Frédérich & Santini, 2017). 

Detecting relationships between past environmental variability and genetic diversity or Ne 

can help predict how species will respond to future changes in climate. Climate change can affect 

species in three main ways: i) species can adapt to the new climate, keeping their population stable, 

and this will depend on the species’ adaptation capacity (Williams et al., 2008); ii) species can 

move to more suitable areas, which will depend on their dispersal capacity and habitat availability 

(Peterson et al., 2002), or iii) species can be affected negatively or positively by changes, and their 

population sizes may decrease  or expand, depending on whether the changes reduce (e.g. Moller 

et al., 2008)  or increase habitat suitability, respectively. Identifying the capacity for taxa to adapt 

or not is needed to refine the predictions of climate change effect on biodiversity (Jezkova et al., 

2011). Recent increases in temperature are known to be forcing species to move towards the pole 

(Parmesan & Yohe, 2003). 

Our results showed that the Ne of S. axillare is sensitive to environmental changes, 

probably because the dispersal of this species is limited by the environment. These observations 
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suggest that S. axillare may be relatively more vulnerable to future climate change and habitat 

loss. The current threatened status of S. axillare is mainly due to overfishing. Reduction in its 

population size and the concomitant reduction in genetic variation can further reduce its adaptive 

capacity (Frankham et al., 2002). In addition, the fact that its preferred habitat is reefs puts further 

pressure on this endemic species, as reefs are also endangered due to both climate change and 

overfishing (Hoegh-Guldberg et al., 2007; Hughes, 2003).  

 However, even species that seem more resilient to past climate variability, such as L. jocu, 

can still be affected by future climate change. The current rate of change is much higher than past 

natural changes, such as those that took place during the LGM or the Holocene (Karl & Trenberth, 

2003). The last century has seen the greatest increase in temperature in the millennium, and 

predictions are that the pace of change will pick up speed (IPCC, 2014; Jones et al., 2001). Then, 

even if a species has adaptive or dispersal capacity to deal with changes or move to more suitable 

areas, it is possible that it simply does not have time for that (Jump & Penuelas, 2005).  

Ultimately, further examination of this topic will increase our understanding of how 

organisms adapt and respond to environmental variation. These studies are likely to be valuable 

for planning conservation management for threatened and endangered species, which require 

detailed information on factors affecting demographic parameters such as Ne. The results described 

here can be especially valuable for species where quantitative Ne models are needed to prioritize 

certain areas and populations for protection.  
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7. SUPPLEMENTARY MATERIAL 
 

Table S1. Models ordered by lower WAIC for Lutjanus jocu. sstmax = maximum sea surface 

temperature, bathy = bathymetry, sssmean = mean sea surface salinity, sstrange = sea surface 

temperature range. The selected model is marked with * 

Models Dic Waic LCPO 

resp ~ -1 + beta0 + sstmax + bathy + f(spatial, model=spde)* Inf 89.02447 0.437493 

resp ~ -1 + beta0 + sssmean + sstmax + bathy + f(spatial, model=spde) Inf 89.08444 0.510428 

resp ~ -1 + beta0 + sssmean + bathy + f(spatial, model=spde) Inf 92.44269 0.227434 

resp ~ -1 + beta0 + bathy + f(spatial, model=spde) Inf 92.78004 0.218704 

resp ~ -1 + beta0 + sstrange + bathy + f(spatial, model=spde) Inf 94.51518 0.2212 

resp ~ -1 + beta0 + sstmax + sstrange + bathy + f(spatial, model=spde) Inf 95.08167 0.421693 

resp ~ -1 + beta0 + sssmean + sstrange + bathy + f(spatial, model=spde) Inf 95.3008 0.227752 

resp ~ -1 + beta0 + sssmean + sstmax + sstrange + bathy + f(spatial, 

model=spde) 

Inf 96.18184 0.488195 

resp ~ -1 + beta0 + sssmean + sstrange + bathy 98.66464 98.43446 0.223942 

resp ~ -1 + beta0 + sstrange + bathy 98.68248 98.53212 0.223983 

resp ~ -1 + beta0 + sstmax + sstrange + bathy 100.6286 100.5456 0.228752 

resp ~ -1 + beta0 + sssmean + sstmax + sstrange + bathy 100.7644 100.6135 0.229141 

resp ~ -1 + beta0 + bathy 104.2152 104.1162 0.236624 

resp ~ -1 + beta0 + sstmax + bathy 104.7529 104.6711 0.237918 

resp ~ -1 + beta0 + sssmean + bathy 105.0383 104.8411 0.238424 
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resp ~ -1 + beta0 + sssmean + sstmax + bathy 105.1525 105.0276 0.238893 

resp ~ -1 + beta0 + sssmean + f(spatial, model=spde) Inf 114.9229 0.363445 

resp ~ -1 + beta0 + f(spatial, model=spde) Inf 115.6833 0.444767 

resp ~ -1 + beta0 + sstmax + f(spatial, model=spde) Inf 116.3402 0.574597 

resp ~ -1 + beta0 + sssmean + sstmax + f(spatial, model=spde) Inf 116.5312 0.490733 

 

Table S2. Models ordered by lower WAIC for Sparisoma axillare. Sstmax = maximum sea surface 

temperature, bathy = bathymetry, sssmean = mean sea surface salinity, sstrange = sea surface 

temperature range. The selected model is marked with * 

Modelos Dic Waic LCPO 

resp ~ -1 + beta0 + sssmean + bathy + f(spatial, model=spde) Inf 44.8949 0.565113 

resp ~ -1 + beta0 + sssmean + sstmax + bathy + f(spatial, model=spde) Inf 45.70809 2.589931 

resp ~ -1 + beta0 + sssmean + sstrange + bathy + f(spatial, model=spde)* Inf 46.56693 0.84463 

resp ~ -1 + beta0 + sstmax + bathy + f(spatial, model=spde) Inf 47.11027 2.877336 

resp ~ -1 + beta0 + sssmean + sstmax + bathy Inf 47.29084 2.616275 

resp ~ -1 + beta0 + sssmean + sstmax + sstrange + bathy + f(spatial, model=spde) Inf 47.76833 2.38396 

resp ~ -1 + beta0 + sssmean + sstmax + sstrange + bathy Inf 49.31936 2.361024 

resp ~ -1 + beta0 + sssmean + bathy Inf 50.68291 0.546576 

resp ~ -1 + beta0 + bathy + f(spatial, model=spde) Inf 51.58093 2.306042 

resp ~ -1 + beta0 + sstmax + sstrange + bathy + f(spatial, model=spde) Inf 52.488 3.49401 

resp ~ -1 + beta0 + sssmean + sstrange + bathy Inf 53.28182 0.806161 



125 
 

resp ~ -1 + beta0 + sstrange + bathy + f(spatial, model=spde) Inf 59.01868 3.195748 

resp ~ -1 + beta0 + sstmax + sstrange + f(spatial, model=spde) Inf 76.29799 0.833684 

resp ~ -1 + beta0 + f(spatial, model=spde) Inf 76.34317 0.648771 

resp ~ -1 + beta0 + sssmean + sstrange + f(spatial, model=spde) Inf 76.43231 0.727529 

resp ~ -1 + beta0 + sstrange + f(spatial, model=spde) Inf 76.45967 0.612584 

resp ~ -1 + beta0 + sstrange + bathy Inf 76.78031 0.286919 

resp ~ -1 + beta0 + sssmean + sstmax + sstrange + f(spatial, model=spde) Inf 76.80654 0.963357 

resp ~ -1 + beta0 + sssmean + f(spatial, model=spde) Inf 76.9846 0.734833 

resp ~ -1 + beta0 + sstmax + f(spatial, model=spde) Inf 77.32697 0.870972 
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ABSTRACT 
 

If a species is distributed in isolated patches, over time the isolated populations can become 

genetically different through mutation, random genetic drift and local adaptation. Knowing how 

environmental features shape genetic connectivity can help predict the consequences of human 

activities on populations. Here, we evaluated the seascape characteristics that could explain the 

patterns of genetic connectivity and isolation of Sparisoma axillare off the coast of Brazil. We 

genotyped and analysed thousands of SNPs markers from individuals from six coastal sites and 

three islands (Fernando de Noronha, Abrolhos and Trindade) located at different distances from 

the coast. The population from Trindade is the only one to form a genetically distinct group. 

Seascape factors, such as bathymetry and oceanic currents, have more influence on genetic 

variation than geographic distance, while specific habitat requirements in Trindade could be 

driving genetic divergence. 
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1. INTRODUCTION 

 

Reefs comprise the most diverse aquatic ecosystems in the world and provide many goods and 

services for human well-being. However, due to severe human-induced impacts, such as 

overfishing, pollution, and climate change, reefs are also the most endangered ecosystems 

worldwide (Hoegh-Guldberg et al., 2007; Hughes, 2003). Without proper management and 

mitigation strategies, reefs and their resources will perish within a few decades (Pandolfi, 2003), 

including full species or populations they host. 

 The effectiveness of managing populations depends on assuring that species will keep self-

recruiting and connecting their populations (Momigliano et al., 2015). Connectivity may not be 

very important in the marine environment due to the large dispersal capacity of organisms 

(Costello & Connor, 2019), yet dispersal capacity doesn’t necessarily equate to high connectivity. 

Effective connectivity is influenced by habitat area, quality and spatial arrangement, as well as by 

the dispersal ability of each individual and species. Species that can reach further distances due to 

their dispersal capacity tend to present more connected populations (Cushman et al., 2006). 

However, reaching further sites does not necessarily translate into the establishment of new 

populations, as even highly connected areas in terms of individuals may not have the habitat 

requirements for them to establish themselves (Adriaens et al., 2009; Burgess et al., 2014). Being 

able to disperse and to establish itself determines an effective connectivity. 

Available and suitable habitats, such as reefs, are generally not evenly distributed across 

the landscape (Hanski, 1999). Reaching these suitable habitats is not necessarily easy depending 

on the environmental differences between two sites, for instance, in the space between coastal and 

isolated reefs. For example, many reef fishes will not be able to cross deep tracts of the ocean, 

making depth an effective barrier (Quimpo et al., 2018). Currents also influence the transportation 

of pelagic larvae and can either increase or decrease population connectivity (Gilg & Hilbish, 
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2003; Johnson & Black, 2006; Weersing & Toonen, 2009), depending on the oceanographic front 

where sites are located. Specifically, currents can carry larvae towards another population 

increasing connectivity, or carry larvae to the opposite site, decreasing it (Treml et al., 2008). The 

lack of connectivity between populations due to geographic distance, presence of barriers or low 

quality matrix can limit individual dispersal and gene flow and, then, lead to genetic differentiation 

(e.g. Riginos & Nachman, 2001; Dixo et al., 2009).  

Seascape genetic tools are being developed to better understand the correlation between 

the marine environment and connectivity or gene flow. These spatially explicit analyses can 

contribute to clarify how the environment affects the genetic structure of a population, even at low 

levels of structure (Selkoe et al., 2016).  Through seascape genetic tools we learned, for example, 

that depth contributed to explain the subtle genetic structure of anemonefishes (Saenz-Agudelo et 

al., 2015). For the common cockle, genetic differentiation in neutral and outlier loci was explained 

by oceanic currents and temperature, respectively, in addition to geographical distance (Coscia et 

al., 2019). The use of seascape genetics methods can also contribute to investigate gene flow 

direction, and indicate vulnerable areas for conservation (Selkoe et al., 2016). 

The existence of oceanic barriers could help explain the high endemism and low genetic 

variability observed on islands, which would have low connectivity with continental areas (Floeter 

& Gasparini, 2000; Frankham, 1997; Pinheiro et al., 2018). Still, some species are common both 

on the coast and off islands, including species of the genus Sparisoma (Labridae), although they 

tend to be more common in oceanic islands than other parrotfishes from the same family (Mazzei 

et al., 2019). The genus Sparisoma is formed by herbivorous parrotfishes dependent on reef 

habitats (Froese & Pauly, 2019). It comprises 15 species, five of which endemic to Brazil and one 

of those occurring only in the reefs of the archipelago of Trindade, located more than a 1000 km 

offshore. 
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 Historically, the diversification of Sparisoma occurred mainly through dispersal events 

(across the Atlantic, to islands) followed by divergence in allopatry, suggesting that environmental 

barriers probably played an important role (Robertson et al., 2006). For example, the great oceanic 

depth between West and East Atlantic is considered an effective barrier important for divergence, 

and was probably responsible for the separation of some sister lineages (Araújo et al., 2019). A 

complex of S. rubripinne from the Caribbean, plus S. axillare from southwest Atlantic, are 

separated from the Eastern Atlantic lineages of S. rubripinne (between 2.2 and 5.6 million of years 

ago, Robertson et al., 2006). River mouths seem to be effective barriers for Sparisoma, and are 

more important than the distance between the coast and offshore reefs and islands (Robertson et 

al., 2006).  The Amazonas river, for example, is also likely to have affected the differentiation in 

this group by separating Sparisoma axillare and S. rubripinne from their Caribbean lineages 

between 0.5 and 5.6 million of years ago (Robertson et al., 2006).  

Sparisoma axillare is a parrotfish relatively abundant in coastal habitats and on island reefs. 

The species is endemic to Brazil, occurring mainly in shallow waters (Froese & Pauly, 2019). Its 

larval pelagic phase is supposed to be long, similar to other species of Sparisoma (between 57 and 

60 days on average, Robertson et al., 2006), allowing them to eventually reach and settle in further 

regions. The species occupies different environments along its ontogenetic development. Juveniles 

less than 5cm in length are mostly present in macroalgal beds and flat reefs, while juveniles larger 

than 5cm are more frequent in the back or fore reefs (Feitosa & Ferreira, 2015). Sparisoma axillare 

has a relatively large body size (40 cm), and is widely fished in some regions (Roos et al., 2015). 

For this reason, the species already shows signs of population decrease and is classified as 

Vulnerable in the Brazilian List of Endangered Aquatic Animals (MMA, 2014).  

Because of its threatened status, it is important to understand how protected areas are 

helping sustain Sparisoma axillare. Models of larval connectivity showed extremely low 

connectivity between Brazilian Marine Protected Areas (MPAs): the recruitment that takes place 
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in other regions in Brazil is crucially dependent on the existence of a single large MPA of 

sustainable use at the Brazilian northeast region (Costa dos Corais) (Endo et al., 2019). If 

populations within MPAs are the only sustainable ones, then Sparisoma axillare is in a highly 

risky condition (Endo et al., 2019). However, larval models present some caveats, and the adding 

of genetic information could be important to identify seascape factors affecting population 

connectivity (Cowen & Sponaugle, 2009; Levin, 2006). Here, we aimed to identify the population 

genetic structure and environmental variables that affect genetic connectivity and the local 

requirements of Sparisoma axillare populations, on the Brazilian coast and islands. To do that, we: 

i) first tested if the populations of S. axillare presented some genetic structure using SNPs markers; 

ii) then we identified the main environmental and geographic variables that affect genetic diversity 

among sites and inferred the relative importance of adult and larval dispersal in connectivity. The 

results of this study can be applied to understand population dynamics in other similar reef species 

that occur in the same region and in others, and improve the understanding of the effectiveness of 

MPAs. 

 

 

2. METHODOLOGY 

2.1 Study area and sampling 

Samples were collected along more than 4,000km of the Brazilian coast and included three 

islands complexes, Abrolhos Bank, Fernando de Noronha Archipelago and Trindade island (Fig. 

1). The extensive >7,000 km of coastline in Brazil, together with its continental shelf and Exclusive 

Economic Zone (EEZ), encompass a wide diversity of habitats, including coastal and oceanic 

islands, with different origins, features and distances from the coast, and that are differently 

affected by oceanic currents. Coastal waters are mainly turbid, especially due to the presence of 
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large rivers, while the islands present clearer waters. This diversity of features can act as possible 

barriers for population connectivity.  

Abrolhos is a large coastal archipelago, formed by five small islands, located 70 km off the 

coast of Bahia, a northeastern state. Abrolhos is close to the branching point of the Brazilian current 

in the northward and southward directions, and is formed by channels, reefs, sandbanks and 

volcanic islands. This region has some unique aspects in comparison with other Brazilian regions, 

including its large coral bank, which can be responsible for local adaptations and populations 

divergence (Leão & Kikuchi, 2001). Fernando de Noronha is a volcanic oceanic archipelago 

located about 400km from the northeast coast. Fernando de Noronha shares multiple features with 

the coast, including most of its fish fauna (Floeter & Gasparini, 2000). A strong oceanic current, 

heading from Fernando de Noronha towards the coast, can affect connectivity between Fernando 

de Noronha and the coast (mostly with Rio Grande do Norte and Pernambuco states). Trindade, 

located 1,100km from the northernmost point of the south eastern coast, connects to the coast 

through a large chain of 30 volcanic seamounts, called Vitoria-Trindade Chain (Fig. 1). These 

seamounts can act as stepping-stones to connect coastal and island populations. However, the 

Brazilian Current, flowing south along the Brazilian shelf, may reinforce the barrier between island 

– seamounts – and the coast (Pinheiro et al., 2015). The region was strongly affected by past 

changes in sea level, with the number of emerged islands varying according to the Glacial period 

(Pinheiro et al., 2017). Currently, two islands are present on the east limit of the chain. 

In terms of marine species occurrence and endemism, Brazil is divided in six subprovinces 

(Pinheiro et al., 2018). Abrolhos is in the same subprovince as the coast, Fernando de Noronha 

(together with Atol das Rocas) consists of a separated subprovince, and Trindade with Vitoria-

Trindade Chain form a third one (Pinheiro et al., 2018). There is some support, based on species 

similarity, that the three subprovinces are all relatively well connected (Pinheiro et al., 2018). 

Connectivity can be enabled by habitat characteristics between islands, i.e. organisms will 
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establish in sites with similar characteristics (Pinheiro et al., 2018). Speciation in islands in general 

are important for Brazilian marine diversification (Pinheiro et al., 2017), and recent changes in sea 

level had a large impact on island biodiversity patterns in the region, due to differences in 

connectivity levels (Pinheiro et al., 2017). 

Eighty-nine tissue samples of Sparisoma axillare were collected between 2017 and 2018 

at nine sites, through SCUBA diving (SISBIO authorization number 48112-7), in fish landings, 

and fish markets (when origin was known). Samples were stored in 95% ethanol. The number of 

samples per site was between eight and 12 (except for samples from Espírito Santo, which 

consisted of only four). The Pernambuco site consists of samples collected from two close 

localities: Tamandaré and Itamaracá. Sparisoma axillare geo-referenced presence data for 

distribution modelling analysis was extracted from online databases (Species Link and GBIF) and 

from information provided by experts. 
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Fig. 1. Left side, the study area with sampling sites. Coastal sites (black dots): RN – Rio Grande do Norte, 

PE – Pernambuco, AL – Alagoas, BA – Bahia, ES – Espírito Santo, RJ – Rio de Janeiro. Islands sites are: 

FNO – Fernando de Noronha, ABR – Abrolhos, and TRI – Trindade. In detail on the right side, Google 

Earth image of Vitória-Trindade Chain and an image of an adult individual of Sparisoma axillare. 

 

 

2.2 Environmental variables 

The following environmental variables were used to test possible selection, isolation by resistance 

and distribution modeling. Those variables are known to affect marine organisms’ fitness, 

dispersal and distribution. 
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2.2.1 Latent Factor Mixed Models (LFMM) 

To identify correlation between outlier SNPs and the environment, the following  uncorrelated 

(Pearson correlation, r<0.8) variables were extracted from bio-oracle (Assis et al., 2018; 

Tyberghein et al., 2012) and tested: mean chlorophyll (mg.m-3), pH, phosphate (mol.m-3), salinity 

(PSS) and minimum sea surface temperature (ºC), all with resolution of 0.01 x 0.01 degrees. 

2.2.2 Isolation by Resistance 

To test the environmental effect on connectivity, here called resistance, four environmental 

variables were used: bathymetry (m), mean velocity of currents (m-1), mean curvature (º), and 

minimum sea surface temperature (ºC), using rasters provided by bio-oracle and re-categorized 

(Supplementary Material Table S1) in R (R Core Team, 2019). 

2.2.3 Distribution modeling 

The environmental variables used as explanatory variables of the species occurrence were 

extracted from bio-oracle and MARSPEC databases (http://www.marspec.org; Sbrocco & Barber, 

2013), all with resolution of 0.01 x 0.01 degrees. The environmental variables tested were: 

bathymetry (m), and aspect, that is a measure of bottom complexity (both from MARSPEC), and 

mean chlorophyll (mg.m-3), minimum sea surface temperature (ºC), range of sea surface 

temperature (ºC), phytoplankton (umol.m-3) (from bio-oracle), and roughness. Roughness was 

derived from bathymetry using terrain function from the ‘raster’ package (Hijmans & van Etten, 

2014). Roughness varies from 0 (no terrain variation, meaning less complexity) to 1 (high 

variation, consolidate substrates). These variables were selected because they could potentially 

affect Sparisoma axillare distribution. Bathymetry seems to be one of the main drivers to affect 

marine species distribution (e.g. Costa et al., 2017; Dell’Apa et al., 2016; Roos et al., 2015), and 

was selected because of the apparent preference for shallow waters by S. axillare (Froese & Pauly, 

2019). Aspect and roughness were selected as a proxy of habitat complexity, which can be 

http://www.marspec.org/
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important for reef species. Temperature range was included because latitudinal differences can be 

related to occurrence of different populations, and can affect local preferences. Chlorophyll and 

phytoplankton were selected as proxy of productivity, which can be important especially for an 

herbivorous species as S. axillare. The variables were tested for correlation (Pearson) and 

collinearity (Generalized Variance Inflation Index - VIF). As the variables were not highly 

correlated (r<0.8) and VIF was lower than 3, all were considered for the spatial distribution 

analysis after standardization (difference from the mean divided by the corresponding standard 

deviation, following (Gelman, 2008). 

2.3 Genetic analysis 

2.3.1 DNA sequencing and SNPs filtering analysis 

 SNPs were discovered and genotyped using the Diversity Arrays Technology Pty. Ltd. 

protocol (described by Jaccoud et al., 2001). For a high-quality dataset, the data was filtered using 

the following parameters: minimum call rate of 97%, 100% of reproducibility, and a Minimum 

Allele Frequency of 2%. These steps are important to reduce the chance of results from sequencing 

errors. When more than one SNP was found in the same fragment, only one was maintained for 

the analysis to avoid linked loci. Those deviating from Hardy-Weinberg Equilibrium were 

identified and excluded, using the ‘dartR’ package applying Bonferroni correction (Gruber et al., 

2018) in R (R Core Team, 2019). One individual with more than 20% of missing data was 

excluded. Following these filtering steps, 5,093 SNPs and 88 individuals were kept for the 

subsequent analyses. This dataset is the same as the one used in Chapter 3. 

 

2.3.2 FST outliers’ detection and environment association 

The identification of FST outliers was done using Outflank (Whitlock & Lotterhos, 2015). 

This approach was selected due to its low rate of false positives discovery and is based on FST 
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distributions for individual loci. Outflank analysis was run using the outflank function from the 

‘dartR’ package in R (R Core Team, 2019). A trim value (left and right) of 0.05 was used, based 

on the estimate that 5% of any genome is affected by strong selection, as suggested by Whitlock 

& Lotterhos (2015), and considering nine populations (sites). To detect outlier SNPs correlated 

with environmental variables, a Latent Factor Mixed Models (LFMM) was used. The LFMM 

analysis tests the correlation between loci and environmental variables from samples sites, 

incorporating prior information on neutral genetic structure. The LFMM function from the ‘LEA’ 

package was used (Frichot & François, 2015). SNPs identified by LFMM analysis were searched 

for gene annotation using NCBI BLAST tool, using a minimum e-value of 0.0001 (Johnson et al., 

2008). These SNPs were excluded from further analyses of neutral genetic population structure, 

although it can be an indicative of under selection genetic divergence. 

 

2.3.3 Genetic population structure analysis 

Two additional approaches to investigate genetic population structure were used. First, a 

pairwise FST analysis between sites was run using Arlequin software (Excoffier & Lischer, 2010), 

using the dataset without outlier SNPs. The parameters applied were a p-value lower than 0.05 for 

significance, and 100,000 permutations. To test for population structure without locality 

information we used the Structure Software v2.3.4 (Pritchard et al., 2000) testing from 1 to 9 

possible clusters (10 iterations each). The Admixture ancestral model was used, considering the 

allele frequencies of each population as independent, with a run length of 100,000 (10,000 burn-

in). The most probable number of K (number of clusters) was inferred based on ΔK (Evanno et 

al., 2005). The resulting genetic population structure was used to define the populations for the 

distribution modelling.  

 



138 
 

2.3.4 Demography 

To test migration rate and direction between sites, we used the function divMigrate of the 

‘diveRsity’ package (Keenan et al., 2013) in R, using Jost’s D as metric for genetic differentiation 

(Jost, 2008). This method is based on the allele frequency of the pool of migrants in each pairwise 

comparison between sites, and the migration rate varies between 0 and 1. 

 

2.3.5 Seascape genetic analysis - Isolation by Distance and Resistance 

The geographic distance between sampling sites was measured in Google Earth. Four 

different rasters were used, one for each variable (bathymetry, currents, curvature and minimum 

sea surface temperature), using the nine sites as focal points. For bathymetry, curvature and 

minimum sea surface temperature, the calculation was made based on resistance (higher values 

meaning lower connectivity). For currents, we used “conductance”, meaning that higher values 

correspond to higher connectivity. To define the resistance distance between sites, a matrix of 

resistance (distance) between sites was calculated using the Circuitscape software (McRae & 

Beier, 2007) and ‘ResistanceGA’ package (Peterman, 2018) in R for each variable. Circuitscape 

is based on the circuit theory approach to identify all possible pathways between sites (focal 

points). To test for correlations between geographic and resistance distances with genetic distances 

was used MLPE (maximum likelihood population effects, Peterman, 2018). We also ran these tests 

using geographic distance as a variable and using residuals from the geographic distance and 

genetic distance (to exclude the geographic distance effects and to identify seascape effects). The 

MLPE models were classified using AICc and the best models were the ones with lower AICc 

values and higher AIC weight. 
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2.4 Spatial Distribution Modelling  

A hierarchical Bayesian point-reference spatial model (H-BSM) to estimate the specific 

habitat preferences was implemented for each population identified by genetic structure analysis. 

These models can also be considered to be a spatial extension of Generalized Linear Models 

(GLMs) because the modelling process describes the variability in the response variable as a 

function of the explanatory variables, with the addition of a stochastic spatial effect to model the 

residual spatial autocorrelation (Muñoz et al., 2013). For the response variable (presence/absence 

of the species) a binomial distribution was used with a logarithmic link function. As only species 

presence data was available, pseudo-absences were randomly generated for the entire area, using 

the ‘srswor’ function of the ‘sampling’ package (Tillé & Matei, 2016) in R. In each case, the 

number of generated pseudo-absences was the same as the number of real presences. Pseudo-

absences were then combined with real presences into a single presence-absence dataset to be used 

for the binomial model. In particular, it is worth mentioning that a binomial distribution with a 

Bayesian spatial model was used instead of a less accurate model that allows the use of presence-

only data (e.g. BIOCLIM, MAXENT) because it permits the inclusion of a spatial effect to deal 

with spatial autocorrelation and to explicitly quantify the uncertainties (Costa et al., 2017; Pennino 

et al., 2018; Roos et al., 2015). For all models, Bayesian parameter estimates and predictions were 

obtained throughout the Integrated Nested Laplace Approximations (INLA) approach (Rue et al., 

2009) and package (http:\\www.r-inla.org) implemented in the R software. INLA uses Stochastic 

Partial Differential Equations (SPDE) approach (Lindgren et al., 2011) for the spatially structured 

random effect. 

A vague zero-mean Gaussian prior distribution with a variance of 100 was assigned for all 

fixed effect parameters, while multivariate Gaussian distributions with mean zero and a spatially-

structured covariance matrix were assumed for the spatial component. The environmental variable 

selection with all possible interaction terms was mainly based on the Watanabe-Akaike 
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information criterion (WAIC) (Watanabe et al., 2015), and the mean logarithmic of the 

approximated conditional predictive ordinate (LCPO) (Gneiting & Raftery, 2007). While WAIC 

values indicate the goodness of fit of the models, the LCPO evaluates the predictive capacity. 

Lower values for both WAIC and LCPO represent the best compromise between fit and parsimony. 

To predict the probability of the species occurrence in the entire study area and define 

suitable habitats for S. axillare populations, a Bayesian kriging approach was used to calculate the 

posterior predictive distribution of the species. This approach treats parameters as random 

variables in order to consider parameters uncertainty and also uses additional functions that 

linearly interpolate the predicted values in non-sampled locations.  

  

3. RESULTS 

3.1.1 Genetic analysis 

We found 66 outliers SNPs using Outflank (Supplementary Material Table S2) and 216 

outliers correlated with environmental variables using the LFMM analysis. For three SNPs 

correlated with environmental variables, the search for gene annotation matched available 

genomes on Genbank (Table 1).  

 

Table 1. List of SNPs identified as outliers or correlated with environmental variables. 

Loci ID Sequence Blast Cover e-value Environmental Variables 

100025002 

TGCAGTGTGCTGATCTCCTGTGTTCACATTAAAGTG 

TCCAGACTGGGCCTGAGCATGTCCGTGTTTTAT 

cerebellar degeneration- 

related protein 2-like  94 5.00E-13 Phosphorus 

38667479 

TGCAGCTTCATCACGTCCACTTCCTCTACCGGCCCTGC 

CCAGACTTTCCTCCCAGCATGAGCGGTTCAG 

CST complex subunit  

CTC1-like  85 1.00E-13 Chlorophyll and pH 

38663128 

TGCAGTCCTACTACGAGGCCAAAGCCCGCAGAGAGA

G 

GAAGATCAAGAGCAAGAAGTACCACCGAGTCC 

U3 small nucleolar 

RNA-associated protein 

14 homolog A-like  97 5.00E-23 Salinity 
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3.1.2 Genetic population structure  

Pairwise FST varied between 0.002039 (Abrolhos and Espírito Santo) and 0.15638 

(Abrolhos and Trindade) (Table 2). Despite some significant differences, FST between all sites, 

except Trindade, was lower than 0.021. However, the FST between Trindade and all the other sites 

were always higher than 0.12. According to the Structure analysis, the most probable number of 

populations in our dataset is two (K=2; Fig 2), one cluster comprising all the coastal sites plus 

Abrolhos Bank and Fernando de Noronha Archipelago, and another cluster comprising only 

Trindade Island. As the divergence between Trindade and other sites was large, which could mask 

smaller divergences, we also ran Structure excluding the Trindade population. The result indicates 

K = 1. 

Table 2: Pairwise Fst between sites (bold values indicate p < 0.05, * indicates Fst larger than 0.01, and ** 

larger than 0.1). Here we show the two sites from Pernambuco separately because the results were highly 

similar between them. FN – Fernando de Noronha archipelago, RN – Rio Grande do Norte, ITA-PE – 

Itacaré Pernambuco, TAM-PE – Tamandaré Pernambuco, AL – Alagoas, BA – Bahia, ABRO – Abrolhos, 

ES – Espírito Santo, RJ – Rio de Janeiro, TRIN – Trindade.  

  FN RN ITA-PE TAM-PE AL BA ABRO ES RJ 

TRI

N 

FN 0                   

RN 0.0123* 0                 

ITA-

PE 0.00552 0.01181* 0               

TAM-

PE 0.00427 0.01051* 0.00562 0             

AL 0.01024* 0.01282* 0.00813 0.00675 0           

BA 0.00214 0.01005* 0.00322 0.00275 0.00718 0         

ABR

O 0.01152* 0.02009* 0.01266 0.01186 0.01419* 0.00931 0       

ES 0.01252* 0.01587* 0.01279 0.01321 0.00943 0.00654 0.02039 0     

RJ 0.00739 0.01249* 0.00695 0.00525 0.01263* 0.00687 0.01544* 0.00969 0   

TRIN 

0.12743*

* 

0.13538*

* 

0.13936*

* 

0.13522*

* 0.12683** 

0.12399*

* 

0.13422*

* 

0.15638*

* 

0.1326*

* 0 
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Fig. 2: Barplot of the Structure analysis showing the two clusters (K = 2): Trindade island population (in 

purple) and “coastal” population, which comprises all the coastal sites, plus Fernando de Noronha 

Archipelago and Abrolhos Bank. 

 

3.1.3 Demography 

The migration rate was high and in both directions between most of the sites, including all the 

coastal area and two islands, Abrolhos and Fernando de Noronha. The northern region, including 

Bahia, Alagoas, Pernambuco and Fernando de Noronha, was the most connected. Rio Grande do 

Norte presented a relatively small connectivity with other sites. Espírito Santo, located further 

south from most of other sampling places (with the exception of Rio de Janeiro), also presented 

lower connectivity, but this result could be due to a lower sampling number. Clearly, Trindade is 

the most isolated site, providing very few migrants to the other locations and receiving even fewer 

ones (Fig. 3, Table 3).  
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Fig. 3: Migration rate between sampling sites in oceanic islands (TRIN - Trindade Island and FN - Fernando 

de Noronha Archipelago), coastal island (ABRO - Abrolhos Bank), coastal sites in the northern region (RN 

- Rio Grande do Norte, PE - Pernambuco, AL - Alagoas and BA - Bahia) and coastal sites in the southern 

region (ES - Espírito Santo and RJ - Rio de Janeiro). 

 

Table 3: Results of migration rate. Upper part of the matrix is the rate of migrants received by the site and 

left column is the rate of migrants leaving the site. FN – Fernando de Noronha Archipelago, BA – Bahia, 

ES – Espírito Santo, RJ – Rio de Janeiro, TRIN – Trindade Islands, ABRO – Abrolhos Bank, RN – Rio 

Grande do Norte, AL – Alagoas, PE – Pernambuco. 

 
  FN BA ES RJ TRIN ABRO RN AL PE 

FN NA 
0.76438

3 
0.35816

5 
0.66017

9 
0.17940

8 
0.65385

2 
0.55107

2 
0.81228

2 
0.72891

5 

BA 
0.71511

5 NA 
0.33655

6 
0.61264

5 
0.15193

4 
0.63723

7 
0.59599

6 
0.76774

8 0.71302 

ES 
0.44509

3 
0.57539

7 NA 
0.47479

4 
0.15163

4 
0.48098

8 
0.47425

3 
0.53520

8 
0.48868

3 

RJ 
0.55667

6 
0.66725

7 
0.32046

6 NA 
0.12534

5 
0.52021

5 
0.45846

1 
0.57936

9 
0.60036

5 

TRIN 
0.33074

2 
0.33337

3 
0.25129

3 
0.29705

9 NA 
0.30739

8 0.30064 
0.32522

7 
0.32527

9 
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ABRO 
0.67598

8 
0.81468

7 
0.36793

8 
0.66549

1 
0.18332

2 NA 
0.53141

8 
0.68757

2 
0.84363

1 

RN 
0.49642

4 
0.60377

2 
0.29155

8 
0.51588

9 
0.12917

1 
0.50338

2 NA 
0.55775

9 0.51714 

AL 
0.68325

4 
0.77083

6 
0.31100

7 0.54025 
0.13855

1 
0.62139

9 
0.47330

6 NA 
0.69229

6 

PE 
0.86751

7 
0.82526

8 
0.36854

7 
0.69816

7 
0.18597

2 
0.74838

8 
0.55815

1 1 NA 
 

 

 

3.1.4 Seascape genetic analysis - Isolation by distance and resistance  

The best MLPE models had bathymetry resistance explaining the genetic distance (Table 

4). Using the residuals from the correlation between genetic distance and geographic distance as a 

response variable, three models were equally good: bathymetry, currents, and curvature (Table 5). 

A visual inspection of the relationship between variables indicates that both bathymetry and 

current intensity resistance contribute to the isolation of the Trindade population (Fig 4). 

 

 

 

Table 4: Model selection of variables explaining genetic distance ordered by AIC (MLPE analysis result). 

 (Intrc) Geo_dist Currents Bathymetry Curvel Temperature df logLik AIC delta weight 

Bathymetry -0.04068   -0.07664   4 130.485 -253 0 0.836 

Currents 0.06785  0.005738    4 128.345 -248.7 4.28 0.098 

currents+bathymetry -0.09831  0.02522 -0.2029   5 128.253 -246.5 6.47 0.033 

Curvel 0.05014    0.000355  4 126.439 -244.9 8.09 0.015 

Temperature 0.0476     -0.00086 4 125.996 -244 8.98 0.009 

curvel+bathymetry -0.1291   -0.17 0.002949  5 126.09 -242.2 10.79 0.004 

geo_dist 0.04781 -0.00012     4 124.908 -241.8 11.16 0.003 
temperature+bathymetr
y -0.00202   -0.04304  -0.00054 5 125.052 -240.1 12.87 0.001 

geo_dist+bathymetry -0.07468 0.00021  -0.1061   5 124.169 -238.3 14.63 0.001 
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Table 5: Model selection of variables explaining the residuals of genetic distance~geographic distance 

ordered by AIC (MLPE analysis result). 

 (Intrc) Geo_dist Currents Bathymetry Curvel Temperature df logLik AIC delta 

Currents 1.37E-02  0.003918    4 157.819 -307.6 0 

bathymetry -2.70E-04   -2.34E-04   4 157.45 -306.9 0.74 

curvel 5.07E-03    0.0007727  4 156.263 -304.5 3.11 

temperature -1.60E-05     -6.54E-05 4 154.774 -301.5 6.09 

geo_dist 1.31E-09 4.07E-05     4 154.676 -301.4 6.29 

currents+bathymetry 1.46E-02  0.00403 4.17E-04   5 153.693 -297.4 10.25 

curvel+bathymetry 5.01E-03   -5.28E-05 0.0007718  5 152.116 -294.2 13.41 

temperature+bathymetry -1.49E-04   -1.16E-04  -6.44E-05 5 150.636 -291.3 16.37 

geo_dist+bathymetry -2.00E-04 3.97E-05  -1.73E-04   5 150.535 -291.1 16.57 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. a) Bathymetry and b) oceanic currents intensity resistance maps. Higher values indicate lower 

resistance. 1 – Fernando de Noronha, 2 – Natal, 3 – Pernambuco, 4 – Alagoas, 5 – Bahia, 6 – Abrolhos, 7 

– Espírito Santo, 8 – Rio de Janeiro, 9 - Trindade 
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3.2 Bayesian Distribution Modelling 

As the genetic population structure analysis identified two clusters, two distribution models 

were run, and resulted in different requirements for each population, suggesting some difference 

in their niches. For the Coastal population, 122 occurrence sites and, for Trindade population, 25 

were used for the spatial distribution modelling. For the Coastal population, the model with the 

lowest WAIC and LCPO showed a positive relationship with the Sea Surface Temperature Range 

and with Bathymetry, and also included the Spatial Effect. For this population there is a large area 

with high suitability along the coast and closer to islands (Fig 5a). Suitable areas were also present 

at the East Atlantic, near Africa. For the Trindade population, the model with best fit indicated a 

positive correlation with the Sea Surface Temperature Range and Aspect. The random spatial 

effect was also relevant. Suitable habitats are only available in close proximity to the island (Fig 

5b).  
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Fig. 5: Median of posterior probability (above) and spatial effect (below) for both populations, a) coastal, 

Abrolhos and Fernando de Noronha and b) Trindade. 
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4. DISCUSSION 

 

This study showed that S. axillare has generally high levels of genetic connectivity in its 

distribution along the Brazilian coast. Only one population, from the furthest oceanic island 

(Trindade), showed limited genetic connectivity with the rest of the sampled sites (migration rate 

lower than 0.36). The observed genetic structure is explained by a combination of geographic 

distance and environmental resistance (bathymetry and oceanic currents intensity). There was also 

some evidence of local adaptation (specific habitat preference) for the Trindade population, which 

may further limit gene flow. 

The migration rate between coastal sites is overall greater than 0.5, with the exception of 

Espírito Santo, which is located on the southeastern coast. However, the low migration rate to and 

from Espírito Santo could also be explained by the low sampling number (N = 4) from this site. 

The Fernando de Noronha Archipelago is highly connected to the coast, mainly Pernambuco, with 

a migration rate to the archipelago of 0.86, and with Alagoas, with a migration rate to the coast of 

0.81. Some previous modelling have reported that larvae spawned in Fernando de Noronha can 

travel relatively long distances (mainly during the winter) due to the North Brazilian Current and 

the North Equatorial Counter Current, connecting the populations of Fernando de Noronha to the 

coastal populations (Endo et al., 2019). Also according to the larval modelling, a large MPA 

located in Pernambuco and Alagoas (Costa dos Corais) is important for the recruitment that occurs 

in other northern and southern MPAs (Endo et al., 2019). This result corroborates with our findings 

that Pernambuco has high genetic connectivity with Fernando de Noronha and other sampled sites. 

Despite its relevance to the viability of the distribution of S. axillare, this large MPA is categorized 

as low protection, equivalent to IUCN category IV (Dudley, 2008), and can be heavily impacted 

by fishing.  
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This MPA and the MPA at Trindade were the only ones where self-recruitment occurred, 

according to the larval modeling study (Endo et al., 2019). Important factors that affect self-

recruitment are larval productivity, local habitat quality, and site isolation (Sponaugle et al., 2002). 

Our findings suggest that the self-recruitment in Trindade is probably due to the lack of 

connectivity of this region with others, and this increases the vulnerability of this population. 

Although the larval model suggests that most populations located in MPAs are not well connected 

(Endo et al., 2019), the level of genetic connectivity is consistent with this because very few 

migrants per generation are needed to homogenize allele frequencies. So, the inconsistency 

between larval and genetic results can be because of the different time scales these processes 

operate at. 

The low levels of genetic structure found for S. axillare has been reported for other species 

in the region (da Silva et al., 2015; Silva-Oliveira et al., 2008). The level of genetic divergence 

was not completely explained by the geographic distance among sites, and the islands (Fernando 

de Noronha and Abrolhos) were no less connected than other coastal areas. Due to differences in 

the environment and environmental resistance between islands and coast, our results were contrary 

to what we expected. For instance, the area between the coast and Fernando de Noronha is 

characterised by deep areas, which we expected to restrict dispersal. As it did not, the Brazil 

Current could be playing an important role in connecting Fernando de Noronha with the coast 

when passing through Fernando de Noronha southward. However, the currents alone do not 

explain the connectivity, since the observed connectivity is apparently happening in both 

directions. The geographic proximity could explain the connectivity between Abrolhos and the 

points closest to the coast, especially with the state of Bahia. Migration between Abrolhos and 

Bahia is stronger towards the coast (0.81) than towards Abrolhos Bank (0.63), which reinforces 

the importance of this unique protected area for the maintenance of the coastal population of S. 

axillare. 
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The genetic divergence between Trindade and other localities suggests that the Vitoria-

Trindade Chain (VTC) is not acting as a stepping-stone for S. axillare, as it does for other species 

(Joyeux et al., 2008; Simon et al., 2013). In fact, S. axillare has never been reported on the VTC 

seamounts, where other six species of the same genus have been registered (Pinheiro et al., 2015), 

suggesting that the dispersal of this species may be especially limited by depth (Lessios & 

Robertson, 2006). The colonization of Trindade could be due to sporadic events, which were 

probably more frequent during periods of low sea level around 20kya (Cowen, 1985). During the 

Pleistocene, all the seamounts were exposed, which probably led to increases in the biodiversity 

of Trindade (Macieira et al., 2015; Simon et al., 2013; Thomas et al., 2009). Despite the significant 

population structure between Trindade Islands and the coast, there is still some migration between 

them, especially towards the coast (migration rate towards the coast from 0.25 to 0.33; towards 

Trindade from 0.12 to 0.18).  

Bathymetry and oceanic currents seemed to contribute to the lack of connectivity between 

the populations of S. axillare from the coast and Trindade. The Trindade Islands region 

experiences different oceanographic conditions than the Fernando de Noronha Archipelago and 

Abrolhos Bank regions (Rodrigues et al., 2007; Lumpkin & Garzoli, 2005; Rudorff et al., 2009). 

While in Fernando de Noronha, the currents are stronger and head towards the coast (northward 

and southward), in Trindade currents are weaker with no clear direction. The Brazilian Current, 

flowing south along the Brazilian shelf, may also reinforce the lack of connectivity between 

Trindade and the coast (Pinheiro et al., 2015). 

Besides neutral genetic differences caused by low connectivity between sites, population 

adaptation to local conditions can also induce genetic divergence. So, even with some level of 

migration, genetic differentiation can be maintained. Here we found that possibly under selection 

SNPs were significantly associated with environmental variables (salinity, phosphorus, 
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chlorophyll and pH), indicative of localized adaptation. So, some degree of genetic differentiation 

in Sparisoma axillare populations can be explained by differences in local conditions. 

The levels and patterns of genetic connectivity identified here can also help predict impacts 

of future climate change. Of the three factors found to affect the connectivity between the coast 

and Trindade populations, ocean currents can be strengthened by future climate change. The 

characteristics of the oceanic currents near Trindade already play an important role in reducing the 

connectivity, probably due to meandering processes and vortices (Lima, 2019). Future changes in 

currents in the region are predicted to decrease the larval connectivity further (Lima, 2019), 

whereas effects of temperature can hinder the local larval establishment (Lima, 2019). 

Anthropogenic effects continue to threaten S. axillare, especially the Trindade population. 

Despite its vulnerable status, S. axillare is an important fishing resource in some Brazilian regions 

(Roos et al., 2015). Fisheries can have an especially negative impact on islands, and Trindade is 

no exception (Pinheiro et al., 2010). Despite the fact that Trindade is technically protected to some 

degree, the archipelago is still subject to some fishing by the visitors. Recently in Brazil, large 

offshore MPAs were established, increasing the protected areas from 1.5% to impressive 25%. 

However, there is some debate how the criteria used to select these areas, which are mostly in the 

open ocean and do not include reef areas, seamounts, or consider where the biodiversity is 

distributed (Magris & Pressey, 2018). More than that, these MPAs are loosely regulated and easily 

changed by political and economic pressures. Here we showed that an isolated population of S. 

axillare is restricted by very limited habitat availability in Trindade island, and that the area is not 

receiving migrants from the coast, increasing its vulnerability. 
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7. SUPPLEMENTARY MATERIAL 
 

Table S1. Reclassified values of rasters for Circuitscape analysis. 

 

Bathymetry  Currents Velocity  Curvature  
From To Value  From To Value  From To Value  

-6124 -5000 100  0.002732 0.04 1  0.002732 0.01 10  
-5000 -4000 85  0.04 0.05 2  0.01 0.015 9  
-4000 -950 60  0.05 0.06 3  0.015 0.03 8  
-950 -900 55  0.06 0.1 8  0.03 0.05 7  
-900 -850 50  0.1 0.4 9  0.05 0.08 6  
-850 -800 45  0.4 0.5 10  0.08 0.1 5  
-800 -750 40  0.5 0.6 11  0.1 0.3 4  
-750 -700 35  0.6 0.9 12  0.3 0.5 3  
-700 -650 30  0.9 1.196877 13  0.5 0.8 2  
-650 -600 29      0.8 1.196877 1  
-600 -550 28          
-550 -500 27          
-500 -450 26          
-450 -400 25          
-400 -350 24          
-350 -300 23          
-300 -250 22          
-250 -200 20          
-200 -150 19          
-150 -100 10          
-100 -50 9          

-50 -45 8          
-45 -40 7          
-40 -35 6          
-35 -30 5          
-30 -25 5          
-25 -20 4          
-20 -15 3          
-15 -10 2          
-10 -5 1          

-5 -1 0          
 

https://doi.org/10.1086/682949
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Table S2. Description of SNPs outliers identified by Outflank analysis.  

Locus ID He FST p-values Analysis 

38647324.38.G.A 0.471526 0.241035 0.001203 Outflank 

38638701.15.A.G 0.35124 0.342985 4.22E-05 Outflank 

38657762.22.G.T 0.344977 0.3164 0.000106 Outflank 

38633868.67.G.A 0.297521 0.333804 4.82E-05 Outflank 

38645610.17.G.A 0.275245 0.452833 4.82E-07 Outflank 

38660991.60.G.A 0.21875 0.245738 0.001207 Outflank 

38640598.24.A.G 0.192601 0.354591 1.58E-05 Outflank 

38651072.6.G.A 0.192601 0.309762 8.12E-05 Outflank 

38653692.9.T.C 0.192601 0.277949 0.00033 Outflank 

38634945.65.G.T 0.192601 0.23375 0.002551 Outflank 

38658223.36.G.A 0.174522 0.599814 1.09E-09 Outflank 

38648768.52.T.A 0.183626 0.241403 0.001889 Outflank 

38634194.27.T.C 0.174522 0.26877 0.000703 Outflank 

38659355.24.C.T 0.165289 0.276509 0.000511 Outflank 

38669619.28.T.C 0.155927 0.403429 2.43E-06 Outflank 

38771743.12.C.G 0.136816 0.43749 5.38E-07 Outflank 

38651003.20.G.C 0.136816 0.466452 2.62E-07 Outflank 

38657615.47.C.T 0.136816 0.248073 0.000812 Outflank 

38641964.24.C.A 0.127066 0.288849 0.000174 Outflank 

38651783.14.C.T 0.127066 0.291469 0.000159 Outflank 

38638581.65.G.A 0.127066 0.293866 0.000217 Outflank 

38663644.32.A.T 0.117188 0.42114 1.18E-06 Outflank 

38660376.5.G.T 0.10718 0.368133 1.21E-05 Outflank 
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38658152.54.A.G 0.465055 0.213364 0.002666 Outflank 

38650951.48.G.C 0.425362 0.255703 0.001004 Outflank 

38670252.21.A.G 0.420907 0.23447 0.002521 Outflank 

38639071.37.G.A 0.366231 0.27939 0.000336 Outflank 

38653058.23.T.A 0.325413 0.220239 0.002337 Outflank 

38660996.19.C.T 0.297521 0.231256 0.001312 Outflank 

38650467.27.C.T 0.267562 0.540792 1.25E-08 Outflank 

38659398.45.T.A 0.2828 0.249262 0.00126 Outflank 

38659807.15.G.A 0.275245 0.294072 0.000251 Outflank 

38633314.45.C.A 0.251808 0.384899 7.93E-06 Outflank 

38646715.59.A.T 0.21875 0.230175 0.002568 Outflank 

38657927.58.T.C 0.192601 0.296261 0.000223 Outflank 

38642768.35.A.G 0.174522 0.536232 1.32E-08 Outflank 

38637152.56.G.A 0.147972 0.23957 0.001158 Outflank 

38658319.35.T.C 0.147972 0.415768 1.95E-06 Outflank 

38652576.20.G.A 0.138261 0.44852 5.13E-07 Outflank 

38659265.52.C.T 0.127066 0.743307 2.83E-12 Outflank 

38636125.50.T.C 0.128419 0.239209 0.001441 Outflank 

38633786.52.T.C 0.117188 0.430344 8.30E-07 Outflank 

38646260.39.C.T 0.118444 0.226141 0.002079 Outflank 

38659748.5.T.A 0.117188 0.341354 5.57E-05 Outflank 

38638549.54.G.A 0.108337 0.473108 1.38E-07 Outflank 

38650532.64.G.C 0.10718 0.364228 8.64E-06 Outflank 

38663202.48.G.A 0.377857 0.306004 0.000163 Outflank 

38664655.8.T.C 0.328181 0.229034 0.001979 Outflank 

38648774.54.C.T 0.128419 0.286436 0.000278 Outflank 

38635719.9.G.A 0.108337 0.374596 1.53E-05 Outflank 

38655259.35.T.A 0.417185 0.288261 0.000244 Outflank 

38650276.58.T.C 0.397174 0.407301 2.58E-06 Outflank 

38660577.17.G.A 0.40238 0.236828 0.002415 Outflank 

38666681.10.G.A 0.337683 0.276749 0.000243 Outflank 
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38662822.29.C.A 0.187399 0.525121 1.60E-08 Outflank 

38652077.61.C.T 0.1298 0.376287 6.88E-06 Outflank 

38648155.11.A.G 0.282976 0.37357 7.47E-06 Outflank 

38635427.43.C.A 0.250865 0.223615 0.002267 Outflank 

38656552.54.A.G 0.18 0.598512 8.05E-10 Outflank 

38649522.28.T.A 0.170519 0.286315 0.000251 Outflank 

38654996.20.A.C 0.151142 0.741783 1.80E-12 Outflank 

38649819.19.G.A 0.151142 0.406007 1.28E-06 Outflank 

38655469.60.C.T 0.151142 0.247611 0.000415 Outflank 

38651233.38.G.T 0.151142 0.526581 2.75E-08 Outflank 

38771879.10.G.A 0.141246 0.24945 0.000723 Outflank 

38650394.41.T.A 0.131211 0.304555 0.000212 Outflank 
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GENERAL CONCLUSION 
  

Fishery management aims to ensure the long-term sustainability of fish stocks and to conserve 

vulnerable species and habitats. In this thesis, I integrated genetic methods, climate modeling and catch-

based analysis to provide novel insight to the biology and conservation status of vulnerable species in 

Brazil. Some approaches applied here are new for the tropical marine environment, and have successfully 

filled gaps of knowledge that exist due to lack of data and investments in this region. 

I analysed 137 species that are commercially fished in Brazil in order to better understand the 

sustainability of existing management. My results indicated that for some groups of species there will be 

negative effects from climate change. Vulnerability is associated with enhanced sensitivity to warming 

following a period of overexploitation. In addition, I show how environmental changes alter distributions, 

and to this end I evaluate the risk of isolation.  

 I identified multiple factors that increase the chance of stock collapse. In Chapter 1, using annual 

catch data for 132 species, climate models and data from across a 61-year period, I examined the external 

factors (fishery and climate) and intrinsic factors (biological traits) that influence vulnerability. First, based 

on historical catch data, the exploitation status for each species was placed into four categories: collapsed, 

overexploited, fully exploited, early stages of exploitation. Results indicate that species with small body 

sizes are more vulnerable to stock collapse. Another surprising result was the relationship between species 

that already have had large population declines and sea temperature. These species are also negatively 

affected by warming, while less vulnerable groups (overexploited, fully exploited and in development) were 

found to be positively affected by increases in temperature. Despite the need for a more detailed study of 

this effect, I suggest that the mechanism of increased vulnerability due to climatic variability is a 

consequence of reduced population size. 

The goal of Chapter 2 was to identify a general pattern of genetic structure along the Brazilian 

coast, using sequence data from mitochondrial DNA for 17 commercially exploited species. The main 

conclusion was that for 15 species there was no indication of genetic structure, suggesting that these species 
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can be managed as single stocks.  However, for two species, Pomatomus saltatrix and Cynoscion 

jamaicensis, I found some degree of genetic structure. For P. saltatrix, an environmental barrier could be 

the difference in temperature between north and south of Rio de Janeiro. For this species, it should be 

considered that there are at least two fish stocks in Brazil that should be managed independently. The results 

for C. jamaicensis suggest the presence of isolation by geographic distance.  

To better understand how the past climate affects the current characteristics of marine fish 

populations in Brazil, more sensitive markers (SNPs) and Bayesian niche modeling were applied in Chapter 

3. Due to the expense, only two species were analysed in this chapter: the dog snapper Lutjanus jocu and 

the grey parrotfish Sparisoma axillare. In this chapter, I also found a lack of genetic structure along the 

coast, despite the occurrence of one single isolated population of S. axillare at Trindade Island (Chapter 4). 

The main goal of this chapter was to identify the relationship between effective population size variability 

and past climate variability (Last Glacial Maximum – 21 thousand years ago – and Mid-Holocene – 6 

thousand years ago). I concluded that both species had population expansions followed by stability, but 

during different periods. The analysis showed that L. jocu population was stable for hundreds of years, 

despite climate changes. S. axillare was stable for around 4 thousand years, and the population expansion 

can be related to increases in preferential areas after mid-Holocene. The results indicate that S. axillare can 

be more sensitive to changes in the environment, and this could be explained by its lower dispersal capacity. 

These results reinforce that S. axillare needs management strategies and protection, especially given 

overexploitation and the signal of a declining population leading to its classification as vulnerable by the 

Brazilian Environmental Ministry. 

In the Chapter 4, the objective was to more deeply understand the connectivity between coastal and 

island reefs, using the parrotfish Sparisoma axillare as a model. The results indicate a high connectivity 

between almost all sites, including two islands (Fernando de Noronha and Abrolhos), with the exception of 

Trindade. Trindade Island is located more than 1 thousand kilometers from the coast of Espírito Santo, but 

it is often considered connected with the coast due to the presence of a submerged chain of seamounts, the 

Vitória-Trindade Chain. Other studies indicated a stepping-stone pattern of connection in this area (Joyeux 

et al., 2008; Simon et al., 2013). However, our results indicate that, for S. axillare, the chain is not acting 
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as a corridor. Besides the geographical distance, environmental characteristics – mainly depth and oceanic 

currents – have a role in limiting the connectivity between Trindade and coast. Also, results from 

distribution modeling suggest that it is possible that the isolated population of Trindade is going through a 

process of local adaptation. 

This thesis highlights the complexity of the marine environment and contributes towards 

disentangling the many contemporary and historical factors that have shaped fish stock structure. In turn, 

this knowledge can be applied towards more effective measures of protection and management. This is 

especially needed in tropical waters, because factors relating to the sustainability of fisheries have received 

less attention than in temperate regions. Here, I suggest that smaller species, negatively affected by warmer 

temperatures should be a conservation focus in tropical regions. Also, special attention should be given to 

the parrotfish Sparisoma axillare due to its sensitivity to environmental change. The Trindade Island 

population of S. axillare should also be a conservation focus due to its isolation, and this is likely to be the 

reality for other species inhabiting the Trindade Island region. 
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