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RESUMEN 
 
 
 
 
Las migraciones ocurren de forma recurrente en todo el reino animal y contribuyen a dar 
forma a la distribución actual de las especies en la Tierra. Todos los organismos muestran 
algún grado de transición de la residencia a la propensión a migrar y estas estrategias 
alternativas dependen de factores históricos y condiciones ambientales. En qué medida el 
comportamiento migratorio influye en la distribución actual de las especies y cuáles son los 
factores bióticos y abióticos que interactúan para dar forma a la riqueza y diversidad de las 
especies es un tema que todavía se está explorando. Existen diferentes estrategias asociadas 
con diferentes tipos de migración y los peces proporcionan un excelente sistema para estudiar 
y probar diferentes hipótesis dada su diversidad, distribución y variedad de tácticas 
migratorias. Este trabajo es una contribución a la exploración de diferentes facetas de la 
evolución y ecología de la migración en los peces. En particular, dada la hipótesis que los 
hábitats costeros en Chile son particularmente apto para sostener peces diadromos (que migran 
entre agua dulce y agua salada), en el primer capítulo de esta tesis doctoral utilicé la 
microquímica del otolito para documentar las diferentes historias de vida de peces nativos y 
exóticos, y discutí la importancia de la heterogeneidad del medio ambiente, junto con la 
propensión a la migración en la colonización de nuevos hábitats. El segundo capítulo está 
dedicado a la comprensión de la interacción de diferentes variables como la productividad 
ambiental, la energía, la heterogeneidad y/o la estructura filogenética para explicar la 
diversidad de los peces migratorios mediante análisis de vías. Los resultados sugieren que la 
riqueza actual de peces migratorios puede explicarse por la interacción de múltiples variables, 
pero estas variables interactúan de manera diferente en cada estrategia. Por ejemplo, la 
heterogeneidad ambiental es más importante en especies anádromas (es decir, las que crecen 
en agua salada y se reproducen en agua dulce). La propensión filogenética de determinados 
taxones a realizar migraciones y la dependencia de la anadromía en ambientes estacionales, 
sugiere que algunos peces migratorios pueden haber tenido distintos patrones de  
diversificación comparados a especies prevalentemente sedentarias. La hipótesis de la tasa de 
diversificación propone que a lo largo de la historia evolutiva, especies de linajes tropicales 
deberían tener tasas de diversificación mas altas. Dado que estudios recientes han cuestionado 
el apoyo a esta hipótesis, el tercer capítulo de esta tesis explora si la propensión al movimiento 
puede ayudar a explicar las diferencias en las tasas de especiación a través de la latitud y 
dados diferentes escenarios de historia de vida (residentes vs. migrantes). Los resultados 
corroboran que, en general, los peces muestran tasas de diversificación mas alta en latitudes 
mas bajas, pero también que las especies migratorias muestran patrones consistentes con tasas 
de diversificación más rápida en comparación a las especies residentes.   
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ABSTRACT 
 
 
 
 
Migrations occur recurrently across the animal kingdom and contribute to shaping the current 
distribution of species on Earth. All organisms display some degree of transitions from 
residency to the propensity to migrate and these alternative strategies depend on historical 
constraints and environmental conditions. To which extent the migratory behavior influences 
current species distribution and which are the biotic and abiotic factors interacting to shape 
species richness and diversity is still a topic to be explored. There are different strategies 
associated with different types of migration and fishes provide an excellent system to study 
and test different hypotheses given their diversity, distribution, and variety of migratory 
tactics. This work is a contribution to exploring different facets of the evolution and ecology 
of migration in fishes. In particular, as coastal habitats in Chile are hypothesized to support a 
number of diadromous (migrate between fresh and saltwater) fish species, in the first chapter 
of this PhD thesis I used otolith microchemistry to document different life histories of native 
and exotic fishes, and discussed the role of heterogeneity of the environment coupled with 
migration propensity in promoting colonization of new habitats. The second chapter was 
dedicated to the understanding of the role and interaction of different variables such as 
environmental productivity, energy, heterogeneity, and/or phylogenetic structure in explaining 
the current diversity of migratory fishes using path analyses. Results suggest that migratory 
fish richness can be explained by the interaction of multiple variables, but these variables 
interact differentially in each strategy. For example, the role of environmental heterogeneity is 
strongest for anadromous (i.e. grow in saltwater and reproduce in freshwater) species. The 
phylogenetic propensity for selected taxa to undertake migrations and the dependence of 
anadromy on seasonal environments, suggests that some migrating fishes may have had a 
different diversification history. The diversification rate hypothesis posits that rates inferred 
from a phylogeny should be higher for species in tropical lineages. Given that recent studies 
have questioned support to this hypothesis, the third chapter of this thesis was set to explore 
whether the propensity to movement can help explain differences in speciation rates across 
latitude and given different life-history scenarios (residents versus migrants). Results show 
that, with some exceptions, migratory species display patterns of faster diversification rates 
compared to resident species and exhibit longer time periods between speciation events. 
Additionally, there is evidence that speciation rates are higher at lower latitudes as predicted 
from the diversification rate hypothesis. More research is needed to further deconstruct the 
different interacting roles of life-history, evolution, and ecology in shaping the distribution of 
life on Earth.  
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INTRODUCTION 
 
 
 
 
The study of migrations has captivated human curiosity for a very long time, particularly due 

to some of the massive and spectacular migrations that can be observed in the animal 

kingdom. Migrations occur recurrently across the animal kingdom in all of its variations. From 

birds to mammals, insects, fish, reptiles, even zooplankton and humans, all display to some 

extent degrees of transitions from residency status to propensity to undertake migratory 

behavior (Dingle 2014). Whether or not a species, population or a segment within a population 

migrate can be based on several different factors. There are different strategies associated with 

different types of migration, for example, it can depend upon the age or sex of the individuals, 

it can be “obligate” or “facultative”, it can be “differential” (i.e. members of the population 

follow different migration strategies) and “partial” (i.e. only part of the population migrates 

while the other remains sedentary as a special case of differential migration), “seasonal” or  

“irruptive”; it can also be “synchronized” and “predictable” by annual cycle, furthermore, 

there can be “one-way” migrations or “two-ways” migration (Table 1). For example many fish 

species undertake migrations that can be characterized by their function (spawning, refuge 

from predators, adverse environmental conditions, feeding), habitat, temporal scale at which 

they occur (seasonal, diel vertical or horizontal migration), and differential migration within 

individuals of the same population (alternative life-history strategies) (Alerstam et al. 2003; 

Börger et al. 2011; Brönmark et al. 2013). Although studies to define the “why”, “when”, and 
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“how” of migration are extensive, we still lack a unifying theory of migration toward which 

the first steps are just beginning to be taken (Dingle and Drake 2007; Milner-Gulland et al. 

2011; Dingle 2014). Some of the most important contributions to the study of biology of 

migration are given in Table 2. Although, as the bibliography on the topic is very extensive, 

many important studies have been probably been left out. However, the literature cited in 

Table 2 should be able to catch the essence of the most relevant efforts built towards a 

comprehensive understanding of migrations in the animal kingdom. The following 

evolutionary and ecological elements are the most recurrent themes used to explain 

migrations: i) seasonality and heterogeneity of the habitat, ii) cost and benefit approach to 

fitness optimization, iii) genetic variation for phenotypic plasticity and traits specific for 

migration adaptations, iv) extinction avoidance.  

 Resource availability driven by both density-dependence mechanisms and seasonality 

of the environment can induce populations to migrate. Density-dependent habitat selection 

(Fretwell and Lucas 1969; Fretwell 1972) occurs when the fitness of individuals in one habitat 

depends on population growth. The population acts upon the environment and deteriorates the 

quality of the patch. Interesting data has shown density-dependence of locust migrations and 

how these insects can be driven elsewhere in collective motion both by competition and by the 

lack of resources (Buhl et al. 2006; Romanczuk et al. 2008; Simpson and Sword 2009; Yates 

et al. 2009). Early research on evolution of bird migrations suggested that migration is 

triggered by the existence of areas with seasonally favorable and unfavorable conditions. 

Migrations are a normal consequence of increased competition between and among species in 

seasonal environments (Cox 1968). Studies on arthropods observed that migrations should be 
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more likely to occur when species reside in temporary habitats, and that migration confers an 

evolutionary advantage to those species in need of adjusting to spatial and temporal habitat 

variation (Southwood 1962). Therefore, when species or populations occupy heterogeneous 

habitats, they may decide to shift their residence either temporarily (two-way migrations) or 

permanently (one-way migrations). Heterogeneity of habitat is ubiquitous and constantly 

changing, as even tropical habitats can display high degrees of seasonal variability in both 

climate and resource availability (Winemiller and Jepsen 1998); as a consequence, migrations 

are likely to occur anywhere and in any taxa, although in some areas and for some species 

their costs may be higher.  

 Lack (Lack 1954; Dingle 2014) was the first to apply a theoretical cost-benefit 

approach to the evolution of migration in birds, proposing that if the benefit-to-cost ratio of 

moving exceeds the ratio for staying, then migration should be favored by natural selection. 

Interestingly, the model has also been applied to model human migrations, as authors 

suggested that migration is a search for opportunities in higher-paying occupations and 

constitutes a response to “spatial earning differentials” (Sjaastad 1962; Borjas 1987). Fitness 

trade-offs in fishes have been analyzed by Gross (Gross 1987), as he recognized that 

migrations would occur when they are selectively advantageous over resident life histories. If 

the cost of staying as residents outweighs the benefits compared to the alternative 

environment, then, fish are better off leaving their original habitat for the new one, where they 

can get better resources and higher reproductive success. Very recently, migrations have also 

been shown (experimentally and with individual-based models (Railsback and Grimm 2012) 

to reflect fitness trade-offs in both crickets and locusts, as aggregations and constant 
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movement in one direction reduce costs due to competition for resources (Sword et al. 2005; 

Simpson et al. 2006).  

 Most of the physiological and morphological characteristics that may allow some taxa 

to show a higher propensity for long-distance migration should be under partial genetic 

control. As selection should favor genetically based mechanisms of dispersal, homing, or 

seasonal change in habitat preference if this leads to a reduction in total competition (theory 

developed for birds) (Cox 1968). Still, it has been argued, that animal migration is most likely 

to be a behavioral trait triggered by multiple ecological and environmental factors (Pulido 

2011), as it has evolved repeatedly and very rapidly in many lineages. Therefore, it is 

interesting to discuss to what extent migratory behavior is dependent on phylogenetic 

inheritance or else an adaptive behavioral trait that remains latent in many animal taxa (Pulido 

2007).  

 Several theories have highlighted how migration can evolve as a response to avoid 

extinction. For example, in birds, migration strategies are selected and maintained by natural 

selection through differential mortality, which is typically higher in residents (von Haartman 

1968). For zooplankton, it has been suggested the “better hungry than dead” predator-

avoidance theory (Lampert 1989), and studies on the evolution of flightlessness in insects have 

demonstrated how the probability of extinction decreases if a species migrates (Roff 1990). A 

few ancestral fish taxa are more likely to migrate than others (i.e. anguillid eels, lampreys) 

(McDowall 1997), and perhaps migration occurs most frequently in groups less able to solve 

problems of ecological isolation by morphological differentiation (Cox 1968). 
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 The mechanisms mentioned offer generality to the study of migrations across phyla 

and my contributions will seek to address at least some aspects of the evolutionary and 

ecological perspectives listed above. Fishes offer an excellent system to study migrations 

because are part of a well-studied group of organisms, and large databases of taxonomic 

information, worldwide occurrences and life-history traits are freely available for researchers 

to access. Also, fishes have been categorized according to the medium in which they occur, 

offering easy access to study the effects of habitat changes on the distribution of different 

groups. As highlighted in Table 1, a unique and specific “migration terminology” has been 

designated just for fish (and some crustaceans) living at the interface between marine and 

freshwater environments, named diadromy, which describes the regular, predictable, 

physiologically mediated movements between freshwater and sea. Diadromy is usually 

obligatory for the majority of populations within a species, it can however trigger phenotypic 

differentiation, where some individuals stay as residents and others develop the migrating 

phenotype. Three different types of diadromy have been described, depending on the life 

history stages and zones at which each reproductive or feeding event occurs: anadromy, birth 

in freshwater (FW), growth in saltwater (SW), return to FW to reproduce; catadromy, birth in 

SW, growth in FW, return to SW to reproduce; amphidromy, growth and reproduction in FW, 

larval migration to SW, return to FW as juveniles (Myers 1949; McDowall 1988) (refer to Fig. 

3 for a visual aid). The argument that justifies the warranting of a special nomenclature just for 

fishes capable of adapting to such fluctuations is that the boundary between freshwater and 

saltwater creates an unsurpassable osmotic barrier. Nevertheless, the literature presents several 

examples in many taxa, in which migration from one habitat to the next must also face 
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extreme environments and associated physiological and adaptive changes that could be 

comparable to the extreme osmoregulatory fluctuations encountered by diadromous fishes 

(e.g. hypoxia in birds, copepods, and krill; hypercapnia in blue crabs) (Ekau et al. 2010; Stover 

et al. 2013; Altshuler et al. 2016). Additional categorizations of migration in fishes include 

oceanodromy and potamodromy. The first strategy describes fishes that migrate exclusively 

within the saltwater medium whereas potamodromous fishes are those identified as exclusive 

freshwater migrants (see Northcote, 1997 for a review on potamodromous strategies). 

 It has been difficult to define the factors the may contribute to the occurrence of 

migrations in fishes because of confounding aspects such as uneven geographic and 

phylogenetic distribution. For example, sea-migration in anadromous species can be more 

common at high latitudes, whereas populations inhabiting lower latitudes are more often just 

confined to freshwater; in fact, it has been shown that when non-anadromous, lower latitude 

stocks are transplanted north of 65°N transplanted fish can become anadromous during their 

lifetime (Nordeng 1983; McDowall 1988). It is also interesting to note that among the 47 

native continental fish species currently recognized in Chile (this number includes marine 

fishes that may infiltrate in freshwater), 30% exhibit some degree of plasticity shifting 

between saline and freshwater habitats, and 15% have already been suggested to display 

diadromous behaviour (Alò et al. 2019), compared to just 1% of world fishes (Nelson 2006a); 

further remarking that most of these species belong exclusively to two families and occur 

South of 39° of latitude.  

 Several questions arise from these observations, such as “Why do some fishes decide 

to migrate, submitting themselves to drastic environmental changes, facing the high costs of 
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coping with predation risks and often with the physiological changes associated with salinity 

fluctuations? And yet, why are some species more likely to migrate than others?  

 To explain the phenomenon, different hypotheses have been proposed, among which 

phylogeny, habitat productivity, optimization of reproductive effort, or triggers driven by 

stressful conditions as some of the agents proposed to be directly responsible for the current 

distribution of migratory fish species (Gross 1987; Gross et al. 1988; McDowall 1988; 

Tsukamoto et al. 2009). However the argument is still open for discussion, possibly because 

the study of migration in fishes has traditionally been kept isolated from the study of migration 

in other taxa. 

 My research is devoted to the study of the evolution and ecology of migration in fishes, 

trying to fill knowledge gaps, re-test older predictions based on the availability of new and 

more complete datasets, and testing several of the hypotheses proposed in the past to study 

migrations. This work is comprised of three chapters which are organized independently as 

they analyze patterns of fish migrations from different angles: i) a strictly empirical, local, and 

field component with direct implications for conservation in Chile, where otolith 

microchemistry was used to detect migratory habits in native galaxiids and exotic salmonids in 

Patagonia; ii) a macroecological perspective of fish migrations, which examines spatial 

patterns of distribution and seeks to define whether different migratory life-histories can be 

directly related to environmental variables such as temperature and productivity and historical 

legacies dictated by phylogenetic diversity; iii) an evolutionary analysis using comparative 

phylogenetics, where the goal is to detect a distinctive evolutionary signal in migratory fishes 
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by measuring their phylogenetic distinctiveness and speciation rates using a comparative 

approach with data obtained from the most recent fish backbone phylogeny. 
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1.1. ABSTRACT 
 
 
 
 
Coastal habitats in Chile are hypothesized to support a number of diadromous fish species. 
The objective of this study was to document migratory life histories of native galaxiids and 
introduced salmonids from a wide latitudinal range in Chilean Patagonia (39-48°S). Otolith 
microchemistry data were analysed using a recursive partitioning approach to test for 
diadromy. Based on annular analysis of Sr:Ca ratios, a diadromous life history was suggested 
for populations of native Aplochiton taeniatus, A. marinus, and Galaxias maculatus. Lifetime 
residency in freshwater was suggested for populations of A. zebra and G. platei. Among 
introduced salmonids, populations of Oncorhynchus tshawytscha and O. kisutch exhibited 
patterns consistent with anadromy, whereas the screened population of O. mykiss appeared 
restricted to freshwater. Salmo trutta exhibited variable patterns suggesting freshwater 
residency and possibly anadromy in one case. The capacity and geographic scope of 
hydropower development is increasing and may disrupt migratory routes of diadromous fishes. 
Identification of diadromous species is a critical first step for preventing their loss due to 
hydropower development. 
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1.2. INTRODUCTION 
 
 
 
 
Only 47 native and 27 non-native inland fish species are currently recognized in Chile, and 

several of these are thought to exhibit some tolerance for shifting between saline and 

freshwater habitats (Dyer 2000; Habit and Victoriano 2005; Habit et al. 2006; Vila et al. 2011; 

Ministerio del Medio Ambiente 2013; Vargas et al. 2015). Approximately 15% of these fishes 

are hypothesized to display diadromous migratory behaviour (Table S1), compared to less 

than 1% for fishes worldwide (Nelson 2006b).  

 The term diadromy describes regular, predictable, and physiologically mediated 

movements between freshwater and the sea. Diadromy necessitates profound physiological 

changes (i.e., osmoregulation) when shifting from marine to freshwater habitats and vice versa 

(Gross et al. 1988). Diadromy can be either obligatory or facultative (Dingle and Drake 2007). 

The direction of migration depends on life history stages and habitats where reproductive and 

feeding events occur. The combination of these factors defines three different types of 

diadromy: anadromy, catadromy, and amphidromy (Myers 1949; Gross 1987; Gross et al. 

1988; McDowall 1992; McDowall 1997; Limburg et al. 2001) (in particular refer to 

McDowall 1997 for a review of the terminology and a visual aid).  

 Given the high percentage of fishes in Chile hypothesized to exhibit some form of 

diadromy, migration might play an important, yet unrecognized role in establishing national 
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priorities of aquatic biodiversity conservation. At present, a high percentage of 

the continental ichthyofauna in Chile is categorized with some degree of conservation threat 

by Chilean environmental agencies and other authors, although conservation categories can be 

incongruent and threats underestimated (Habit and Victoriano 2005; Diario Oficial de la 

Republica de Chile 2008; Ministerio del Medio Ambiente 2013; IUCN 2015; Vargas et al. 

2015). 

 Coastal habitats in Chile appear well suited to support establishment of diadromous 

species. Andean rivers that flow into the Pacific Ocean include a variety of different habitats 

in a limited longitudinal distance (average 145 km), spanning from areas of rocky substrates, 

high elevation gradients, clear waters and low temperatures, to areas of low flow, sandy 

substrates, and aquatic vegetation (Habit and Victoriano 2005; Instituto Nacional de 

Estadisticas 2015). Spatial habitat heterogeneity is essential for maintenance and completion 

of diadromous life cycles, and for maintaining evolutionary potential (i.e., genetic diversity) 

for life history variation (Pulido 2007; Dingle 2014). Therefore, fragmentation events imposed 

by human-made barriers may affect fish fitness and restrict movement between habitats more 

so than in other areas (Waples et al. 2007).  

 Patagonian fishes offer a unique opportunity to understand migration patterns in 

relatively pristine habitats and establish a baseline against which future potential impacts 

associated with river impoundments can be compared. Despite strong economic growth and 

efforts to develop hydroelectric potential to meet the country’s growing energetic demand (Joo 

et al. 2015), many rivers in southern Chile are still free-flowing, offering opportunities to 

study pre-impoundment patterns of diadromous migration. In particular, galaxiid fishes are 
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distributed across the temperate Southern Hemisphere (McDowall 2002a) and diadromy seems 

to be a recurrent trait among many of the species (McDowall 1971; McDowall 1988). 

Likewise, salmonids are among some of the best studied diadromous fishes in the Northern 

Hemisphere and are now well established in southern Chile (McDowall 2002b; Correa and 

Gross 2008).  

 Using micro-geochemical data obtained from otoliths, this study sought to investigate 

whether native galaxiids and introduced salmonids exhibit diadromy in Chilean rivers. 

Otoliths are calcified deposits in the inner ear of fishes that accumulate in ring-like fashion 

over ontogenetic growth. Elemental analysis of otoliths can help to distinguish origins of 

marine and freshwater fishes among locations with variable water chemistry. Differing 

chemical composition of the otolith from the primordium (core) to the edge is indicative of the 

different environments in which a fish has lived and allows for hypothesis tests related to 

patterns of fish movement. When analysed sequentially across an otolith sagittal section, 

changes in elemental ratios can inform fine-scale patterns of movement, connectivity, 

dispersal, and the location of natal habitats (Halden et al. 2000; Howland et al. 2001; Kraus 

2004; Ashford et al. 2005; Campana 2005; Arkhipkin et al. 2009). To quantify these changes 

in Patagonian fishes, we applied univariate recursive partitioning approaches based on 

Classification and Regression Trees (CART) to detect discontinuities in elemental ratios that 

may indicate habitat shifts (Vignon 2015).  

 This research was motivated by the necessity to understand the potential for movement 

in native and exotic fishes in non-impounded systems in southern Chile and used an existing 

sample pool (Correa et al. 2012; Correa and Hendry 2012a; Correa and Hendry 2012b; Alò et 



	 26	

al. 2013). Several native fishes have previously been hypothesised to exhibit capacity for 

shifting between marine and freshwater habitats (Dyer 2000; Habit and Victoriano 2005; Habit 

et al. 2006; Vila et al. 2011; Ministerio del Medio Ambiente 2013; Górski et al. 2015; Vargas 

et al. 2015) and some exotic salmonids appear to have established successful diadromous life-

histories (Ciancio et al. 2005; Riva-Rossi et al. 2007; Ciancio et al. 2008; Correa and Gross 

2008; Arismendi and Soto 2012; Araya et al. 2014; Górski et al. 2016). This study sought to 

characterize the potential diadromous characteristics from a wider diversity of native and 

exotic fish species in Patagonia, including previously unevaluated species sampled from a 

wider and unexplored geographic range. Inclusion of native and exotic species in this study 

provided a framework to compare well-known life-history characteristics of northern 

hemisphere salmonids to the lesser-known galaxiids. 
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1.3. METHODS 

	
	
	
	

1.3.1. Fish Collections 

Between 2004 and 2011, specimens of Aplochiton zebra, A. taeniatus, A. marinus, Galaxias 

maculatus, G. platei, Oncorynchus tshawytscha, O. kisutch, O. mykiss, and Salmo trutta were 

collected using various methods from six locations across a large latitudinal range (39.5–48.0° 

S) in western Patagonia, Chile (Fig. 2, Table 3). At each location, fish specimens were 

euthanized by an overdose of anaesthetic solution (tricaine-methanesulfonate MS-222 or clove 

oil). Due to the difficulties in morphological identification, genetic data were used to identify 

individuals in the genus Aplochiton to the species level (Alò et al. 2013). The McGill 

University Animal Care Committee (UACC), Animal Use Protocol No. 5291, approved use 

and handling of animals. 

 

1.3.2. Otolith preparation  

This study used the Strontium (Sr) to Calcium (Ca) molar ratio to infer habitat shifts across 

salinity gradients of Patagonian fishes. Strontium is particularly useful for reconstructing 

environmental history of fishes as it replaces Ca in the otolith matrix according to its 

availability in the fish habitat (Secor and Rooker 2000; Campana 2005; Pracheil et al. 2014).

 Prior to specimen preservation, sagittal otoliths were extracted and either stored dry in 
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test tubes or in 95% ethanol, as elemental compositions and structures of otoliths are not 

strongly affected by ethanol for the elements assayed (Proctor and Thresher 1998).  

 In the laboratory, otoliths were polished, cleaned, and mounted individually on clean 

glass slides using a thermoplastic cement (Crystalbond™). In order to expose growth rings, 

3M™ (fine) and Nanolap ® Technologies (coarse) diamond lapping film wetted with 

deionized water was used to polish otoliths by hand until a satisfactory sagittal section of 

annuli was visible (Fowler et al. 1995). For Aplochiton spp., Galaxias spp., S. trutta, O. 

kisutch and O. mykiss otoliths, a 30-µm and then 3-µm lapping film was used to expose annuli 

and get a finished polish. O. tshawytscha otoliths required larger lapping film (45 and 60 µm) 

to reach an appropriate view, but were finished with 3 µm film for increased clarity. For larger 

otoliths (e.g., O. tshawytscha), it was sometimes necessary to polish on opposite sides to 

produce a thinner section.  

 Following polishing, the mounting adhesive was dissolved in a 100% acetone bath and 

sonicated for 10 minutes. Larger otoliths were cleaned a second time with acetone as needed. 

Each otolith was then sonicated twice in Milli-Q water for 5 to 10 minutes each. Following 

cleaning, otoliths were rinsed a final time in Milli-Q water, transferred to clean vials and 

placed in a positive laminar flow hood for 24-48 hours to dry (similar to methods of Elsdon & 

Gillanders, 2002). 

 Acid-washed porcelain forceps were used to mount clean, dry otoliths on acid-washed 

microscope slides. Otoliths were grouped according to diameter and mounted 10-28 per slide 

accordingly. Each otolith was placed within one small drop of fresh Crystalbond melted onto a 

single slide.  
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 Slides were securely kept in acid-washed, sealed petri dishes for transport to Woods 

Hole Oceanographic Institute (Woods Hole, MA, U.S.A.). There, Laser ablation-inductively 

coupled plasma-mass spectrometry (LA-ICP-MS) was conducted from October 8th to 11th, 

2012 (Aplochiton spp., S. trutta, Galaxias spp., O. kisutch, and O. mykiss) and again from 

February 4th to 5th, 2013 (O. tshawytscha). Laser ablation was performed with a large format 

laser ablation cell on a New Wave UP193 (Electro Scientific Industries, Portland, Oregon) 

short pulse width excimer laser ablation system. This was coupled with a Thermo Finnigan 

Element2 sector field argon plasma spectrometer (Thermo Electron Corporation, Bremen, 

Germany) for elemental analysis. The laser was configured for single pass, straight line 

scanning at a speed of 5 µm per second. The laser beam spot size was 50 µm at 75% intensity 

and 10 Hz pulse rate. Isotopic activity rates (counts per second) were determined for 87Sr and 

47Ca. Certified standard FEBS-1 (Sturgeon et al. 2005) and a 1% nitric acid (HNO3) blank 

were passed through the instrument before and after each block of 4 to 11 otoliths to minimize 

bias in elemental mass. Each otolith was visualized on screen and the intended ablation 

transect of each sample was plotted digitally and analysed by ablation with a laser beam (refer 

to Fig. 3 or supplemental pictures: https://figshare.com/s/9855cff84b6b085f1b34 for a visual 

example).  

  

1.3.3. Data Analysis 

Digital images of each otolith were taken after the laser ablation procedure with a digital 

Nikon Coolpix P6000 split with a Martin microscope MM Cool mounted on Nikon SMZ800 
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lenses and illuminated with a NII-LED High Intensity Illuminator (Supplemental pictures: 

https://figshare.com/s/9855cff84b6b085f1b34).  

 For accuracy, each raw data point was produced from an average of ten consecutive 

reads. Isotopic intensities were corrected subtracting the means of the isotopic intensities 

detected in the blanks. Points below the limit of detection of the same isotope measured in the 

blanks (mean - 3SD) were eliminated. Isotopic intensities were converted to elemental 

intensities by taking into account the percent natural occurrence of the isotopes. Strontium was 

standardized to Ca and converted to molar Sr:Ca ratios using sequentially the measurements of 

the standard reference material, and the atomic mass of the elements analysed (Wells et al. 

2003; Wolff et al. 2013). Elemental data and otolith transects were rigorously checked, and 

outliers caused by recording errors were removed (additive outliers, R Package "tsoutliers" v: 

0.6–5, L’opez-de-Lacalle 2016). The ideal double life-history transect obtained ran across 

each sagittal otolith and through the primordium, thus providing two similar (redundant) 

patterns related to life history variation, one on either side of the primordium. Interpretations 

were based on the analyses of both sides of each double transect, if possible. However, in a 

number of cases, transects were imperfect due to damaged otoliths or inaccurate ablation 

pathways (Supplemental pictures: https://figshare.com/s/9855cff84b6b085f1b34). In these 

cases, data were analysed as partial transects that were used to differentiate putatively 

diadromous or resident signals (Fig. 3). 

 Classification and Regression Trees (CART, Breiman et al. 1984) were used to detect 

shifts in elemental ratios across the otolith transect. CART is an alternative to qualitative 

methods traditionally used to interpret the chronological signal in otolith microchemistry 
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transects (Vignon 2015). The position along the otolith transect (predictor variable) was 

recursively partitioned using regression trees in order to differentiate segments of the transect 

that shared similar mean Sr:Ca values (response variables) (Breiman et al. 1984; Therneau and 

Atkinson 1997; De’ath 2002; Strobl 2009). CART was implemented in the Tampo library 

(version 1.0) for R Statistical Software 3.0.2 (Vignon 2015). 

 Summary statistics of molar Sr:Ca ratios were calculated across all individuals. The 

main goal of this work was to represent movement patterns at a broad scale. Therefore, since 

shifts in Sr:Ca have been well documented in many species of fish moving across 

environments with variable Sr (Tzeng and Tsai 1994; Limburg 1995; Tzeng et al. 1997; 

Campana 1999; Limburg et al. 2001; Chang et al. 2004; Araya et al. 2014), CART analysis 

was used in a semi-supervised manner to identify the presence or absence of sudden 

discontinuities in the Sr:Ca otolith signal (Vignon 2015). This was done by setting three 

progressively relaxed conditions to the splitting procedure. A splitting condition is the 

minimum difference in mean values between consecutive Sr:Ca profile segments beyond 

which the segments are permanently split in different categories. The three splitting conditions 

adopted were 0.5, 0.7, and 1.0. The detection of one or more discontinuities or splits in the 

Sr:Ca signal was interpreted as evidence in favour of diadromy, or otherwise, evidence in 

favour of residency. When diadromy was inferred, the direction of ontogenetic movements 

was deduced from differences in segment means; increasing values indicated movements 

towards the sea, and vice versa.  

 Further inference about habitat occupancy (freshwaters, estuaries, or the sea) required 

a visual, heuristic examination of Sr:Ca profiles in relation to i) the sites of capture, ii) 
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comparisons with movement patterns inferred from all the species analysed, iii) assumption of 

positive correlation between environmental Sr and marine influence (Secor and Rooker 2000). 

Finally, all evidence was assembled to make individual inferences about migration patterns 

suggestive of amphidromy, catadromy, or anadromy. However, determining the precise extent 

of movements between habitats was beyond the scope of this work. Finally, otolith transect 

quality affected the confidence of our interpretations; from maximum confidence on 

inferences from transects that conformed to the hypotheses of the models proposed in Fig. 3, 

to uncertain interpretations from incomplete or faulty transects.  

  



	 33	

 
 
 

1.4. RESULTS 

	
	
	
	
Observed variation in Sr:Ca ratios (Fig. 4) reflected a wide gradient of average values (lowest 

mean (sd) 0.66 (+/-0.088) in G. platei and highest mean 4.03 (+/- 1.54) in G. maculatus). 

Depending on the species or population analysed, CART identified patterns of change in Sr:Ca 

elemental ratios consistent with different migratory life histories proposed in the schematic 

representation in Fig. 3. Representative individuals for each species are shown in Fig. 5. 

Details on the splitting results of all individuals under different stringency conditions are given 

in Fig. 6. A summary of the inferred migratory strategy for each species is shown in Table 3. 

 

1.4.1. Native galaxiids.  

Large elemental shifts in otolith profiles suggested a catadromous life-history for most A. 

taeniatus analysed (Table 3 and Fig. 6). Even when confined to strictly freshwater habitats, as 

in Lake Caro, A. taeniatus juveniles showed a mild shift in Sr:Ca suggesting movements 

between freshwater habitats (Fig. 6, cond.= 0.5), as contrasted with A. zebra or O. mykiss, 

which showed no such shifts.  

Otolith profiles (Fig. 5 and 6) suggested that A. marinus copes with high levels of 

salinity variation in the Baker River system. Otolith primordia of all specimens of A. marinus 

showed evidence of higher Sr:Ca ratios at early stages of growth, presumably before the fish 
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entered the estuary (site of capture). Taken together, these data suggest that A. marinus is 

catadromous.  

 Results indicated that A. zebra uses a chemically uniform habitat at both collection 

localities (Fig. 5), although results should be corroborated by future studies because A. zebra 

individuals assayed were juveniles. Nevertheless, specimens from Tocoihue River appear to 

have been exposed to marine influence compared to those from Lake Caro, suggesting 

preference for freshwater residency, but capacity for osmoregulation when salinity levels 

increase. 

 G. maculatus individuals were sampled from the same site as some specimens of A. 

zebra (Tocoihue). However, among four specimens assayed, three showed the highest 

variation in Sr:Ca compared to any other galaxiid species analysed (Fig. 4) with evidence of 

both catadromous and amphidromous transitions (Table 3). The G. maculatus specimen in Fig. 

5 was caught in the lower reach of the Tocoihue River in an area with strong tidal influence. 

The otolith profile suggests an amphidromous life-cycle with intermediate Sr:Ca levels in the 

primordium followed by increases in Sr:Ca ratio and subsequent decrease to lower Sr:Ca 

levels. A fourth specimen of G. maculatus showed no major Sr:Ca fluctuations across the 

otolith transect, suggesting that this individual did not drift out to the ocean during its larval 

stage.  

 Only one specimen from the low-elevation coastal Palos Lake was assayed for G. 

platei, and results indicate freshwater residency as revealed by uniformly low Sr:Ca ratios 

across the entire otolith transect (Fig. 4 and 5).  
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1.4.2. Introduced salmonids 

This study supports established anadromy in O. tshawytscha in Patagonia, as previously 

shown by other authors (Ciancio et al. 2005; Correa and Gross 2008; Arismendi and Soto 

2012; Araya et al. 2014). Data are consistent with changes in Sr:Ca concentration levels that 

suggest hatching in freshwater, migration to areas with marine influence followed by a return 

to inland, freshwater areas to spawn (Fig. 5). O. tshawytscha specimens collected from the 

Simpson River do not show as much variation as other O. tshawytscha from this study most 

likely because these fish were all juveniles that had not yet migrated.  

 The two parr O. kisutch analysed revealed one substantial Sr:Ca shift between birth 

and time of capture. Both otolith profiles showed relatively high Sr:Ca signatures around the 

core that diminished substantially towards the edges (Fig. 5). These specimens where caught 

during the summer, about 55 km upstream of the Baker River's mainstream. The observed 

pattern is consistent with maternal effects imprinting a marine signature near the core, which 

is formed during the yolk absorption phase (Kalish 1990; Volk et al. 2000; Zimmerman and 

Reeves 2002). Our results add to the sparse documentation of the establishment of self-

sustaining O. kisutch populations in southern Patagonia (Górski et al. 2016). Conversely, O. 

mykiss exhibited a pattern consistent with freshwater residency and minor Sr:Ca fluctuations 

over the entire life cycle (Fig. 4 and 6). 

 Evidence of at least two different life cycle patterns emerged for S. trutta specimens 

caught at three different locations. The Sr:Ca transect of juveniles from Lake Caro and adults 

from Lake Palos showed a pattern consistent with continuous residency in freshwater (Fig. 4 

and 6) whereas S. trutta from Baker River showed higher values at the primordium (Fig. 5).   
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1.5. DISCUSSION 
  
 
 
 
 
This study quantitatively identified significant transitions across otolith profiles using 

regression trees on Sr:Ca ratios. Native galaxiids showed considerable variation in putative 

habitat shifts when compared across species, with some species exhibiting differences at the 

population and individual levels, indicating a high degree of plasticity. Of five native galaxiids 

examined, evidence was found for one catadromous (A. marinus) and two facultatively 

amphidromous or catadromous species (G. maculatus and A. taeniatus). Nonnative salmonids 

have established populations with a broad array of migratory life histories, reflective of those 

found in their native ranges. Patterns consistent with anadromy were present in three (O. 

tshawytscha, O. kisutch, S. trutta) of four species included in this study.  

 Several species appear to regularly use habitats with different levels of marine 

influence. Otolith profiles that showed variation under the most restrictive analytical 

conditions were those most likely to exhibit large-scale habitat shifts between different 

environments and salinity levels (A. taeniatus, A. marinus, G. maculatus, O. tshawytscha). 

Otolith profiles that varied under less stringent conditions hinted at subtler shifts within habitat 

types.  

 Results suggest a preponderance of euryhaline (i.e. broad tolerance to different salinity 

levels) and facultative diadromous species among native galaxiids and introduced salmonids 

in Patagonia. The inferences on species migratory status by population, reported in Table 3, 
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suggest that some species display a diverse range of life history strategies (facultative 

diadromy), coinciding with an increasing number of studies reporting flexibility in diadromous 

patterns for several fishes (Hicks et al. 2010; Augspurger et al. 2015; Górski et al. 2015). 

These studies included Southern Hemisphere fishes and revealed the variability of 

resident/migratory life histories within species. This work reinforces the shift from the 

classical view that tended to categorize species as exclusively resident or migratory  

 Otolith microchemistry for introduced salmonids suggested that some species have 

established movement strategies similar to those in their native ranges. The successful 

establishment of anadromous exotic salmonids in Chile reinforces the hypothesis that the 

biotic and abiotic conditions required for diadromy to be maintained (Gross et al. 1988) are 

present in Chilean waters. 

 Current knowledge of preferred habitats and common life-histories in native 

continental fishes of Chile indicates that approximately 30% of the species have a broad 

halohabitat distribution, including species adapted to life in saltpans, estuaries and a variety of 

different diadromous strategies (Table S1). On the other hand, only about 9% of fishes around 

the world are considered euryhaline and just a few display some form of diadromous 

migrations (Nelson 2006b; Schultz and McCormick 2013). Estuaries of temperate regions 

often stimulate the evolution of adaptation from seawater to freshwater and can be seen as 

hotspots for transitions (i.e. regions with a high number of species with propensity for 

movement between saltwater and freshwater) (Schultz and McCormick 2013; Ruiz-Jarabo et 

al. 2016).  
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The likelihood of freshwater colonization is affected by multiple factors. Colonization 

probability increases when habitats are disturbed by extreme events like glaciation, drought, 

volcanic and anthropogenic activities. Extreme events can leave freshwater habitats with low 

levels of biodiversity and prone to infiltration and acclimation from migratory or coastal 

euryhaline fishes. Habitats with wide temporal or spatial ranges in salinity also provide good 

hotspots for transitions because the acclimation response depends on the physiology of the fish 

and the timescale of fluctuations. Lower temperatures are prevalent at mid latitudes and these 

conditions favor higher rates of colonization, since salinity and temperature interact to affect 

energetic demands, ion uptake rate and membrane permeability of fishes (Greenwood, 1975 as 

cited in Bamber & Henderson, 1988, McDowall, 1988; Lee & Bell, 1999; Schultz & 

McCormick, 2013).  

Specific physiological adaptations can also facilitate freshwater colonization 

propensity in fishes. For example, specialized gills allow movement between saltwater and 

freshwater (Lee and Bell 1999; Schultz and McCormick 2013) (i.e. atherinids). Further, 

certain groups of diadromous fishes (e.g. galaxiids, salmonids) demonstrate plasticity in 

osmoregulation. Diadromous species migrate between saltwater and freshwater habitats at 

different stages of their life-cycles, but as shown in this study, some switch to a resident 

strategy. Euryhalinity and diadromy can therefore be seen as key innovations that enable 

lineages to radiate into new environments (Bamber and Henderson 1988; Lee and Bell 1999; 

McDowall 2001; Schultz and McCormick 2013).  

Diadromous migrations mostly promote gene flow among populations, but can also 

lead to landlocking, isolation and cladogenesis (McDowall 2001). Habitat characteristics of 
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coastal zones composed of estuaries separated by long stretches of open shore, may facilitate 

isolation and landlocking of diadromous and euryhaline fishes into more stable habitats. For 

example, very high within-species genetic diversity was found in G. maculatus across its New 

Zealand range and along most of the Chilean coast except between 30°S and 42°S in Chile, 

where G. maculatus displayed lower genetic diversity and higher levels of genetic structure 

(Lee and Bell 1999; Waters et al. 2000; González-Wevar et al. 2015). Higher levels of genetic 

structure found within populations of G. maculatus in Chile were hypothesized to depend on 

glaciation history, but variation in coastal configurations and oceanographic regimes can also 

be linked to population differentiation and isolation.  

Comparative otolith microchemistry analysis suggested that fishes of southern Chile 

may require a heterogeneous and spatially connected environment to complete their life-

cycles. These temperate areas may be considered a favourable environment for the 

development and maintenance of migratory strategies in fishes (i.e. galaxiids) and could 

provide useful tools to evaluate the influence of habitat discontinuities and biogeography on 

the spatial distribution, colonization rates and genetic diversity of euryhaline and diadromous 

fishes alike (i.e. atherinids, galaxiids, salmonids). Examining recent freshwater invasions can 

yield insights into the osmoregulatory systems that enable the invasion of freshwater habitats 

and offer excellent systems for observing evolutionary adaptation in progress (Lee and Bell 

1999; González-Wevar et al. 2015).  
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1.5.1. Limitations and further studies  

Some otolith results may have been influenced by maternal effects or induced by local 

temporal variation in water chemistry. Further studies may indicate whether the higher Sr:Ca 

ratios in primordia observed in some species could be attributable to maternal effects or other 

causes. For example, although the mechanisms are not completely understood, physiological 

constraints in early ontogeny could increase the rate of Sr absorption into the calcium 

carbonate matrix of the otolith (de Pontual et al. 2003). Also, as the Baker river system is 

influenced by a large ice field (Campo de Hielo Norte), high amounts of glacier flour 

(suspended solids) can contribute to increased salinity levels in water that flows into the 

estuary (Vargas et al. 2011; Marín et al. 2013). These seasonal salinity changes may promote 

the uptake of Sr into the otolith matrix and confound the assumption of low Sr in freshwater 

environments (Zimmerman 2005). Therefore, even though Sr has been traditionally 

recognized as a very robust marker to discriminate between marine and freshwater 

environments, several recent studies have indicated that factors such as species-specific 

variation, environmentally-mediated physiological processes, individual variation and the 

interaction of different environmental factors can influence Sr uptake into the otolith matrix 

(Elsdon and Gillanders 2002a; Elsdon and Gillanders 2004; Gillanders 2005; Gillanders et al. 

2015; Sturrock et al. 2015).  

 This study suggests that considerable variation in migratory life history may exist in 

Chilean fishes, but its inferential scope is restricted by the limited number of samples, which 

were collected for other research purposes (see Correa & Hendry, 2012; Correa et al., 2012; 

Alò et al., 2013) and by lack of water chemistry samples. The interpretations given for 
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diadromous and resident patterns are limited to the observed Sr:Ca shifts in the otolith profiles 

and should be considered carefully especially when referring to the extent of movement 

between different habitats. Species-specific reference values for Sr:Ca ratios and a more 

comprehensive sampling will be needed to quantify the extent of fish movements within 

Chilean continental waters in more detail. Ideally, a variety of different field techniques 

(natural markers such as stable isotopes, otoliths, statoliths for lampreys, or scales; as well as 

molecular markers, tagging, trapping and tracking) and laboratory methods (e.g. movement 

physiology, swimming performance, metabolism) (see Dingle, 2014) should be used to 

characterize daily and seasonal migration patterns. Incorporation of this knowledge could 

improve design and operation of fish passage structures to benefit native fishes (Laborde et al. 

2016). However, because information on fish life history is lacking for native fishes in Chile 

and elsewhere in the temperate Southern Hemisphere, fish passage design is generally based 

solely on professional judgment (Wilkes et al. 2018).  

 

1.5.2. Conservation issues 

This study could help refine the conservation priorities for freshwater fishes in southern Chile. 

Given high endemism and the likelihood of dependence on diadromous behaviour, potential 

threats to fishes from fragmentation of river-to-estuary networks are correspondingly high. 

Hydroelectric power development causes loss of hydrological connectivity and alteration of 

the river flow regime, disproportionately affecting fishes with migratory life histories 

(Fullerton et al. 2010). Comparative otolith microchemistry results underscore the variation in 

life history strategies that should be accounted for when planning to manipulate water-flow for 
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hydroelectric developments. Diadromous species depend on the habitat diversity and 

complexity created by unobstructed watersheds and are locally extirpated when barriers 

preclude movement to essential habitat. Additionally, anthropogenic barriers and alterations to 

water flow (e.g., hydropeaking) may also negatively affect landlocked populations because 

such structures disrupt successful reproduction, recruitment and habitat quality (Alò and 

Turner 2005; Garcia et al. 2011). Current hydropower capacity in Chile (~6.000 megawatts of 

energy connected to the central grid) is expected to increase (~ 11.000 megawatts by the year 

2020) building approximately 900 additional hydroelectric power plants due to legislative 

privileges given to hydroelectric investors such as i) water allocation rights favouring in-

stream productive uses; ii) ease for hydropower investors to acquire riverside land; iii) specific 

tax easements and deferments for hydroelectric investors; and iv) taxes imposed for 

“ecological” in-stream uses (Prieto and Bauer 2012; Santana et al. 2014; Toledo 2014). 

Preliminary studies have identified most of the hydroelectric potential in the south-eastern 

sector of the country, in the sub-basins with high elevations and discharge (Santana et al. 

2014). Development is slated in basins that harbour the majority of native fish species 

diversity. 

 Ongoing spread of exotic species threatens native species through negative interactions 

including predation, competition, behavioural inhibition and homogenization (Correa and 

Gross 2008; Penaluna et al. 2009; Correa et al. 2012; Correa and Hendry 2012b; Habit et al. 

2012; Arismendi et al. 2014; Vargas et al. 2015). In particular, establishment of migration runs 

of O. tshawytscha and O. kisutch could trigger additional threats such as the shift of significant 

amounts of marine-derived nutrients to previously oligotrophic environments (Helfield and 
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Naiman 2001; Arismendi and Soto 2012) and increased competition for limited resources with 

the native diadromous species. Non-native salmon and trout are also likely to be negatively 

affected by future hydroelectric dams. Additional hydropower development will almost 

certainly impact a flourishing tourism industry supported by salmonid recreational fisheries 

(Arismendi and Nahuelhual 2007; Vigliano et al. 2007). 

 The evolutionary processes that allowed dispersal and colonization of Patagonian 

fishes are influenced by the region’s unique geography, climate, and geological processes. To 

ensure conservation of native freshwater, diadromous, and commercially relevant sport 

fisheries, managers will have to carefully designate and protect critical habitats, and in many 

cases mitigate obstruction of river flows imposed by dams with appropriate fish passage 

structures (Wilkes et al. 2017). Long-term monitoring should also be a priority to understand 

the broad impacts of hydropower development on aquatic biodiversity.  
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2.1. ABSTRACT 
 
 
 
 
Historical constraints and environmental conditions affect the emergence and evolution of life 
history traits that allow species to persist in ecological systems. One of these attributes, 
migratory strategies, has been the focus of several studies but as yet we lack a consensus on 
what constitute the main drivers of changes in these strategies. Fishes are particularly suitable 
for these kinds of studies, given their diversity of migratory strategies (e.g. diadromy, 
oceanodromy, potamodromy). For these groups, different hypotheses have been proposed in 
order to explain the spatial variation in the incidence of strategies: productivity, kinetic 
energy, environmental heterogeneity, and genetic predisposition. The objective of this work is 
to analyze fish migrations from a macroecological perspective to estimate the extent to which 
different environmental variables and historic biogeographic factors influence fish migratory 
life histories. Using data from public domain museum records, global repositories, and global 
measures of temperature, productivity, precipitation and heterogeneity, we spatially analyzed 
the distribution of migratory fish using 1799 species and compared it to 1602 non-migratory 
fishes. After analyzing the individual roles of productivity and temperature in shaping 
biodiversity, we conducted path analyses, including phylogenetic structure (PCPS). Results 
show that the different migratory strategies are not evenly distributed around the globe and 
that phylogeny is a relevant variable in shaping the current patterns. Productivity is positively 
related to species richness, except for anadromy and potamodromy, where we observed a 
unimodal curve, suggesting a dominant influence of competitive exclusion. Temperature 
significantly drives migratory species richness (except for anadromy), but in an indirect way. 
Overall, migratory fish richness can be explained by the interaction of multiple variables, such 
as productivity, temperature, environmental heterogeneity, and the role of phylogeny, but 
these variables interact differentially in each strategy. The role of environmental 
heterogeneity, measured as temperature seasonality and annual range is strongest for 
anadromous species, which helps explain their skewed distribution towards higher latitudes 
and why the kinetic-energy hypothesis fails in explaining their richness patterns.  
 

Keywords: behavior, distribution, macroecology, fuzzy-weighting, heterogeneity, metabolic 
theory of ecology, PSRR, seasonal environments 
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2.2. INTRODUCTION 
 
 
 
 
Movement is one of the underlining behavioral characteristics of life on Earth. All animals 

move at least at some stage within their lifespans, and one of the most fascinating types of 

movement, which has captivated the attention of both scientists and nonexperts, is migration. 

Animal migrations are recurrent within the animal kingdom and take place in many forms, 

habitats and taxa (Dingle 2014). Given this variability, it has been difficult to find common 

ecological and evolutionary features to explain migrations. Nevertheless, efforts to elucidate 

the reasons why animals undertake migrations have offered different perspectives that have 

been summarized by Dingle (2014) in a simplified model that accounts for the mutual 

relationship of migrants with their habitat, the effects of the habitat on the migrants through 

natural selection, which acts on the genome of the migrants to generate the migratory 

behavior. On the basis of Dingle's inclusive framework, a series of fundamental hypotheses 

may help understanding the relevance of different migratory strategies such as: i) cost-benefit 

approach, ii) habitat impact (through productivity, energy, heterogeneity), and iii) genetic 

predisposition. These hypotheses are part of a continuum of ecological and evolutionary 

explanations that together can contribute to a holistic model of migration (Dingle and Drake 

2007; Pulido 2007; Dingle 2014).  

 The cost-benefit approach seeks to address why migration evolved and persisted, since 

the costs associated with migration are so high. If the benefit-to-cost ratio of moving exceeds 
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that for staying, migration should be favored by natural selection (Lack 1954; Dingle 2014), 

and fitness trade-offs in migrations occur if they are selectively advantageous over resident 

life histories (Gross 1987; Sword et al. 2005; Simpson et al. 2006; Bazazi et al. 2011). 

According to the cost-benefit hypothesis, abiotic factors and habitat characteristics should 

influence migratory behavior if they ultimately increase the fitness of migratory species. 

Therefore, as proposed by the productivity hypothesis, the direction of migration tends to be 

driven towards those habitats with larger resource provisioning (Gross, Coleman & 

McDowall, 1988) or triggered by resource scarcity (Buhl et al. 2006; Bazazi et al. 2011). Also, 

since the relationship between the energy available from the environment (energy as 

temperature) should directly affect species diversity with predictable patterns (Brown et al. 

2004; Gillooly et al. 2005; Allen et al. 2006), migratory animals, with physiological 

adaptations and advantages conferred by their ability to displace, may show contrasting 

patterns of richness in relation to temperature. Migration confers both bioenergetic and 

evolutionary advantages to species adjusting to spatial and temporal habitat variation, and it is 

considered a metabolic necessity in seasonal environments (Seibert 1949; West 1960; 

Southwood 1962; McLaren 1963; Zimmerman 1965). Life at lower temperatures invariably 

involves coping with variations in resource availability, (i.e., habitat heterogeneity), and early 

research on the evolution of avian migrations suggested that migration might be a normal 

consequence of increased competition between and among species in seasonal environments 

(Cox 1968). 

 Although it has been suggested that migratory behavior is not dependent on 

phylogenetic inheritance, many of the morphological, physiological and behavioral traits 
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correlated with the triggering of migration require some genetic predisposition that confers a 

tendency for a "migratory syndrome" (Pulido 2011). Therefore, the evolutionary dynamics that 

might have shaped the current distribution and movement patterns among migratory species 

should be duly considered.  

 Migratory fishes represent an ideal group to test the ability of these hypotheses in 

holistically explaining the occurrence of different migratory strategies across the world, 

because migratory fishes present diverse strategies and relatively well-described distributions. 

Additionally, since the vast majority of fishes are ectotherms, their dependence on 

environmental changes should be predictable and dependent on energetics. In particular, fish 

species richness (log-transformed) appears to increase linearly with increases in temperature, 

according to the available kinetic energy of the environment, as proposed by the metabolic 

theory of ecology (MTE) (Gillooly et al. 2001; Allen et al. 2002; Brown et al. 2004). 

Additionally, some of the oldest fish taxa have been shown to be more likely to undertake 

migrations (McDowall 1997; Dodson et al. 2009; Bloom and Lovejoy 2014). Finally, from a 

biogeographic perspective, some areas seem more likely to be inhabited by migratory species 

than others (McDowall 1988).  

 Migration strategies in fishes have traditionally been described with reference to the 

aquatic environments in which they occur, with oceanodromy occurring entirely in oceans, 

potamodromy entirely in freshwater, and diadromy between marine and freshwater. Three 

different types of diadromy have been described, depending on the life history stages and 

zones at which each reproductive or feeding event occurs: anadromy involves birth in 

freshwater, migration to sea to grow and mature, and a return to freshwater to spawn. 
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Catadromy implicates birth in estuarine areas, migration to freshwater to grow, and return 

back to the ocean or estuarine areas to reproduce. Amphidromy also describes movements 

between freshwater and saltwater but these migrations are not driven by the purpose of feeding 

and/or reproduction (McDowall 1988; Dodson 1997).  

 The objective of this study is to analyze fish migrations from a macroecological 

perspective, testing to what extent global biodiversity patterns in migratory fishes are 

significantly related with environmental (productivity, temperature, and heterogeneity) and 

historical legacies, using the following scheme: First, we review global migratory fish 

diversity to reconsider and update prior work (McDowall 1988; Dodson 1997; Nelson 2006b) 

using global data on species occurrences and public-domain museum records. Second, we test 

for a direct relationship between biodiversity patterns of migratory species using productivity 

and temperature. Third, we test for the existence of interactions among explanatory variables 

explaining observed patterns by employing a path analysis approach, examining the joint 

relationship of several factors in shaping migratory species biodiversity, including 

productivity, temperature, environmental heterogeneity, and phylogenetic structure.  
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2.3. METHODS 
 
 
 
 

Unless otherwise noted, all analyses were carried out using the R statistical package (R Core 

Team 2017). 

2.3.1. Species taxonomic diversity and migratory life-history 

Taxonomic information was obtained through Fishbase (Froese and Pauly 2016). This 

database compiles global fish records, free of synonyms, with a grand total 36,185 species 

(using R package rfishbase (Boettiger et al. 2012)), which amounts to the total recognized fish 

diversity, up to this date. From this database, we extracted the migratory life-history 

information, which included the categorical factors: “anadromous,” “catadromous,” 

“amphidromous,” “oceanodromous,” “potamodromous,” and “non-migratory”. All non-

actinopterygii (other than ray-finned fishes) and records without an assigned category (NA) 

were discarded.  

 

2.3.2. Species occurrence data  

For each of the migratory and non-migratory species listed in Fishbase, we downloaded all 

available georeferenced records from the Global Biodiversity Information Facility (GBIF) 

using the rgbif library in R (Chamberlain 2017; R Core Team 2017). This was set to collect all 

unique records for each species that had coordinates and match these with their taxonomic and 
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life-history data (from Fishbase). The resulting database had a total of 1,799 migratory species 

and 1,602 non-migratory records with 1,919,586 and 824,318 occurrences, respectively, 

divided as shown in Table 4.  

 

2.3.3. Data cleaning 

Public records, while extremely useful, are still limited and biased by data type and 

availability. As more distributional data are uploaded onto public repositories, predictions in 

species distribution models will improve, but it remains necessary to filter the data in order to 

minimize the errors that frequently appear when using global repositories (Garcia-Rosello et 

al. 2015). We deleted 1) all records with NA values; 2) species with multiple records at a 

particular location; 3) records with identical geographic coordinates values for longitude and 

latitude (e.g., long = 0 ° and lat = 0 °); 4) records outside the habitat range, namely (a) 

oceanodromous species over continents, b) potamodromous over oceans, c) species in desert 

biomes without associated water bodies); and 5) exotic species. 

 To remove species that were potentially outside their habitat range, we used ArcGis 

Desktop, version 10.3 (ESRI 2012). Specifically, for point 4a and 4b the shapefile of coastal 

and shelf biogeographical areas from Spalding et al. (2007) was overlapped on the shapefiles 

of freshwater ecoregions (Abell et al. 2008b) and pelagic ecoregions (Spalding et al. 2012). 

All records of freshwater fishes in marine areas and marine fishes in continental areas were 

eliminated save for occurrences in coastal zones. Records associated with desert biomes, point 

4c (Olson et al. 2001), were deleted if not associated with a water body, using a buffer zone of 

50 km around the most important hydrological courses (Guan et al. 2012; Porto 2015). To 
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exclude locally exotic species (point 5), we used the “distribution” function in rfishbase, 

which provides records of the areas where the species are natives, according to FAO’s fishing 

areas classification. This list was then employed to retain only native fishes using the fishing 

area classification shapefile (FAO 2014).  

 The cleaned data was assigned to equal-area cells (150km2) and used to generate the 

species richness matrices, to map each migratory strategy in ArcGis Desktop version 10.3 

(ESRI 2012) and to conduct path analyses.  

 

2.3.4. Environmental data 

Global layers of environmental data were only possible to obtain for productivity and 

temperature. The other variables differ between ocean and freshwater areas. WorldClim (Fick 

and Hijmans 2017) was used for freshwater-dwelling species (diadromous, potamodromous 

and freshwater-resident species) and BIO-Oracle (Assis et al. 2017) was used to test models in 

exclusively ocean-dwelling species (oceanodromous, and marine residents). Selected variables 

from WorldClim and BIO-Oracle were chosen based on how close the relationship to each 

other is (i.e. unidimensionality) in supporting the latent variables of the path analyses 

(Sanchez 2013).  

Net Primary Productivity (NPP): To determine whether NPP is an important variable for any 

of the migratory strategies, we needed an estimate of both terrestrial and oceanic NPP. We 

used Moderate Resolution Imaging Spectroradiometer (MODIS) products of the Earth 

Observing System (EOS) from NASA, which can map global vegetation and derive the 

photosynthetic capacity of ecosystems. We used MOD17A3 for 2015, adjusted to g C/m2/year 
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(Zhao et al. 2005) to reproduce estimates of global terrestrial NPP, based on the spectral 

radiance of the terrestrial surface. The MODIS-Aqua aboard the Aqua spacecraft records 

ocean color, and different algorithms can provide estimates of oceanic NPP through spectral 

radiance. We used the standard product from the Ocean Productivity site (Oregon State 2017), 

whose algorithm is based on a description of the Vertically Generalized Production Model 

(VGPM) (Behrenfeld and Falkowski 1997). We selected the 2015 estimates in mg C/m2/day, 

which is a global product with a resolution of 1080 × 2160 cells (150km per cell), with NPP 

estimates provided for the world oceans. The units obtained for the ocean estimates of NPP 

were converted from mg C/m2/day to g C/m2/year to have a uniform NPP measure across land 

and ocean areas. 

Temperature: Average land surface temperatures, representing climatic conditions from 1970 

and 2000, were downloaded from WorldClim. We used average monthly temperature, with a 

spatial resolution of 30 arc-seconds (~1 km2). Ocean surface temperatures were obtained from 

AquaMaps Environmental Dataset for the year 2011: Half-Degree Cells Authority File 

(HCAF) (Kaschner et al. 2008).  

 Each environmental data layer was processed in ArcGIS, georeferenced to WGS 1984 

and reprojected to Cylindrical Equal Area constructing layers with annual average values. 

Numerical values of -9999 were transformed to “No Data,” so as not to obtain incorrect 

average values. 

Bioclimatic variables: Other environmental variables to be used for analyses in freshwater 

ecosystems were a subset of the WorldClim variables, which summarize terrestrial monthly 

temperature and precipitation information at a global scale. The bioclimatic variables available 
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represent annual trends, seasonality, and extreme or limiting environmental factors. For our 

analyses, we worked with 10 arc-minute spatial resolution (16 km at the equator).  

Bio-ORACLE variables: To test models in oceanodromous species, we used a subset of the 

Bio-ORACLE environmental variables, providing geophysical, biotic, and climatic data for 

surface and benthic marine realms, obtained from the interpolation of remotely sensed data 

and in situ measured oceanographic data and surface measurements from the World Ocean 

Database 2009 (Tyberghein et al. 2012). We downloaded 16 average surface layers with a 

spatial resolution of 5 arc-minutes (approximately 9.2 km at the equator).  

 All the environment variables were divided into the same equal-area cells (150km2) 

used for the fishes (see above), and used to generate the environmental matrices in ArcGis 

Desktop. Known or presumed indirect measures of productivity and heterogeneity (e.g. 

rainfall and chlorophyll or temperature seasonality and ice cover) were chosen as proxies to 

build the latent variables and to test different path models. However, selected variables were 

ultimately chosen based on their collinearity, predictive power, and capability in supporting 

the latent constructs (see Table 5 and Table S2). 

 

2.3.5. Phylogenetic Structure 

To include phylogenetic structure as an explanatory variable of migratory species richness, we 

relied on vectors that describe the phylogenetic gradient across a metacommunity assemblage 

known as principal coordinates of phylogenetic structure (PCPS), obtained using the fuzzy-

weighting method outlined by Pillar & Duarte (2010). For each migratory and resident 

strategy, we calculated a phylogenetic matrix of pairwise dissimilarities using distances 
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averaged over the 100 full actinopterygians phylogenies published by Rabosky et al., 2018 

using the R package ape (Paradis et al. 2004). After obtaining the phylogenetic structure of 

each assemblage, we performed a principal coordinate analysis and generated PCPS 

eigenvectors using the R package PCPS (van der Windt and Duarte 2014). Each of these 

orthogonal vectors describes different independent gradients in the dataset, the highest-value 

eigenvectors describe the differences at deeper nodes of the phylogeny, whereas the others 

describe shallower differences identifiable with more recent speciation events (Duarte et al. 

2012; van der Windt and Duarte 2014). For each migratory strategy, we retained the main 

PCPSs that explained at least 60% of the variance in each assemblage, aiming at capturing the 

dissimilarities present at higher levels of the phylogeny (i.e. Order). Redundancy analysis 

(Borcard et al. 2009), carried out using the vegan package (Oksanen et al. 2017), assessed the 

relationship of phylogenetic dissimilarities obtained by the chosen PCPSs and weighed the 

differential importance of each of the environmental variable across the different clades. 

 

2.3.6. Testing the productivity hypothesis 

According to the productivity hypothesis, NPP should drive anadromous and catadromous 

fishes distributions, because oceanic NPP is higher than freshwater at temperate latitudes, 

anadromous species should be more common there, while freshwater productivity exceeds that 

of the ocean in tropical and lower latitude zones, where catadromous species prevail (Gross et 

al. 1988). To revisit this thirty-year-old hypothesis, we compared species richness values for 

each category to NPP (see above and Table 5). The shape of the relationship between 

productivity measures and species richness (PSRR) has been controversial (Mittelbach et al. 
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2001). Some authors have argued that a unimodal (hump-shaped) relationship is the “true” 

form of this relationship; others have shown that, positive relationships are more common, 

particularly among animals (Cusens et al. 2012). We calculated the shape of the PSRR using 

OLS regression (glm function in R) with the stats package and tested whether the quadratic 

component was significant (P < 0.05). If it was, we tested the significance of the hump (or pit) 

and its value using the MOStest function in the vegan package. The shape of the PSRR 

indicates whether and to what extent species richness in each migratory strategy increases with 

the productivity of the habitat measured with the global layer of NPP. Several outcomes are 

possible: i) a unimodal, hump-shaped curve describes a pattern where species richness 

increases as productivity increases up to a certain maximum and then decreases; ii) a u-shaped 

curve, where species richness drops as productivity increases, up to an inflection point, above 

which species richness changes very little with increasing productivity; iii) a monotonic 

positive relationship, where values of species richness increases along with productivity; iv) 

monotonic negative, where species richness decreases linearly as productivity increases, and 

v) neutral (Cusens et al. 2012; Shipley 2016; Chen et al. 2018).		

	

2.3.7. Testing the kinetic energy hypothesis  

According to Allen et al. (2002), the slope for the relation between diversity and temperature 

should be linear along latitudinal gradients, based on the role of temperature on metabolic rate 

as shown by the metabolic theory of ecology (Brown et al. 2004), such that the natural log of 

species richness should relate linearly with 1000/Tenv, and the slope should approximate 

−E 1000 k ≈  −9.0 K (absolute temperature). To test whether migratory and non-migratory 
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species follow the same general predicted trends, we used the log-transformed number of 

species at 5-degree latitudinal bands (36 in total) for each migration strategy and plotted them 

against 1000/average of the absolute temperature. The 95% confidence intervals were 

calculated for the slope of each linear relationship obtained. 

 

2.3.8. Path analyses 

We used path analysis to define the relative importance of a priori hypotheses in shaping 

migratory species diversity. In particular, trying to assess several hypotheses (productivity, 

kinetic energy, heterogeneity, genetic predisposition), we constructed a model that represents 

the interactions and relationships of several variables simultaneously influencing species 

richness and separately tested each dataset of migratory/resident strategies. We hypothesized 

that direct and indirect productivity measures (i.e. NPP and precipitation), temperature, 

environmental heterogeneity, and phylogenetic structure interact at different levels to 

influence species richness in migratory species. With the construction of this model, we argue 

that single factors cannot be invoked as being uniquely responsible causal mechanisms of 

migratory species diversity, but that it is the interplay of different variables that shapes 

migratory species biodiversity. 

 We started the path analysis by defining the hypothesized causal relationships between 

the factors that affect migratory species biodiversity and represented these associations with a 

causal diagram (Shipley 2016). A partial least-squares path modeling (pls-PM) approach was 

employed to test our model to accommodate non-metric data. Pls-PM is a statistical, 

exploratory method for studying complex multivariate relationships among observed 
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(manifest) and latent variables. Latent variable constructs cannot be measured directly, but 

they represent entities that influence the dependent variable through a suite of measurable 

independent variables (Sanchez 2013). For example, “heterogeneity” is an abstract, non-

measurable term that has been operationalized in different ways in various studies. In this 

study, the latent variable Heterogeneity describes the state of a changing environment, and is 

represented by specific manifest variables that reflect such changes. Therefore, “seasonality” 

(BIO4), “temperature annual range” (BIO7), "mean diurnal range" (BIO2), and "isothermality" 

(BIO3) were WorldClim variables selected to represent Heterogeneity in diadromous, 

potamodromous, and freshwater-resident species. Since the same independent variables were 

unavailable for oceanodromous and ocean-resident species, Heterogeneity for ocean species 

was represented by “ice cover” (icec), “ice thickness” (icet), "cloud cover" (clo) and "current 

velocity" (vel).		

 All the manifest variables influencing (reflective mode) a latent construct need to 

demonstrate to be reliable at measuring the same concept. Therefore, among the variables 

chosen to build a specific latent variable, only those highly correlated and homogenous would 

be considered useful to be used in the path model. Only variables with Cronbach's alpha > 0.7, 

Dillon-Goldstein's rho > 0.7 and first eigenvalue of the indicators’ correlation matrices > 1.0 

were included in the models (Vinzi et al. 2011; Sanchez 2013). Richness (sr) was included in 

the model as a direct construct (no manifest variables). The PCPSs were used as explanatory 

variables representing historical structure of the distribution of the migratory and resident 

groups. All latent variables included in the model are listed in Table 5, along with their 

respective manifest variables. The path coefficient estimates of the hypothesized model were 
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carried out using the plspm package (Sanchez 2013). The relevance of each assessed 

relationship was measured using bootstrap validation (999 samples). Variable transformation 

prior to analysis were conducted as follows: i) to reflect in the path analysis the same direct 

relationship between species richness and temperature (all WorldClim variables related with 

temperature went through the same transformation) as !"#$ =  −1000÷ (!"#$ +

 273.15); ii) natural logarithm +1 for sr, npp, BIO12, BIO14, BIO17, BIO18, BIO19.	  

  



	 61	

 
 

2.4. RESULTS 
	
	
	
	

2.4.1. Frequency of migratory life-histories in fishes 

The total number of fish species resulting from the search and download of the Fishbase data 

repository were 33,096. Among these, 2.2% of total world fish biodiversity were 

oceanodromous, 1.7% potamodromous, 1.4% amphidromous, 0.5% anadromous, and 0.2% 

catadromous. All migratory fishes represent 6.9% of global fish diversity, while diadromous 

fishes represent 2.4% (Table 4). 

 

2.4.2. Migratory fish diversity 

The different strategies of migratory fishes are not evenly distributed around the globe. Maps 

of species richness for each migratory strategy (Fig. 7) suggest that anadromous species do not 

increase towards the equator, as most species. This observation is reinforced by examining 

species richness counts along latitudinal ranges (Fig. 8), with the highest anadromous richness 

counts occurring between 40 °N and 50 °N. In contrast, maximum catadromous species 

richness is found between 10 °S and 30 °S, although the shift in maximum species richness 

from 0° latitude is not as pronounced as among anadromous species. In general, the highest 

diversity for both amphidromous and potamodromous species is between 10 °N and 20 °N. 

Oceanodromous species, in contrast, show uniform levels of species richness between 30 °S 
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and 30 °N, with higher numbers in the Northern Hemisphere. A list of the ecoregions 

(Spalding et al. 2007; Abell et al. 2008a) with the highest biodiversity for each migratory 

strategy is presented in Table 4.  

 

2.4.3. Productivity hypothesis 

Results from the PSRR show that the relationship between species richness and productivity in 

fishes is either unimodal with a hump-shaped curve (anadromous and potamodromous 

species) or monotonic positive (the rest of the strategies analyzed, see Table 6). The quadratic 

component was negative in all strategies (not significant in amphidromous and ocean resident 

fishes). Groups with a significant quadratic component were subjected to a MOStest, which 

supported a hump-shaped distribution only for anadromous and potamodromous fishes. This 

means increasing productivity generates higher species diversity up to a certain point (hump 

639.0 gC/m2/year and 906.0 gC/m2/year, for anadromous and potamodromous species 

respectively). The rest of the categories showed evidence of a positive linear (accelerating 

positive) relationship, meaning increasing productivity leads to continuous increases in species 

richness (Table 7).  

 

2.4.4. Kinetic-energy hypothesis 

The linear relationship between the log of species richness and 1000/average of the absolute 

temperature shows that, as predicted by Allen, Brown, & Gillooly (2002), the kinetic energy 

of the environment significantly influences biodiversity of all migratory and non-migratory 
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species, except for anadromous fishes. In fact, residuals for anadromous species show more 

variation suggesting that other variables are important in affecting species richness of fish 

adopting these strategies (Fig. 9, Table 7). Additionally, one of our main objectives was to 

find out whether the energy/biodiversity patterns between migratory fishes and residents vary 

in response to the temperature of the environment. A comparison of regression models with 

migratory/resident strategies as categorical effects indicated that the slope and intercept of all 

migratory strategies significantly departed from the grand mean (ANOVA, p-values < 0.001), 

whereas non-migratory fishes did not differ from the grand mean (p-values > 0.1).  

 

2.4.5. Path analyses 

According to the hypothesized causal diagram of Fig. 10, migratory fish biodiversity is 

simultaneously influenced by several factors. The proposed model was tested for all 

relationships listed, and the coefficients obtained in the path analyses indicate the strength and 

direction (positive or negative effects) of a relationship between two variables. When the 

bootstrap confidence intervals overlap zero, the effects of the relationship between the two 

variables are not considered significant. Only the latent constructs shown in bold in Table 5 

were used to test the model for each strategy. Additionally, relationships with bootstrap 

confidence intervals overlapping zero were removed from the models (see Fig. 10 and the path 

diagrams in Figure S1).  

 Each path analysis is supported by a Goodness of Fit (GoF) value that represents a 

pseudo-R2, where values of 0 indicate no relationship and values of 1 indicate that the 

variability of species richness is fully explained by the proposed variables (Henseler and 
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Sarstedt 2013). Results from path analyses (Fig. 11 and Fig. S1) show that net effects of 

Productivity are positively associated with species richness in all migratory strategies and 

strongest (path coefficients ~ 0.2) in anadromy, catadromy, oceanodromy, and non-migratory 

ocean and freshwater species. Weaker associations are observed for potamodromy, and 

amphidromy. Temperature has a net positive relationship with species richness in all 

migratory strategies, however a direct relationship is seen only in most non-diadromous fishes 

(i.e., oceanodromous, potamodromous, and ocean residents). Interestingly, species richness 

across all diadromous species is positively related to Temperature only via indirect 

relationships with other variables (Supplemental Figures S1) (e.g. in catadromous species, 

Temperature à Precipitation / Productivity à Richness). Heterogeneity showed the highest 

positive effect in anadromy (path coefficient: 0.19). Catadromous species richness is also 

affected by significant positive direct and indirect relationships with Heterogeneity (path 

coefficients: 0.16); whereas amphidromous species richness is affected by positive direct and 

negative indirect effects, leading to a net weaker interaction (path coefficient: 0.08). 

Oceanodromous species richness shows a negative relationship with Heterogeneity, supported 

by both direct and indirect path effects. The effects of Precipitation on species richness were 

evaluated exclusively for freshwater-dwelling species and showed a positive relationship for 

most examined migratory strategies (except potamodromous), driven by both direct and 

indirect effects.  

 In our explanatory model, PCPSs were hypothesized to be directly related to species 

richness (Fig. 10). Our results show that these vectors can relate either negatively or positively 

to species richness. For example, PCPS.1 is positively related to species richness in anadromy, 
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but its relationship is negative in amphidromy. This suggests that this vector, which is a 

phylogenetic filter based on evolutionary distances between species, is positively associated 

with species richness at locations occupied by anadromous species, and negative for those 

occupied by amphidromous fishes. The observed relationship between PCPS.1 and anadromy 

and amphidromy is further explained by looking at the RDA ordination (Fig. 12) of species 

richness constrained with PCPS filters and selected environmental variables, which shows 

how different clades (Orders) relate to phylogenetic vectors. For example, Fig. 12A shows 

how salmonids are negatively related to PCPS.1 and mostly correlated with environmental 

heterogeneity but other clades, such as the Clupeiformes are strongly associated with the 

PCPS.1 vector. 

 Overall, all factors of causality included in the exploratory structural model affect the 

biodiversity of migratory fishes. These interactions can be direct or indirect, negative or 

positive, depending on the different migratory or resident strategies (Fig. 11).  
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2.5. DISCUSSION 
 
 
 
 
Several hypotheses thought to influence species richness in migratory species were tested to 

assess the major factors that drive the migratory fish richness. Specifically, we tested the 

productivity hypothesis proposed by Gross, Coleman & McDowall (1988) and the kinetic-

energy of the environment hypothesis, proposed by Allen, Brown & Gillooly (2002) to see 

whether each hypothesis could individually explain biodiversity patterns of migratory species. 

Since results were ambiguous (especially for anadromy), we integrated multivariate analyses 

into a path modeling approach, in order to test multiple hypotheses within a single framework 

and discern hidden relationships among variables. We tested different hypotheses through a 

series of exploratory path analyses, evaluating the contribution of additional variables thought 

to influence migratory-species richness, such as precipitation, heterogeneity, and phylogenetic 

structure. The most important observations stemming from this work were that: i) biodiversity 

is strongly dependent on the productivity of the environment (PSRR) in migratory and resident 

fishes alike, although in anadromous and potamodromous species this relationship shows 

evidence of unimodality for anadromy and potamodromy, where species richness increased to 

a certain threshold and then started decreasing; ii) temperature is an important variable in 

driving biodiversity, but its influence is indirect in diadromy and even less relevant in 

anadromy, iii) the role of environmental heterogeneity is the strongest for anadromy, which 

helps explain their skewed distribution pattern towards higher latitudes and low fit within the 
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kinetic-energy hypothesis; iv) migratory fish richness can be explained by the interaction of 

multiple variables, such as productivity, precipitation, temperature, environmental 

heterogeneity, and phylogenetic structure, and these variables interact differentially in each 

strategy. 

 

2.5.1. Overall geographic patterns in migration strategies 

Probably because of the high costs involved in undertaking migrations (Gross 1987), only a 

minority of all fishes worldwide exhibit migratory strategies, and the distribution of migratory 

fish species richness is not globally uniform. While some of this non-uniformity might relate 

to bias in sampling methods, the majority is more likely to be intrinsically related to evolution 

and biogeography. For example, anadromous species follow an inverse pattern of species 

richness to the majority of species on Earth, with peaks in richness observed in temperate 

zones (e.g. the Baltic and North Sea, Northern Atlantic, Celtic Seas, and the Laurentian Great 

Lakes). Catadromous species, in comparison, occur mostly in very different areas, favoring 

ecoregions with higher temperatures (e.g. the Zambezian Lowveld of Mozambique, the eastern 

and northern coasts of Australia, and the coasts of East Asia). Amphidromy appears to have a 

strong geographic overlap with catadromy, although it is more constrained to tropical waters. 

Potamodromy, in contrast, is concentrated in West Africa, South and Southeast Asia, the 

Amazon-Orinoco, and Western Europe. Oceanodromy tends to be found in areas with broad 

continental shelves (e.g. the Gulf of Mexico) and/or strong warm oceanic currents (e.g. the 

Gulf Stream, the Alguhas Current, the East Australia Current, and the Kuroshiro Current). 
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 The latitudinal richness pattern has traditionally shown how most species follow a 

latitudinal gradient of increasing species diversity from the poles to the equator (Rohde 1992; 

Brown and Lomolino 1998; Gaston 2000; but see Valdovinos et al. 2003). This study shows 

anadromous species along a very different gradient, with peaks in species richness between 40 

and 50 degrees north latitude, and no native species richness patterns in the tropics or Southern 

Hemisphere. This particular pattern speaks strongly of the historical legacy of this migration 

strategy, being constrained to species that are from families characterized by cold-stenothermy 

(McDowall 2008). While the evolution of anadromy can be associated with high NPP in high-

latitude coastal waters, this trend is countered by the presence (albeit lower) of anadromous 

fishes at lower latitudes, and the lack of anadromy in the high latitude waters of the Southern 

Hemisphere, save for a handful of species in Australia and New Zealand (Gross et al. 1988). 

However, most of the actinopterygian anadromous species in the Southern Hemisphere are 

better described as semi-anadromous, whose non-marine life stages are in estuarine areas and 

the lowest reaches of rivers (Miles 2007), unlike the life history patterns of Northern 

Hemisphere anadromous species, many of whom can be found throughout river systems in 

different periods of their life cycles.  

 Other migratory strategies do appear to broadly follow the species-latitude pattern, 

with maximum species richness found at low latitudes in the Southern Hemisphere for 

catadromy, and low latitudes in the Northern Hemisphere for both amphidromy and 

potamodromy. A large part of the patterns seen for amphidromous and potamodromous 

species richness appears to be associated with the amount of river area coverage, which is 

greatest near the equator and at high northern latitudes. In fact, south of 20 °S, non-tropical 
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Southern Hemisphere rivers are narrower and shorter than Northern Hemisphere rivers at that 

same latitude (Allen and Pavelsky 2018). This significantly limits the amount of comparable 

habitat available at complementary latitudes between hemispheres. Furthermore, the relatively 

higher levels of historic isolation between Southern Hemisphere landmasses, including 

between Australia and Southeast Asia (Unmack 2001), means that movement between 

landmasses is far less apparent, although there are exceptions (McDowall 2002c). These 

physical distinctions between hemispheres could help explain the lower levels of diadromy 

and potamodromy in the extra-tropical Southern Hemisphere.  

 The relatively more-constrained latitudinal distribution of potamodromy could be 

explained by the impacts of historical events, especially glaciation (sensu Svenning et al. 

2015), and this appears to be the case at latitudes higher than 45° North and South, where 

potamodromous species richness abruptly decreases from the strongly unimodal distribution 

found most elsewhere in its latitudinal range (Figure 2). In both hemispheres, the river basins 

at these high latitudes were heavily affected by glaciation during the Last Glacial Maximum, 

meaning that freshwater-dependent species, being unable to take advantage of marine 

dispersal, would have been extirpated. Exceptions would be where species could take 

advantage of greater river connectivity due to exposed continental shelves (Ruzzante et al. 

2008; Dias et al. 2014), where species lived in north-south orientated river basins that were 

sufficiently large so as to have non-glaciated extents, or where species were able to recolonize 

previously glaciated basins during glacial retreat (Oberdorff et al. 1997; Griffiths 2015).  
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2.5.2. Fish migratory strategies are influenced by phylogeny and spatial legacies 

Our study indicates a strong influence of phylogeny on the current distribution of migratory 

species, showing that fish belonging to a particular migratory strategy tend to occur in 

delimited regions and partition mostly according to their clade structure (i.e. Order). This 

suggests that each migratory strategy not only falls within a specific set of adaptations and 

behavioral characteristics, but also that each strategy is linked to a specific time and place of 

origin (Lévêque et al. 2008). That is, speciation from a single ancestor with specific 

characteristics which gave rise to a series of descendants, with all (or nearly all) following the 

same specific behavioral migratory strategy (Dodson et al. 2009). The phylogenetic effects are 

more apparent in diadromous species, as all require specific physiological and ontogenetic 

adaptations to cope with a changing environment, with only occasional instances of species 

losing their migratory potential (e.g., Galaxias paucispondylus) (Dunn and O’Brian 2007). 

Oceanodromous and potamodromous species do not depend on physiological mechanisms to 

migrate through osmotic barriers, and thus different evolutionary and ecological drivers may 

influence their dependence on phylogenetic structure and their diversity is most likely shaped 

by the physiological adaptations needed to cope with stressful environments, competition, and 

predation. 

 

2.5.3. Productivity hypothesis 

Productivity drives species richness in migratory and resident species, although for anadromy 

and potamodromy, this relationship holds only to a certain point, and then species richness 

decreases as productivity increases. This unimodal relationship suggests that, when 
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productivity exceeds the optimal values, only some species benefit from increasing 

environmental resources. Biotic interactions, such as predation, may play a more important 

role in anadromy and potamodromy, compared to resident and the other migratory strategies, 

which showed monotonic positive PSRR. These data partially support Gross’ productivity 

hypothesis, as migratory species tend to increase in areas of higher productivity (with the 

exception of anadromous and potamodromous species). While we did not explicitly test 

whether ocean productivity exceed freshwater, as Gross’ productivity hypothesis suggested, 

although anadromy does show a higher incidence in the Northern Hemisphere, where the 

ocean is more productive, freshwater areas support more species than nearby oceans at the 

same latitudes, and the Southern Hemisphere fails to show any similar trend. Additionally, our 

analysis has shown that productivity provides a significant causal relationship for species. 

Anadromy and potamodromy could be seen as strategies evolved to avoid competition in 

unproductive environments during certain stages of the lifecycle. Further research on 

evolutionary transitions between marine and freshwater habitats may help explain the 

observed patterns (see Dodson, Laroche & Lecomte, 2009; Bloom, 2013; Bloom & Lovejoy, 

2017).  

  

2.5.4. Kinetic energy hypothesis/Metabolic theory 

While most migratory species show a positive relationship with temperature, with species 

richness increasing linearly with increasing temperatures, anadromy does not show this trend. 

Additionally, all migratory species show a slope in the linear relationship that departs from 

MTE predictions of -9K, suggesting that the temperature-species richness relationship in 
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migratory species is different, showing, for example, that many oceanodromous species are 

able to dwell at lower temperatures compared to other analyzed strategies (Figure 9). Also, 

path analysis suggests that the temperature-species richness relationship becomes less relevant 

when other variables are considered, meaning that temperature cannot be the sole predictor of 

species presence. Water currents (driven by winds and global atmospheric circulation) and 

temperature seasonality, coupled with thermoregulation, heterogeneity in nutrient availability, 

and specific adaptations to cope with environmental harshness (therefore phylogeny), could be 

some other possibilities driving species richness. The strong departure from the kinetic-energy 

hypothesis in some migratory species warrants further research into the role of metabolism 

regulating biological activities for these fishes. As mentioned above, anadromous fishes are 

dominated by cold-stenothermal species, (i.e., salmonids), but even when these are excluded, 

there is still a marked preference for cold waters (McDowall 2008). Among oceanodromous 

fishes, regional (partial) endothermy is known to occur in Lamnid sharks and tunas, with all 

Lambridae and Scombridae being oceanodromous. Adult Atlantic bluefin tuna (Thunnus 

thynnus) can maintain relatively stable body temperatures (~25 °C) even when traversing 

waters as cold as 3 °C. In the salmon shark, Lamna ditropis, the enhanced expression of some 

proteins helps mitigate the effects of low water temperatures. However, these forms of 

endothermy arose independently and are driven by different physiological processes (Dickson 

and Graham 2004). Recently, the discovery of a completely warm-blooded fish, the 

oceanodromous Lampris guttatus, has shed more light on the key-evolutionary adaptations 

needed to cope with cold waters in this evolutionary line (Porch 2005; Wegner et al. 2015). 

Further research in migratory fishes, looking for adaptations at the interface with a warm-
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blooded metabolism, may help with understanding the extent to which endothermy has played 

a role in the evolution and maintenance of certain lineages of fishes. 

 

2.5.5. Limitations and future studies 

These data were obtained from public, global repositories, and both spatial, temporal and 

categorization bias can affect results. In particular, there was no geospatial data available for 

northern Eurasia (i.e. Russian Federation, where native migratory species are known to exist, 

such as the endangered potamodromous Hucho taimen), and the distribution of fishes from 

China was highly imprecise, as nearly all fish data were concentrated in the Gobi Desert, and 

were therefore removed during data cleaning.  

 Similarly, the assessment of five categories of migratory behavior across 1913 species, 

221 families, and 37 orders inherently means that there are “degrees” within the spectra of 

migratory behaviors that have not been sufficiently described. For example, Lovettia sealii 

(Tasmanian whitebait) and Oncorhynchus tshawytscha (Chinook salmon) are both classified 

as anadromous, but the “degree” of anadromy between these two species is extreme. Also, 

Thunnus thynnus (Atlantic bluefin tuna) and Clupea harengus (Atlantic herring) are both 

oceanodromous, but have vastly different migratory ranges. Some of these differences can be 

associated with body size, with larger fish species typically having larger movement 

capabilities (Woolnough et al. 2009; Radinger and Wolter 2014). However, such degrees of 

diadromy likely have a strong evolutionary component, given the importance of genetics and 

epigenetics in governing the physiological and behavioral changes associated with catadromy 

and anadromy (Hecht et al. 2012; Baerwald et al. 2016). 



	 74	

 Some migratory fishes are given multiple, different classifications, and this seems 

especially true for diadromous, potamodromous, and euryhaline fishes. Often fish demonstrate 

capacity for multiple types of migratory behaviors, and, depending on their habitat, they have 

been classified according to multiple strategies. For example, Galaxias maculatus, (Puye in 

Chile or Inanga in New Zealand) has been shown to be a facultative migrant, and has been 

classified as amphidromous, catadromous, and –	 for landlocked populations – either 

exclusively freshwater-resident or potamodromous (Górski et al. 2015; Ruiz-Jarabo et al. 

2016; Alò et al. 2019). Similarly, many salmonids have migratory and non-migratory forms, 

with Oncorhynchus mykiss being a classic example (Hecht et al. 2012; Baerwald et al. 2016), 

but are defined as anadromous in the database, regardless of the presence of any connection to 

a marine setting. 

 Finally, evolutionary heritage is only assessed in the context of modern-day continental 

positions and climates. Incorporating paleogeography (Albert and Reis 2011) could help 

uncover additional pieces of evidence that could help elucidate how current-day species 

distributions and intervening speciation and extinction rates have led to current distributions of 

species richness. 

 

2.5.6. Concluding remarks 

Fish migrations are driven by multiple ecological and evolutionary processes. We could not 

isolate single factors as uniquely responsible for migratory fish biodiversity. In this paper, we 

examined and tested whether specific environmental characteristics could be pinpointed as 

responsible for explaining species richness in several migratory strategies. We found that 
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productivity, temperature, and heterogeneity interact to affect the biodiversity of migratory 

species. We also highlighted that the role of history has a strong impact in shaping the global 

distribution of these species. There are different patterns for each migratory strategy, and 

multiple environmental variables can relate to migratory strategies in different ways. For 

example, the role of seasonality (heterogeneity) is much stronger in driving species richness in 

anadromy than the other strategies, while the role of productivity seems important in driving 

diversity of all species.  

 Increasing our understanding of how these different migratory strategies interact with 

spatial and environmental variables as well as the legacies of their evolutionary histories may 

help predict their responses to climate change and human disturbances. Migrating fishes 

represent only 6.9% of the total fish diversity, and some of them are severely challenged from 

a conservation perspective. Therefore, the consequences of ongoing global climate change, 

land-use change, invasive species, river alterations, and water obstructions (Arthington et al. 

2016) can be expected to be particularly troubling for many migratory species, especially for 

diadromous species. Worldwide, many migratory fish species are also highly important for 

fisheries, such as diadromous salmonids, clupeids, sturgeons, etc. or marine fishes, such as 

those in the Scorpanidae family, which have a cosmopolitan distribution and high dispersal 

capabilities thought to be influenced by their migratory patterns (Gonzalez et al. 2008), but are 

also a globally important human food source. Therefore, some of the relevant characteristics 

that make a fish species commercially important may also be relevant from the standpoint of 

migration, and warranting further research.  
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 This work sought to test different existing hypotheses (productivity, kinetic energy, 

environmental heterogeneity, and genetic predisposition) in support of developing a holistic 

model of migration (Dingle and Drake 2007; Pulido 2007; Dingle 2014). Our results insert 

well into a global framework of migration, showing how current biodiversity patterns 

discerned among different migratory strategies can be explained by the joint effect of multiple 

environmental and productivity variables, and, additionally, how biodiversity is influenced by 

the role of historical factors constrained by phylogeny.  
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3.1. ABSTRACT 
 
 
 
 
Diversification rates are expected to follow patterns dictated by the latitudinal gradient of 
species richness, with higher diversification rates at lower latitudes. However, species 
dispersal capabilities should also influence the dynamic of the diversification rates. Migrations 
allow species to colonize new habitats, avoid extinction, and increase gene flow. Migratory 
fishes have a tendency to group within just a handful of families and fishes within older taxa 
are more likely to undertake migrations. This phylogenetic propensity for selected taxa to 
migrate suggests that most migrating fishes may have had a different diversification history 
compared to resident species. This study aims to detect whether the diversification dynamics 
of migratory fishes are different to those of resident fishes. We assessed phylogenetic 
distinctiveness using a comparative approach using the most recent actinopterygian fish time-
calibrated phylogeny and tested for state-dependent evolution of traits dependent on 
movement capabilities and latitude. We found that migrants are different from residents, 
where anadromous and migrating fishes in general display faster speciation rates. We also 
found evidence that speciation rates are higher at lower latitudes. There is evidence that an 
additional, concealed trait is driving speciation rates. Evidence shows that in the Southern 
Hemisphere faster speciation rates occur at lower latitudes in continental fishes and at higher 
latitudes in marine fishes, whereas in the Northern Hemisphere anadromous fish prevail at 
high latitudes and the rest of the fishes are mostly concentrated at lower latitudes. Several 
migratory species represent evolutionary legacies of the past. Specific management and 
conservation measures should be taken into account, especially considering that climate 
change and temperature increases will severely affect the heterogeneous, temperate 
environments occupied by many migratory fishes. 
 
Keywords: diadromy, diversification rates, oceanodromy, potamodromy 
  



	 80	

 
 

3.2. INTRODUCTION 
 
 
 
 
It has long been observed that species diversity across the globe follows a latitudinal gradient 

pattern (LDG), with higher diversity observed at the tropics and lower diversity at higher 

latitudes (Hillebrand 2004). Several different hypotheses have been offered to explain the 

reasons of this biogeographical phenomenon. In particular, the diversification rate hypothesis 

(DRH) posits that given the higher temperatures of low latitudes, physiological and genetic 

mechanisms occur at a faster rate, leading to higher mutation rates and therefore higher 

speciation and diversity. Also, the tropical conservatism hypothesis (THC) proposes that given 

the earlier origins of tropical environments, extra-tropical species are generally evolutionary 

younger and nested within tropical clades (Mittelbach et al. 2007; Economo et al. 2019).  

 We argue that dispersal capabilities should affect the outcome and support of the two 

hypotheses presented above. In fact, there should be differences in species distribution, 

speciation rates, and evolutionary times given different types of life-history and different 

ability to disperse. Migration is one particular type of dispersal strategy, and can be seen as an 

adaptive response to seasonal environments. All animals should display the capacity to 

migrate given the right environmental and biological pressures (Pulido 2007), however, some 

lineages show a higher propensity of expressing or maintaining the migratory trait, (e.g. in 

fish: lamnid sharks, lampreys and clupeiform) (McDowall 1997; Dodson et al. 2009; Bloom 

and Lovejoy 2014). This is because of the complexity of the migratory conduct, which entails 
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the synergy in the expression of different characteristics of anatomy, behaviour and 

physiology that may facilitate migration in some groups and hinder it in others.  

 Fish offer excellent opportunities to study LDG and diversification patterns given 

different scenarios and hypotheses as they are widely distributed across the globe, they have 

relatively defined life-history strategies and a well-studied phylogeny, partially supported by 

genetic data. In fact, different migratory categorizations exist to classify fish. If not 

exclusively resident in one habitat (marine, freshwater or brackish), fish are classified as either 

oceanodromous or potamodromous when their range shifts occur within ocean and freshwater, 

respectively. On the other hand, diadromy is a term that indicates migratory shifts across 

freshwater and saltwater, and includes anadromy, catadromy and amphidromy. Anadromy and 

catadromy are subclassifications of diadromy that refer to the direction of the migratory 

movement and are triggered by either reproduction or feeding. Amphidromous migrations are 

not defined from the purpose of reproduction, and can be defined by fish travelling in both 

directions (Myers 1949; McDowall 1992; Northcote 1997).   

 A recent study that looked at the relationship between species diversification rates and 

LDG in fishes (Rabosky et al. 2018) found an inverse gradient of diversification rates in 

marine fishes, with species at very high latitudes (Artic and Antarctic) displaying higher rates 

than tropical species. In this paper, we expand on Rabosky et al. (2018) work, asking whether 

the inclusion of additional life-history strategies (freshwater, brackish and migratory) would 

lead to the same conclusions. Specifically, we argue that we should expect lower speciation 

rates in migratory fishes as they do not speciate as much as sedentary species because they are 

either equipped with specific adaptations that allow them to move instead of perishing or they 
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are generally less able to solve problems of ecological isolation by morphological 

differentiation (Cox 1968). Migration strategies are selected and maintained by natural 

selection through differential mortality and the probability of extinction decreases if a species 

migrates (von Haartman 1968; Roff 1990). Migration also increases gene flow, thereby 

decreasing the likelihood of speciation events (McDowall 2001).  

 In order to test the hypotheses based on the above observations, we deconstruct the 

role of specific migratory and resident strategies in contributing to different scenarios. In 

particular, i) we question whether Rabosky et al. (2018) findings can be applied to the entire 

fish phylogeny, including fish from different habitats and life-history strategies; ii) we ask 

whether the majority of species with higher diversification rates at high latitudes are mostly 

resident species, possibly going through major adaptive radiations given the relative habitat 

youth of current temperate habitats; iii) we test whether taxa with predisposition to migration 

could have had a different diversification history (due to ecological and/or geological factors) 

and whether we can detect a distinctive evolutionary signal when comparing migratory species 

to resident species.  

 If migratory species were subjected to different evolutionary constraints or pathways 

compared to their resident counterparts and at different latitudes, a signal should be detectable 

by measuring phylogenetic distinctiveness (Redding and Mooers 2006; Vellend et al. 2010; 

Friedman et al. 2017; Economo et al. 2019). We used a comparative approach using 

phylogenetic data from the most recent Actinopterygian backbone phylogeny (Rabosky et al. 

2018) and included geographic information. 
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3.3. METHODS 
 
 
 
 
Unless otherwise noted, all analyses were carried out using the R statistical package (R Core 

Team 2017). 

 

3.3.1. Species taxonomic diversity and migratory life-history 

Taxonomic information was obtained through Fishbase (Froese and Pauly 2016). This 

database compiles global fish records, free of synonyms, with a grand total 36,185 species 

(using R package rfishbase (Boettiger et al. 2012)), which amounts to the total recognized fish 

diversity, up to this date. From this database, we extracted the migratory life-history 

information, which included one column (AnaCat) with the categorical factors “anadromous,” 

“catadromous,” “amphidromous,” “oceanodromous,” “potamodromous,” “non-migratory,” 

and “NA” (no category assigned) and three columns of specific habitat information in binary 

state, which included "Saltwater", "Fresh" and "Brack" species. All non-ray-finned fish (non-

actinopterygii) records were discarded. Since the "non-migratory" category is somewhat 

arbitrary, as it leaves out the rest of most fishes, we introduced some changes to the Fishbase 

categorization. In general, it has been recognized by several authors that very few fishes 

among the ~32,000 recognized species display migratory behavior. This is, of course, 

arguable, as probably many more fishes, among those officially recognized as within some 

migratory category, display some form of displacement throughout their lifetime. For the sake 
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of this study, we are making the assumption that most conspicuously migratory fishes have 

been categorized and recognized, and these, given the high cost associated with migratory 

behavior are very few, as recognized in the literature (McDowall 1987; Nelson 2006a), who 

have suggested that only 2% of migratory fishes are diadromous (osmoregulatory migrants, 

that is anadromous, catadromous and amphidromous). Therefore, group categorizations were 

carried out as follow: assigned "Marine" to all fish with "NA" or "non-migratory" in the 

AnaCat column and "1" in the "Saltwater" column, assuming these are all marine fishes; 

assigned "Freshwater" to all fish with "NA" or "non-migratory" in the AnaCat column and "1" 

in the "Fresh" column, assuming these are all freshwater fishes; assigned "Brackish" to all fish 

with "NA" or "non-migratory" in the AnaCat column and "1" in the "Brack" column, 

assuming these are all brackish water fishes. Some non-migratory fishes were listed as present 

in more than one habitat (Fresh and Brack, or Brack and Saltwater, or Fresh/Brack/Saltwater), 

as they could not be assigned to a single habitat category, they were marked as "NA". All 

those fishes that didn't have any AnaCat category assigned ("NA") and more than one habitat 

listed were assigned to the "brackish" category. In this way, we removed the "non-migratory" 

category but added three categories of marine/freshwater/brackish fishes, which could be 

grouped into a unique "resident" category. 

 

3.3.2. Phylogenetic tree 

Phylogenetic trees can be used to track the changes in the number of species through time and 

allow the possibility of testing a variety of hypotheses and model fitting. The most up-to-date 

time-scaled classification of the Tree of Life of fishes (Rabosky et al. 2018) was used. This 
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tree includes a total of 11,638 species generated by a 27-gene multilocus alignment and a 

maximum likelihood topology for ray-finned fishes. Supplementary information of the 

aforementioned phylogenetic tree provided estimates of time-varying speciation rate regimes 

(λBAMM) generated using the program BAMM and which we used to test whether the 

frequency of migrants in different clades is linearly related to changes in speciation and/or 

diversification rates (Rabosky et al. 2014; Rabosky and Huang 2016).  

 

3.3.3. Species occurrence data  

For each of the migratory and resident species listed in Fishbase, we downloaded all available 

georeferenced records from the Global Biodiversity Information Facility (GBIF) using the 

rgbif library in R (Chamberlain 2017; R Core Team 2017). This was set to collect all unique 

records for each species that had coordinates and match these with their taxonomic and life-

history data (from Fishbase). First, dubious occurrences were cleaned using the 

CoordinateCleaner library in R, second, minimum and maximum latitude values were 

extracted for each species, and last we classified the species as "low" latitude if the absolute 

average <= 30 or 'high" if absolute average >30. 

 

3.3.4. The relationship between speciation rates and migratory life-history traits 

Different approaches and methods have been developed to estimate macroevolutionary rates 

of diversification and to test the dependency of these on different traits. In particular, the 

Speciation and Extinction (SSE) family of methods, mostly presented in the diversitree library 
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(Fitzjohn 2012) in R, offers several options, that increasing in complexity and depending on 

data format, fit explicit models to test state-dependent diversification. For example binary data 

can be tested with Binary State Speciation and Extinction Model (BiSSE), continuous traits 

with Quantitative State Speciation and Extinction (QuaSSE) and several character state using 

Multiple States Speciation and Extinction (MuSSE). However, it has been shown that these 

methods are highly prone to Type-I errors because changes in diversification rates are 

spuriously associated to variation in character states even when the traits lack a phylogenetic 

signal (Rabosky and Goldberg 2015). To avoid false positives, one can use the Hidden State 

Speciation and Extinction (HiSSE) method developed by Beaulieu & O’Meara, (2016) which 

jointly tests for given character states but also for the presence of a hidden state that could be 

affecting the diversification process. However, HiSSE only allows to test for one binary trait 

and given the complexity of our dataset that with several character states, the presence of NA 

records, and the need to test for latitudinal variation, we used a recently developed method that 

builds on the previous ones, but additionally allows multiple observed and hidden states, 

Several Examined and Concealed States-Dependent Speciation and Extinction (SecSSE) 

(Herrera-Alsina et al. 2018). SecSSE, as HiSSE, allows for concealed states avoiding common 

Type-I errors, but also allows testing for several character states at the same time. Although 

SecSSE can handle up to six observed character states at a time, the magnitude of our 

phylogenetic tree imposed some analytical and time restrictions (long time to compute the ML 

search). To simplify the analysis and keep the variable parameters to a minimum, we tested for 

three character states (migratory, resident, anadromous). In more detail, we grouped all species 

with high dispersion potential as migratory (oceanodromous, amphidromous, potamodromous, 
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catadromous and brackish), all resident species (marine and freshwater), and anadromous 

species by themselves, as a preliminary check on their diversification rates showed different 

patterns from the rest of the migratory species (Fig.1). Additionally, to simultaneously include 

a second trait (geography) into the analysis, we set latitude to be a function of a “factor”. For 

example, this would mean to say that resident species at low latitudes and resident species at 

high latitudes have the same basic rate of diversification but they differ by a factor X, which is 

a number that affects the rate linearly. So, residents-high-latitude species could have a 

speciation rate which is X times larger than residents-low-latitude species. The X value is 

optimized by SecSSE but it is the same factor affecting migratory species (i.e., speciation in 

migratory-high-latitude will also be X times larger than migratory-low-latitude). This set up 

leads to a total of three different traits to optimize plus one X factor (sampling fractions used 

are reported in parenthesis): 1. Migratory high latitude (0.78), 2: Anadromous high latitude 

(0.85), 3: Resident high latitude (0.56), 1X: Migratory low latitude (0.60), 2X: Anadromous 

low latitude (0.68), 3X: Resident low latitude (0.37).  

 Using the same scheme established in HiSSE, we denoted observed character states 

with numbers (1, 2, 3) and concealed character states with letters (A, B, C), and set up three 

different models of speciation: CR (constant rates) where all species have the same speciation 

rates (λ1A = λ2A = λ3A = λ1B = λ2B =λ3B = λ1C = λ2C = λ3C), CTD (concealed trait dependent) 

where only the hidden states are allowed to change (λ1A = λ2A = λ3A ≠ λ1B = λ2B = λ3B ≠ λ1C = 

λ2C = λ3C), and ETD (examined trait dependent) where only the observed state are allowed to 

change (λ1A = λ1B = λ1C ≠ λ2A = λ2B = λ2C ≠ λ3A = λ3B = λ3C). Additionally, our models 

specified rates for "biotic exchange" between the different strategies, defined as the likelihood 
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of transition between migratory, resident and anadromous strategies (specified in Table 1). 

The ML search was carried out with the simplex algorithm of the DDD library in R and, in 

order to avoid getting caught on a local maximum, we used three sets of initial parameters, 

resulting in a total of 18 models which were a combination of three models of speciation 

dependence on traits (CR, CTD and ETD), two evolutionary modes on how the trait evolves 

over time (constant transitions: only single transition rate for all the shifts; variable transitions: 

transitions could occur at different rates), three different sets of initial parameters. Selection of 

the best model was performed using AKAIKE weights (Wagenmakers and Farrel 2004). 
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3.4. RESULTS 
	
	
	
	

3.4.1. Phylogenetic and migratory data 

 The time tree from Rabosky et al. (2018) contained 11,638 tips (species) of 

Actinopterygian fishes which included a total of 492 oceanodromous species (sampling 

fraction, sf = 0.68 of the total known diversity in this category); 400 potamodromous (sf = 

0.69); 115 anadromous (sf = 0.66); 69 catadromous (sf = 0.82 of the total); 228 amphidromous 

(sf = 0.48); 850 brackish (sf = 0.45); 4,120 freshwater (sf = 0.28), 4,050 marine (sf = 0.28). 

Supplementary Fig. S1 shows how the different life-history categories for migratory and 

resident traits divide across 41 Orders and supplemental Fig. S2 shows this distribution across 

different latitudes.  

 

3.4.2. Evolutionary rates 

 Speciation rates are plotted in Fig. 1. BAMM analysis allows rates to vary during time, 

therefore it is easier to spot changes in diversification rates that may follow particular events. 

Generally, between 80-100 MYA during the Late Cretaceous period, all species tended to 

exhibit an accelerating trend. Fish with an anadromous life-history show the strongest increase 

in speciation rates, occurring during the last 50-70 MYA. Catadromous and amphidromous 

fishes increase speciation rates at the lowest pace.  
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3.4.3. Relationship between speciation rates, migration and latitude 

Refer to the panel of Fig. 2A to visualize how different migratory and resident life-history 

strategies are placed onto the phylogenetic tree. There is no panel for ocean species since these 

were the main focus of similar research that has already been published (Fig. 3 in Rabosky et 

al., 2018). Figure 2 shows the relationship of different clades with latitude. In particular, 

referring to Fig. 2A, several migratory species at high latitudes appear to be part of families 

undergoing bursts of speciation events. Species among these groups include Salmonidae and 

Gobidae, which are plastic in their life-history strategies, including representative species in 

migratory, brackish and freshwater groups (see also Fig. S2). The family of Acipenseridae is 

also showing high speciation rates at high latitudes, but they are exclusively migratory, 

including either potamodromous or anadromous species. Within the group of brackish fishes, 

Fig. 2B, stands out a group of facultative oxygen breathing Perciformes fishes, the 

Stichaeidae, also known as shannies or pricklebacks, which show high speciation rates at high 

latitudes. Among the freshwater fishes (Fig. 2C) found with both high rates of speciation and 

prevalence of habitats at high latitudes, there are several families, such as the Ariidee, 

Salmonidae, Cottidae, Cyprinodontidae and Poeciliidae. However, the highest speciation rates 

in freshwater fishes are seen at low latitudes, within clades such as the Cyprinidae (highest 

speciation rate, lambda = 4.42), Chiclidae, Gobidae and Characidae.  Looking at all strategies, 

in general, freshwater fishes have the highest speciation rates among fish of both northern and 

southern latitudes, and aside a few exceptions, high rates of speciation in freshwater fishes are 

mostly evident at low latitudes of the Southern Hemisphere. Highest rates among high latitude 
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resident fishes are those of ocean fishes in the Southern Hemisphere and the highly plastic 

Salmoniformes for the Northern Hemisphere, which include freshwater, brackish, and 

anadromous fishes. Speciation rates are positively correlated with increases in latitude (Fig. 4) 

only in selected strategies (anadromous R = 0.46, p=value < 0.001; marine R = 0.1, p-value < 

0.01; brackish R = 0.1, p-value < 0.001; potamodromous R = 0.15, p-value < 0.01). 

Freshwater fishes show a weak but significant negative correlation of speciation rate with 

increasing latitudes (R = -0.098, p-value < 0.001). There are limitations to this analysis as 

correlations between latitude and speciation rate should be evaluated taking into account 

phylogenetic dependency (Rabosky et al. 2015; Economo et al. 2019) 

 

3.4.4. Relationship between speciation rate and percent of migrant in clade 

We also asked whether the proportion of migrants within a group has a relationship with the 

speciation rate of each clade. Fig. 5 A and B report speciation rates and the proportion of 

migrants at the Family and Order levels, respectively. There is no evidence of a significant 

relationship in either group (Family, R2 = 0.0035, p-value = 0.22; Order, R2 = 0.015, p-value = 

0.42). The average speciation rate of most Families of fishes is below 0.5, with just a handful 

of Families, such as the Chiclidae, Sebastidae, Salmonidae and Artedidraconidae showing 

higher rates. The Orders with the highest percent of migrants are the Acipenseriformes (100% 

migratory), Elopiformes (100%), Myctophiformes (~ 70%) and Mugiliformes (~60%).  
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3.4.5. State-dependent speciation rate 

The SecSSE analysis did not find a direct relationship between speciation rates and differences 

in life-history traits related to dispersal capabilities (migratory, anadromous, residents) (Table 

1). The CTD-variable rates model outperformed the rest of the models analyzed. This means 

that, while there is evidence that the rates between migratory, anadromous and resident fishes 

are significantly different, these traits are not directly responsible for the differences seen in 

speciation rates. Additionally, the CTD-variable rates model suggests that speciation rates at 

low latitudes are approximately twice as high as those of high latitudes (X-factor = 1.87). 
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3.5. DISCUSSION 
 
 
 
 
This analysis deconstructed the roles of different movement strategies and latitude in 

influencing the macroevolutionary rates of speciation in fishes. In particular, we hypothesized 

that the speciation rates of migratory fish species should be different than those of exclusively 

resident fishes. We used an existing time-calibrated phylogeny of Actinopterygian fishes and 

tested for state-dependent evolution of traits dependent on movement capabilities and latitude. 

We found that migrants are different from residents, however, contrary to our hypothesis 

anadromous and migrating fishes display faster speciation rates. We also found evidence that 

speciation rates are higher at lower latitudes, as predicted by the DRH. However, we could not 

confirm whether the specific influence of migratory/resident strategies is driving the observed 

differences, that is, there is evidence that an additional, concealed trait is driving speciation 

rates. Additionally, evidence shows that in the Southern Hemisphere faster speciation rates 

occur at lower latitudes in continental fishes and at higher latitudes in marine fishes, whereas 

in the Northern Hemisphere anadromous fish prevail at high latitudes and the rest of the fishes 

are mostly concentrated at lower latitudes with the exception of a few Orders such as the 

Perciformes and Cypriniformes. There is not clear support to our initial predictions, that is, 

there is not a clear difference between resident and migratory species with higher 

diversification rates at high latitudes. In fact, emerging from our results, the most obvious 

difference, which still remains to be tested as trait-dependent speciation, is that patterns appear 
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to differ between the Northern and Southern Hemisphere. Most likely, as predicted by the 

TCH, radiations in continental waters at higher Northern latitudes are still occurring given the 

relative youth of current temperate habitats; whereas, in the Southern Hemisphere, having less 

continental areas at higher latitudes probably leads to the lower speciation rates seen in 

continental-dwelling species.  

 Lineages through time indicate that rates of diversification are different across 

strategies, anadromy in particular, but whether each behavior arose independently at different 

evolutionary times or if each behavioral strategy is exclusive of specific lineages still remains 

to be explored further.  

 The taxonomic distribution of migratory fishes is not uniform across the fish 

phylogeny. That is, there are clades that overall include more migratory species than the rest. 

For example, more than half of all amphidromous species are comprised within the Order 

Perciformes, which is the richest Order of ray-finned fishes including over one third of all 

existing species. According to McDowall (2007), amphidromy is a distinct form of diadromy 

whereas other authors have described it as a transition between other forms of migratory 

behavior (Bloom and Lovejoy 2014). Given the ubiquity of the Perciformes fishes and their 

tendency to display several different life-history movement strategies, transitions between 

amphidromy, euryhaline brackish water fishes and other migratory and resident strategies 

could be seen as plasticity inferred by evolutionary adaptations and could be tested in future 

studies.  

 In general, migratory strategies can be seen as an evolutionary strategy to avoid 

extinction and colonize new habitats. These strategies should promote gene flow and decrease 
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the probability of allopatric speciation. In particular, although we did not include other than 

ray-finned fishes in this study due to lack of a complete phylogeny, some of the older groups 

of fishes generally show low species diversity, but high incidence of migratory species. The 

potamodromous Australian lungfish Neoceratodus forsteri (Krefft 1870) is the sole extant 

member of the Order Ceratodontiformes, while, within the seven species of Pristiformes 

sawfishes, four are classified as amphidromous and one as oceanodromous. Also, 12 out of 16 

of the Lamniformes sharks are oceanodromous, including the Great white shark 

Charcharodon carcharias and the filter-feeding Megamouth shark Megachasma pelagios and 

Basking shark Cetorhinus maximus. This may suggest that the migratoriness trait allowed 

some of these species to persist for million of years despite competition, radiation and 

establishment of more successful fish species with novel adaptations and higher evolutionary 

potential. Which are the reasons that could help explain why we are finding higher speciation 

rates in migratory ray-finned species? It is possible for example, that potamodromous fishes, 

more vagile than resident freshwater fishes, even if exposed to substantial isolation by 

vicariance, should experience a higher incidence of speciation events because of their isolation 

and capacity to reach new environment to colonize. Nevertheless, uncoupling these 

differences is difficult, since speciation rates are inferred on an incomplete phylogeny and 

because the link between migratory, resident traits and diversification should be very strong to 

leave a trace on phylogenies.  

  Evidence from this work shows that the vagility of migratory species may enhance 

speciation rates and contribute to sudden bursts in speciation that, as in salmonids, may 

contribute to colonization of environments, establishment and consequently increases in 



	 96	

species richness. The paradox of diadromous migrations has been discussed by McDowall 

(2001), who argued that migrations promote gene flow, but at the same time may yield 

landlocking, isolation and cladogenesis. Migratory fishes have a high potential to invade new, 

species depauparate zones, become landlocked and possibly go through adaptive radiations 

(Bamber and Henderson 1988). Once a migratory species gets established in a new 

environment, species radiations could lead to the accumulation of resident species, which 

overtime could limit or induce, through density-dependence mechanisms (Fretwell and Lucas 

1969; Fretwell 1972), the propensity to migrate. Therefore, both the environment and biotic 

interactions can lead to the migratory/resident phenotypic plasticity observed in many salmon 

and trout of the northern hemisphere (Quinn 2005) and galaxiids of the southern hemisphere 

(Dodson et al. 2009; Górski et al. 2015; Alò et al. 2019). This pattern should be reflected in 

the diversification of several clades with high proportions of migrants, displaying long 

stretches of evolutionary stasis, followed by sudden bursts of speciation events.  

 Several issues further limit the interpretation of our results. In particular, i) the lack of 

a full species phylogenetic tree; ii) lack of full knowledge on the categorization of 

migratoriness (i.e. we are not really aware of how many species are truly migratory); iii) lack 

of full knowledge on actual numbers of extinct species, which impede the calculation of true 

extinction rates; iv) the association between traits and diversification should be very strong to 

leave a trace on a phylogeny, in our case, only approximately six percent of species can be 

categorized as migrants. 

 This study highlights the importance of migratory fish species in an evolutionary 

context, as many of these species belong to unique taxa that have withstood the proof of time 
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throughout a long evolutionary history, such as for example sturgeons, gars and sharks. 

Protected areas should be designed keeping in mind the life-cycle and extent of movement of 

these species, as well as the legacy of their evolutionary history. Even if some of these 

migratory fishes have managed to escape extinction for million of years, habitat fragmentation 

and global climate warming (e.g. decrease in availability of heterogeneous habitats favored by 

many migratory species) imposed by the Anthropocene may just be too extreme for many of 

these fishes.   

 

3.6. SUPPORTING INFORMATION 

Figure S1. Dot chart of Order, speciation rate and life-history strategies 

Figure S2. Dot chart of Order, midpoint latitude and life-history strategies 

  



	 98	

	
	

CONCLUSIONS 
 
 
 
 
The distribution of life on Earth follows patterns that are dependent on the synergy of 

ecological and evolutionary processes. The propensity and adaptations that facilitate animal 

movement can contribute in shaping the biodiversity patterns that we observe today. In this 

thesis, I worked on different ecological and evolutionary aspects of migratory fishes, 

attempting to better understand the importance of the environment on their distribution and to 

assess the evolutionary aspects that differentiate them from sedentary species. In particular, 

the first chapter reinforced the idea that some geographic areas are more likely then others in 

favoring the evolution of migratory species. It analyzed otolith microchemistry for native and 

exotic fishes in Patagonia. Results show that several native species use heterogeneous 

environment during their life-cycle, and that the migrating behavior of several exotics gets 

easily established in coastal and inland waters of Chile. This observations support the 

hypothesis that the biotic and abiotic conditions required to trigger and maintain migrations 

are present in Chilean waters and further reinforces the important role of heterogeneity and 

seasonality suggesting that Chile could provide excellent systems to study the evolutionary 

and ecological adaptations that lead migratory species to colonize new habitats, get established 

and speciate.  

 To analyze the role of the environment from a larger perspective, the second chapter 

analyzed how the environment and phylogenetic diversity interact to influence species 
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richness of migratory fish species. The relationship of migratory and resident strategies with 

several environmental variables was analyzed using path analysis and included the influence 

of phylogenetic diversity.	Results show that the different migratory strategies are not evenly 

distributed around the globe and that migratory fish richness can be explained by the 

interaction of multiple variables, such as productivity, temperature, environmental 

heterogeneity, and the role of phylogeny, however these variables interact differentially in 

each strategy. 

 To look in more detail at the role of evolution in shaping the current distribution of 

species, I compared the diversification dynamics of migratory and resident fishes. I found that 

migrants are different from residents, because of their faster speciation rates and also found 

that specific clades are most responsible to harbor migratory fish diversity.  

 Movement is an essential characteristic of the animal kingdom and the specific 

adaptations that contribute to increase species fitness from its variations have important 

evolutionary consequences. In particular, the migratory behavior can holistically be seen as a 

cost-benefit approach (Lack, 1954; Sjaastad, 1962; Borjas, 1987; Gross, 1987; Sword, Lorch, 

& Gwynne, 2005; Buhl et al., 2006; Railsback & Grimm, 2012; H. Dingle, 2014) dependent 

on the population influence on the habitat through mechanisms of density-dependence 

(Fretwell & Lucas, 1969; Fretwell, 1972; H. Dingle, 1980) and the effect of the habitat on the 

population through seasonality, heterogeneity (Southwood, 1962; Cox, 1968; Winemiller & 

Jepsen, 1998), availability of resources and energy (Gross, Coleman, & McDowall, 1988; 

Allen, Brown, & Gillooly, 2002), and very importantly, the role of natural selection to act on 

the genome of the organisms (H. D. Dingle & Drake, 2007; H. Dingle, 2014) to trigger the 



	 100	

migratory syndrome as a mechanism to avoid extinction (Roff, 1990).	 Overall, this work 

supports the interactive role of several hypotheses to elicit the migratory syndrome in animals. 

Otolith microchemistry has shown that several species in Chilean Patagonia, a heterogeneous 

and temperate environment, have life cycles consistent with migratory behavior. A 

multivariate analysis of several abiotic variables influenced by phylogeny helped unveil the 

complexity of the above-cited interactions and hypotheses. Evolutionary patterns of speciation 

showed evidence that migratory species have different evolutionary rates compared to resident 

species and that some migratory lineages are more likely to display a migratory behavior than 

others. In order to better understand the current distribution of species on Earth and to 

deconstruct the observed patterns, future research should focus on the roles of evolution, 

ecology and geology as well as comparing different aspects of species' life-history, which also 

contributes, with specific adaptations, to shape the species richness observed on our planet.  
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TABLES 
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Table 1. Migration deconstructed by factors, levels and processes. 
Summarized and merged from the work of different authors (see Alerstam et al. 2003; Dingle and Drake 2007; Börger et al. 2011; 
Brönmark et al. 2013; Reluga and Shaw 2015) 
 
ORGANISM POPULATION FUNCTION SPACE TIME MEDIUM 
Obligate 
 
Differential  
• Age 
• Sex 

Facultative (alternative 
life-history strategies) 
 
Breeding 
 
Non-breeding 
 
Skipped-breeding 

Spawning 
 
Refuge from 
predators 
 
Adverse 
environmental 
conditions 
 
Feeding 

To-and-fro 
 
Round-trip (Loop, mostly 
long-lived vertebrates) 
 
One-way (multigenerational, 
mostly short-lived organisms) 
 
Vertical (water depth 
commuting) 
 
Horizontal 
 
Altitudinal 
 
Nomadic 

Daily 
• Nocturnal 
• Diurnal 

 
Annual (seasonal) 
 
Irruptive 
 
Single (e.g. insects, Pacific salmon, 
African black oystercatcher) 
 
Periodical 
 
Synchronized or unsynchronized 
(zooplankton) 
 
Predictable (aerobic ciliates) or 
unpredictable 

Terrestrial 
 
Flight 
 
Diadromous (fish & 
crustaceans) 

• Catadromy 
• Anadromy 
• Amphidromy 

 
Potamodromous 
 
Oceanodromous 
 
Passive drift 

• Wind 
• Water Currents 
• Oxygen sensing 
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Table	2.	Historical	perspective	on	migration	studies	
 
Main studies that contributed to the development of a “Theory of Migration”. While this compilation is not comprehensive of the 
vast literature available on the subject, it tries to gather the most significant contributions on the theoretical and mathematical 
consideration analyzed until today to explore the reasons of animal migrations 
 
Type of study 
(empirical, 
theoretical, 
speculative, 
descriptive) 

Organism Migration 
Type 

Hypothesis Model Reference 

N/A Birds N/A Northern and southern ancestral home (cited in 
Cox, 1968; see below) 

N/A Thomson 1926, 
Lincoln 1939 

N/A Birds N/A Leapfrog pattern. (cited in Cox, 1968; see 
below). Existence of areas with seasonally 
favorable and unfavorable conditions is required 
for the evolution of migration.  

N/A Mayr and 
Meise 1930 

Descriptive Fish Two-way Fitness trade-offs No model, just classification of types of 
migration in fishes 

Myers 1949 

Literature 
Review 

Terrestrial 
arthropods 

N/A Two categories of habitat, "temporary" and 
"permanent." Within a taxon one should find a 
higher level of migratory movement in those 
species associated with temporary habitats than 
in those with more permanent ones". Spatial & 
temporal habitat variation. Prime evolutionary 
advantage of migratory movement lies in its 
enabling a species to keep pace with the changes 
in the locations of its habitats 

N/A (Southwood 
1962) 

Mathematical Humans Net migration 
and Gross 
migration 

Cost-benefit. Migration constitutes a response to 
spatial earnings differentials. Migration is a 
search for opportunities in higher-paying 
occupations.  

Interest rate (Sjaastad 1962) 

N/A Zooplankton Vertical 
Migration 

Migrating zooplankton may have a metabolic 
advantage over non-migrating  

Estimated an energetic bonus for copepods 
feeding at night in the warm, food-rich waters 
and resting in the cold during the day. 

(McLaren 
1963) 
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Mathematical Birds N/A Invasion dynamics variation between migrants 
and residents. Optimal allocation of investments 
when the returns of the investment are random 
variables.  

Optimal migration fraction (Cohen 1967) 

Theoretical Mostly birds Two-way Density-dependent migrations determined by 
availability of food on the wintering grounds.   
For polytypic species (partial migrants) the 
relative advantages of migration and residency 
must be nearly equal. Survival value at present 
time determines whether or not to migrate.  

N/A (Lack 1968) 

N/A Birds N/A Migration as metabolic necessity. Cited in Cox 
1968. Energy balance as a factor through which 
advantage could be gained by both northward 
and southward migration. These studies 
emphasize the importance of considering 
bioenergetics in an analysis of the adaptive 
significance of migration.  

N/A (West 1960; 
Cox 1961; 
Zimmerman 
1965) 

Empirical & 
Theoretical 

Birds Two-way State-dependent evolution. Migration created by 
natural selection. Rate of reproduction should be 
higher in residents. Resident behavior favored by 
choice of territory and nesting-places and 
increased chances of finding mates (reach 
reproductive maturity earlier). Selection through 
differential mortality (higher in residents) 
maintains migration strategies.  

N/A (von Haartman 
1968) 

Theoretical and 
Graphical with 
empirical data 

Birds N/A Migration is the normal evolutionary 
consequence, for highly mobile animals, of intra- 
& interspecific competition as selective agents 
operating in a seasonal environment 

N/A (Cox 1968) 

N/A Anadromous 
fish 

Obligate Genetically determined migration, shown that 
differences in migratory behavior are 
genetically-determined and are largely 
considered to be constitutively-expressed as 
obligate strategies 

N/A Gwinner 1969 

Theoretical and 
Graphical models 

N/A N/A Theory of ideal free distribution or density 
dependent habitat selection (IFD/DDHS) link 
individual choices to the distribution of 
populations.  

N/A (Fretwell and 
Lucas 1969) 
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N/A Birds N/A Competition based origin of migration N/A (Fretwell 1972) 

Theoretical Zooplankton N/A Demographic advantage of migrating 
zooplankton 

N/A McLaren 1974 

N/A N/A N/A For many different climates and groups of 
organisms the total number of species in a small 
region is given by: St = A ln (1 + B/1) where q is 
a measure of environmental fluctuation (e.g. 
temperature range) whilst A and B are constants 
for the area in question (found by a least-squares 
fit). Their exact biological meaning is unclear, 
but B seems to be a measure of the range of 
resources available and A expressed various 
biogeographical conditions-rates of introduction, 
speciation and establishment and the 'equilibrium 
number'. In the terms in which I have defined 
this axis, B is clearly related to r, whilst t, is a 
measure of V. (taken from Southwood 1977) 

N/A MacArthur 
1975 

Theoretical and 
Graphical models 

General N/A Migrants occupy ephemeral habitats. Optimal 
strategy, multi-dimensional models that include 
various habitat characteristics that influence 
reproductive success 

Η/τ where Η = length of time the habitat 
remains favorable and r = generation time. 
When this ratio approaches unity a migration 
strategy is favored 

(Southwood 
1977) 

Empirical and 
Graphical models 

Birds N/A Strong effect of latitude in Europe Used multivariate regression models to 
examine the proportion of migrants in various 
communities as a function of different 
combinations of geographic and climatic 
variables. The best single predictor was latitude 
followed by temperature of the coldest month. 
Harshness of winter coupled with total 
resources available during breeding best 
explains the proportion of migrants.  

Herrera 1978 

N/A Birds N/A (1) What makes the fitness of a bird higher if it 
migrates? and (2) Why do some birds migrate 
while others do not? (Fretwell, 1978) 
Competition based origin of migration. Cited in 
Dingle 1980… see below 

N/A Fretwell 1978 
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Theoretical 
Review 

Multispecies N/A Migrants as "fugitives"; Selection for migration 
seems to center on the balance between food 
availability and heat loss 

Migratory species tend to be "r-strategists" 
rather than "K-strategists" in life history 
terminology (e.g., Stearns, 1976) and to show 
high intrinsic rates of increase (r). 

(Dingle 1980) 

Empirical Birds N/A Genetically determined migration N/A (Berthold and 
Querner 1981) 

Theoretical  N/A N/A The theory of games, first developed to analyze 
economic behavior, is modified so that it can be 
applied to evolving populations. John Maynard 
Smith's concept of an evolutionarily stable 
strategy is relevant whenever the best thing for 
an animal or plant to do depends on what others 
are doing. The theory leads to testable 
predictions about the evolution of behavior, of 
sex and genetic systems, and of growth and life 
history patterns. 

N/A (Maynard 
Smith 1982) 

N/A Ungulates N/A Seasonal variation encourages migration N/A Sinclair 1983 

Theoretical, 
Mathematical 
and Empirical 

Humans N/A Cost-Benefit There are three possible scenarios 
with respect to migrants’ self-selection: positive 
selection, where migrants earn above average 
wages in both countries; negative selection, 
where migrants are drawn from the left tail of 
the income distribution, and underperform the 
natives 
at destination; 3 refugee sorting, where 
migrants are drawn from the left tail of the 
income distribution, but outperform natives at 
destination  

(Borjas 1987) 

N/A Fish Diadromous Fitness trade-offs Yes (Gross 1987) 

Theoretical Fish Diadromous Productivity drives diadromy in fishes N/A (Gross et al. 
1988) 
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Graphical model Birds N/A Migration as ESS. Condition- dependence and 
frequency-dependence play a role in the 
regulation of partial migration in birds 

If the system is a mixed ESS at the individual 
level, no genetic determination should be 
found. Choice of tactics should be purely 
stochastic, finally adjusted so that the 
equilibrium frequencies are maintained.  

(Lundberg 
1987) 

Theoretical & 
Graphical model 

Large 
Herbivores 

Two-way Migrants are less vulnerable to 
predation.1.Seasonal variation and predator 
avoidance encourages migration. 2.Residents 
may be more prone to regulation at low densities 
by predation, while migrants are more likely to 
be regulated by competition for food resources.  

Seasonal and spatial variations in food quality 
appear to be generally more important than 
absolute abundance in selecting for migratory 
behavior.  

(Fryxell and 
Sinclair 1988) 

N/A Salmon Anadromous Fitness trade-offs N/A Thorpe 1988,  

Review Zooplankton Vertical 
Migration 

Favors: "better hungry than dead", predator-
avoidance theory.  

N/A (Lampert 1989) 

N/A N/A N/A Spatial & temporal habitat variation N/A Dingle 1989 

Theoretical 
Review and 
Empirical work 

N/A N/A Spatial & temporal habitat variation. Importance 
of habitat heterogeneity. "Flightlessness will 
most likely evolve in circumstances where 
movement on a large scale is not required, i.e. in 
a spatially homogenous and temporally stable 
environment".   

Migration can have significant effects on the 
persistence of a species. However it is costly 
because many migrants fail to find new habitats 
and because it is energetically expensive and 
reduces fecundity or mating success.  

(Roff 1990) 

N/A Birds N/A Different approach from the cost-benefit 
analysis. They ask if specific ecological traits 
make some species more likely to be long-
distance than others.  

N/A Levey and 
Stiles 1992 

Mathematical Birds Partial Model of Partial Migration as ESS based on the 
stability properties of dynamic systems. t derive 
a concept of an ESS that is based on the 
stationary distribution of populations playing 
various strategies and on the expected success of 
invasion by a mutant strategy. They show that 
environmental variability is not a prerequisite for 
partial migration and suggest that future studies 
should focus on density-dependent and 
independent mortality patterns and differential 

Population dynamics model (Kaitala et al. 
1993) 
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reproductive success among migrants and 
residents.  

N/A Salmon Anadromous Fitness trade-offs N/A Økland et al 
1993 

Mathematical  Salmonids Anadromous Construct a model of a "General Salmonid" by 
capturing the salient biological properties of 
salmon and predict the effects of climate change 
on their migratory behaviour 

Effects of climate change on salmon patterns of 
development and maturation. Main variables 
are weight and length of the fish (related by 
allometric growth), the metabolic rate and 
environmental properties such as food 
availability and water temperature.  

(Mangel 1994) 

N/A Birds N/A "The phenotypic dichotomy "migrant-non 
migrant is caused by a threshold which may not 
be fixed but influenced both genetically and 
environmentally.  

Threshold model of Quantitative genetics. The 
model assumes that there is an unknown 
continuously distributed variable (=liability) 
underlying the dichotomous trait of 
migration/residency. Selection could either shift 
the populational mean of liability (22, 23) or 
could change the position of the individual 
threshold (26) 

(Pulido et al. 
1996) 

Review Multispecies N/A Migratory syndrome. Fitness changes as a result 
of migratory behavior. Spatial & temporal 
habitat variation. Affirms that diadromy is 
sufficiently different from other migratory 
systems that require its own conceptual 
description and analysis.  

Summarizes (Roff 1990, 1994), in a 
heterogeneous environment migration will 
evolve as a function of the cost of migration, 
the number of habitat patches, and the means 
and variances of X and K  

Dingle 1996 

N/A Salmon Diadromy Relate migratory behavior to reproductive 
success in fishes. "The evolution of fish 
migration may best be understood by 
considering the fitness benefits that accrue to 
individuals who migrate to and exploit specific 
reproductive habitats, as well as the fitness 
benefits that accrue to fish following their 
emigration from the reproductive habitat. States 
that diadromy may have evolved to improve 
fitness by improving survival of the early-life 
history stages rather than by improving the 

Discusses the shortcomings of Gross' 
productivity hypothesis 

(Dodson 1997) 
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growth of older fish. Selection should favor the 
evolution of behavioral traits that minimize 
energetic expenditures. 

N/A Anadromous 
fish 

Obligate Genetically determined migration N/A Widmer 1999 

N/A Shorebirds N/A Vicariance biogeography and phylogeny to 
explain patterns of seasonal migration. Seasonal 
variation encourages migration. Not very 
relevant for my discussion…  

Treat breeding and non-breeding distributions 
as characters with the continent or continental 
region of these distributions as the character 
states, and then investigate the direction of 
change in these characters when mapped onto 
an independently derived phylogeny 

(Joseph et al. 
1999) 

Mathematical, 
Theoretical, 
Graphical 

Birds N/A Proposes "alternative model" that is migration 
first appears as a temporary directional shift 
away from the breeding site outside the 
reproductive period, in response to seasonal 
variation in the direction and/or severity of 
environmental gradients across the range of a 
sedentary population.  

Transition from resident to long-distance 
migrant emerges as a three-stage process, 
starting with the origin of the migratory habit, 
followed by establishment of fully migratory 
populations and ending with the disappearance 
of ancestral resident populations. I like his 
definition of migration: "Migration may be 
defined as a periodic cyclical movement of the 
center of activity, the path of which is to some 
extent heritable"  

(Bell 2000) 

Mathematical, 
Theoretical, 
Graphical 

Birds N/A Show that migration can be an ESS only if year-
round residency in a given area would produce a 
sink population, where mortality exceeds 
reproduction. 

"Competition for limited breeding sites could 
thus favor year-round residency". "Two 
potential benefits of nonresidency: first, the 
nonresident may find a better breeding site than 
it was inhabiting before, and second, it may 
survive better than a resident, particularly if 
nonresidency permits migration to an 
overwintering area.  

(Kokko and 
Lundberg 
2001) 
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Empirical, 
Theoretical, 
Mathematical 

Thomson's 
gazelles 

N/A Linked behavioral modeling with observational 
studies to predict spatial distribution  

Population-level approach (Fryxell et al. 
2004) 

Experimental Crickets N/A Fitness trade-offs. Aggregation and constant 
movement protect band members from predators 
while reducing costs due to competition for 
resources and cannibalism.  

N/A (Sword et al. 
2005) 

Experimental Crickets N/A Fitness trade-offs. Migratory band formation and 
subsequent mass movement, therefore, are 
manifestations of specific tradeoffs between the 
costs and benefits of group living. Bands afford 
antipredator benefits to individual group 
members. Group movement then mitigates the 
resulting costs of intraspecific competition, 
namely local depletion of nutritional resources 
and the associated increased risk of cannibalism. 

Protein satiety inhibits locomotion. (Simpson et al. 
2006) 

Theoretical and 
Graphical with 
empirical data 

Wildebeest N/A Evolutionary programming to simulate 
emergence of alternative migration routes 

Population-level approach.  (Boone et al. 
2006) 

Theoretical 
Review 

Birds N/A Environmentally triggered genetic variation. 
Review how our evolutionary understanding of 
migration may benefit from taking a 
quantitative-genetic approach and 
present a framework for studying the causes of 
phenotypic variation.  

We can observe phenotypes and variances in 
trait values. This variance can be split into 
components due to known variation in 
environmental conditions, error variation due to 
uncontrolled or unknown environmental 
variation, genetic variation in the average 
phenotype, and genotype–environment 
interaction, i.e. differences in reaction norms 
among genotypes. 

(van Noordwijk 
et al. 2006) 

Experimental Locusts N/A Density-dependent migrations. Find critical 
density at which marching locusts would 
spontaneously and suddenly adopt directed 
collective motion.  

N/A (Buhl et al. 
2006) 
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Review Birds N/A Threshold model of expression of migratory 
behavior in partial migrants. Some general 
features are common to all migratory 
individuals--for instance, the suppression of 
maintenance activities or the deposition. Good 
review on evolution of migration and different 
questions related to it. "The colonization of new 
areas seems to have been the most important 
selective factor for the de novo evolution of 
migration or its loss in a lineage" citation of 
Joseph et al 2003; Outlaw and Voelker 2006 

Genetic variation of migratory traits (Pulido 2007) 

Empirical Birds N/A New hypothesis for migration emergence: the 
‘shifting home model’. It considers climatic zone 
shifts as primary driver.  

Reviewed and compared fossil bird distribution 
evidence and paleoclimatic Cenozoic data 
relative to tropical biome limits and evolution 
of seasonality (quantified winter and summer 
climatic parameters). 

(Louchart 
2008) 

Mathematical Birds N/A Seasonal variation encourages migration.  Annual routine model of migration (Barta et al. 
2008) 

N/A Multispecies N/A "Movement ecology" Proposes a unifying paradigm termed 
movement ecology for studying movements of 
organisms of all kinds. 

(Nathan et al. 
2008) 

Conceptual 
framework 

N/A N/A Contribute to a synthesis of "movement ecology" 
by outlining an integrative, conceptual 
framework encompassing many of the various 
movement types that animals usually exhibit 

Combined Individual-based with Population-
level approach 

(Mueller and 
Fagan 2008) 

Conceptual 
model 

Cyprinids N/A Fitness trade-offs Hypothesized that migration is an adaptive 
behavior in response to seasonal changes in 
predation (P) and growth (G) and that migrating 
fish change habitat so as to minimize the ratio 
between predation mortality and growth rate 
(P/G).  

Brönmark et al 
2008 

Integrated 
experimental and 
theoretical 
approach 

Locusts N/A Density-dependent migrations. Investigate 
directional switching in a Self Propelled Particle 
model and in experimental data of the motion of 
locusts determine the mean time between 
direction switches as a function of group density 

Individual-based model (Yates et al. 
2009) 
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for the experimental data and the self-propelled 
particle model.  

Theoretical 
approach 

Locusts N/A Coordinated mass migration. Individual based model of Brownian particles 
interacting by pursuit and escape interactions 
for the kinematic description of large groups of 
individuals, where each individual respond to 
others in itslocal neighborhood by escape and 
pursuit behavior. The response itself is 
described by effective social force acting on 
each individual and is motivated by recent 
experimental results on mass migrating insects. 

(Romanczuk et 
al. 2008) 

Review Locusts N/A Density-dependent color change, gregariousness 
and migratory syndrome. Phase polyphenism in 
locusts is related to extreme fluctuations in 
population size and the probability of swarm 
formation. The observed correlation between 
phase polyphenism and propensity of locusts to 
swarm led to the idea that phase change is an 
adaptation for migration in the face of 
environmental heterogeneity. Many density 
dependent phase traits can be interpreted in 
terms of their value as migratory adaptations. 
However, populations of gregarious phase 
locusts do not necessarily swarm and solitarious 
phase locusts also migrate, but not en masse. 

N/A (Simpson and 
Sword 2009) 

N/A N/A N/A Density-dependent migrations Population-level approach Holdo et al 
2009 

Theoretical 
Review 

Multispecies N/A Fission-Fusion dynamics Individual-based model Couzin and 
Laidre 2009 

Integrated 
experimental and 
theoretical 
approach 

Steelhead 
Oncorhynchus 
mykiss 

N/A Changes in growth rate driven by climate change 
migratory behavior 

Combine physiological and expected 
reproductive success to find a threshold spike 
for emigration in O. mykiss (Steelhead) 

(Satterthwaite 
et al. 2009) 
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Integrated 
experimental and 
theoretical 
approach 

Locusts N/A Fitness trade-offs. Explore how the internal 
state—in particular the nutritional state—of an 
individual locust affects its motion. Then 
consider the interactive effects of internal state 
and external factors, namely social cues from 
conspecifics, on individual motion.  

An experimentally parameterized model of 
locust interactions and motion. Use the 
probabilistic nature of movement to both gain 
insight into experimental data and to develop a 
model of individual and collective motion using 
an individual-based approach 

(Bazazi et al. 
2011) 

N/A Multispecies N/A Linkage of genetic and demographic dynamics Evolutionary invasion analysis (calculates 
whether a new mutation will spread in a 
population). Model for the evolution of 
migration in a seasonal environment that 
incorporates genetic, ecological and 
demographic information.  

(Griswold et al. 
2010) 

Theoretical General model N/A Mixed ESS in seasonal habitats N/A (Holt and 
Fryxell 2011) 

Theoretical and 
Mathematical  

Birds N/A 1.The evolutionary solution to the partial 
migration game is not necessarily an ESS. 2. 
Individual-based evolutionary solution deviates 
from the optimal solution for the population. 
3.Partial migration is unlikely to evolve without 
frequency- or density-dependent selection. 

N/A (Lundberg 
2013) 

Theoretical  Multispecies N/A Outline general patterns to explain migration in 
all taxa 

N/A (Dingle and 
Drake 2007; 
Dingle 2014) 
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Table 3. Description of the samples studied and summary of results of migration pattern determination. 
Values correspond to the percentage of individuals assigned to one of five possible patterns: freshwater resident (FW), brackish 
water resident (B), anadromous (ANA), catadromous (CAT), amphidromous (AMPH) or else omitted from interpretation due to 
uncertainties in the otolith transects (O). 
 
       Inferred Migratory Strategy (%) 

 Species N Location Year Latitude Longitude FW B ANA CAT AMPH O 

N
at

iv
e 

G
al

ax
iid

s 

A. zebra  (Jenyns, 1842) 5 Aysén-Caro 2009 -45.80 -72.55 100      

A. zebra 3 Chiloé-Tocoihue 2011 -42.30 -73.44  100     

A. taeniatus  (Eigenmann, 1928) 8 Valdivia-Santo 
Domingo 

2010 -39.91 -73.14  12.5  50 25 12.5 

A. taeniatus 2 Valdivia-Lingue 2011 -39.46 -73.09    100   

A. taeniatus 3 Aysén-Palos 2007 -45.32 -72.70    66.7  33.3 

A. taeniatus 2 Aysén-Caro 2009 -45.80 -72.55 100      

A. marinus (Jenyns, 1842) 7 Baker-estuary 2007 -47.79 -73.52    100   

G. platei (Steindachner, 1898) 2 Aysén-Palos 2007 -45.32 -72.70 100      

G. maculatus (Jenyns, 1842) 4 Chiloé-Tocoihue 2011 -42.30 -73.44  25  50 25  

In
tro

du
ce

d 
Sa

lm
on

id
s 

 

S. trutta (Linnaeus, 1758) 4 Aysén-Palos 2007 -45.32 -72.70 100      

S. trutta 4 Aysén-Caro 2009 -45.80 -72.55 100      

S. trutta 1 Baker-estuary 2007 -47.79 -73.52   100    

O. tshawytscha (Walbaum, 1792) 8 Aysén-Ñireguao 2004 -45.17 -72.12   75   25 

O. tshawytscha 8 Baker-Jaramillo 2004 -47.70 -73.05 12.5  50   37.5 

O. tshawytscha 6 Petrohué-Patos 2004 -41.18 -72.46   66.7   33.3 

O. tshawytscha 4 Toltén-Peuco 2004 -38.85 -71.76   50   50 

O. tshawytscha 4 Toltén-Truful 2004 -38.85 -71.67   50   50 

O. tshawytscha 5 Aysén-Simpson 2008 -45.73 -72.10 80     20 

O. kisutch (Walbaum, 1792)  2 Baker-Vargas 2007 -47.68 -73.04   100    

O. mykiss (Walbaum, 1792)  3 Aysén-Caro 2009 -45.80 -72.55 100      
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Table 4. Migratory life-histories and hotspot summaries. 
The total species richness according to Fishbase and Raw and Cleaned occurrences downloaded from GBIF. SR Hotspot lists the 
three ecoregions with the highest species richness for each migratory category and their associated realms and provinces (except for 
purely freshwater ecoregions). Layers indicate freshwater (FEOW) (Abell et al. 2008b) and/or marine (MEOW)(Spalding et al. 
2007) ecoregions or pelagic provinces (PPOW)(Spalding et al. 2012) of the world. 
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Migratory Life-
history N Raw 

occurrences 
Cleaned 

occurrences SR Hotspot (N)  Realm Province Layers  

Amphidromous 401 310,420 186,143 Eastern Philippines (99) Central Indo-Pacific Western Coral Triangle MEOW/FEOW 

    
Southern China (83) Central Indo-Pacific South China Sea MEOW/FEOW 

    

Arnhem Coast to Gulf of 
Carpentaria (79) Central Indo-Pacific Sahul Shelf MEOW 

Anadromous 140 452,056 261,338 
Gulf of St. Lawrence Coastal 
Drainages (24) 

  
FEOW 

    
Northern California (22) 

Temperate Northern 
Pacific 

Cold Temperate 
Northeast Pacific MEOW/FEOW 

    
Virginia (22) 

Temperate Northern 
Atlantic 

Cold Temperate 
Northwest Atlantic MEOW/FEOW 

    
Eastern Bering Sea (22) Arctic Arctic MEOW/FEOW 

Catadromous 81 146,577 102,262 Natal (19) 
Temperate Southern 
Africa Agulhas MEOW/FEOW 

    

Arnhem Coast to Gulf of 
Carpentaria (19) Central Indo-Pacific Sahul Shelf MEOW 

    
Bismarck Sea (18) Central Indo-Pacific Eastern Coral Triangle MEOW/FEOW 

Oceanodromous 646 1,445,928 1,064,568 Transitional biome (239) 
Indo-Pacific Warm 
Water 

Non-gyral Southwest 
Pacific PPOW 

    
Boundary-western biome (216) Atlantic Warm Water Gulf Stream PPOW 

    
Gyre biome (196) 

Indo-Pacific Warm 
Water 

South Central Pacific 
gyre PPOW 

Potamodromous 531 486,631 305,275 Gulf of Tonkin (97) Central Indo-Pacific South China Sea MEOW/FEOW 

    
Polar biome (95) Northern Cold Water Arctic PPOW 

    
Volta (93) 

  
FEOW 

 Ocean resident 1125 786,161 690,073 Transitional biome (143) 
Indo-Pacific Warm 
Water 

Non-gyral Southwest 
Pacific PPOW 

    
Exmouth to Broome (140) Central Indo-Pacific 

Northwest Australian 
shelf MEOW 

    
Eastern Philippines (137) Central Indo-Pacific Western Coral Triangle MEOW 

Freshwater resident 1476 167,419 134,245 Amazonas Lowlands (141) 
  

FEOW 

    
Río Negro basin (83) 

  
FEOW 

    

Northern Philippines Islands 
(137) Central Indo-Pacific Western Coral Triangle MEOW/FEOW 

 



	 117	

Table 5. Latent and manifest variables tested.  
Rows	in	bold	indicate	which	were	the	best	variables	ultimately	chosen	to	be	included	in	the	models.	Support	to	include	a	
manifest	variable	in	the	model	was	provided	by	its	unidimensionality	values	in	the	partial	least	square	approach	algorithm	
executed	 in	 path	 analysis	 (Sanchez	 2013).	 The	 "category"	 column	 specifies	 for	 which	migratory/resident	 strategy	 each	
manifest	variable	was	used.	
	

Latent Variable 
Manifest 
variable Description Category Unit Source Reference 

TEMPERATURE temp/BIO1 
Land average annual temperature 
in celsius 

ANA, CAT, AMP, POT, FW 
RES Celsius 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

PRODUCTIVITY npp 
Land average annual 
productivity  

ANA, CAT, AMP, POT, FW 
RES 

gC/m2/ye
ar 

MODIS17A3
, Earth 
Observing 
System 
(NASA) Zhao et al., 2005 

HETEROGENEITY BIO2 mean diurnal range  
ANA, CAT, AMP, POT, FW 
RES Celsius 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

HETEROGENEITY BIO3 isothermality  
ANA, CAT, AMP, POT, FW 
RES Celsius 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

HETEROGENEITY BIO4 temperature seasonality  
ANA, CAT, AMP, POT, FW 
RES Celsius 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

TEMPERATURE BIO5 
max temperature of warmest 
month  

ANA, CAT, AMP, POT, FW 
RES Celsius 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

TEMPERATURE BIO6 min temperature coldest month 
ANA, CAT, AMP, POT, FW 
RES Celsius 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

HETEROGENEITY BIO7 temperature annual range 
ANA, CAT, AMP, POT, FW 
RES Celsius 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

TEMPERATURE BIO8 
mean temperature of wettest 
quarter 

ANA, CAT, AMP, POT, FW 
RES Celsius 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

TEMPERATURE BIO9 
mean temperature of driest 
quarter 

ANA, CAT, AMP, POT, FW 
RES Celsius 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

TEMPERATURE BIO10 
mean temperature of warmest 
quarter  

ANA, CAT, AMP, POT, FW 
RES Celsius 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

TEMPERATURE BIO11 
mean temperature of coldest 
quarter  

ANA, CAT, AMP, POT, FW 
RES Celsius 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

PRECIPITATION BIO12 annual precipitation  
ANA, CAT, AMP, POT, FW 
RES mm 

WorldClim 
version 2.0 Fick & Hijmans, 2017 
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PRECIPITATION BIO13 precipitation of wettest month  
ANA, CAT, AMP, POT, FW 
RES mm 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

PRECIPITATION BIO14 precipitation of driest month  
ANA, CAT, AMP, POT, FW 
RES mm 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

HETEROGENEITY BIO15 precipitation seasonality 
ANA, CAT, AMP, POT, FW 
RES mm 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

PRECIPITATION BIO16 precipitation of wettest quarter  
ANA, CAT, AMP, POT, FW 
RES mm 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

PRECIPITATION BIO17 precipitation of driest quarter  
ANA, CAT, AMP, POT, FW 
RES mm 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

PRECIPITATION BIO18 
precipitation of warmest 
quarter 

ANA, CAT, AMP, POT, FW 
RES mm 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

PRECIPITATION BIO19 precipitation of coldest quarter  
ANA, CAT, AMP, POT, FW 
RES mm 

WorldClim 
version 2.0 Fick & Hijmans, 2017 

TEMPERATURE temp 
Ocean average annual 
temperature  OCE, OCE RES Celsius 

AquaMaps 
Environment
al Dataset Kaschner et al., 2008 

PRODUCTIVITY npp 
Ocean average net primary 
productivity OCE, OCE RES 

gC/m2/ye
ar 

MODIS-
Aqua 
product, 
Ocean 
Productivity 
site 

Behrenfeld and Falkowski 
1997a 

PRODUCTIVITY cal calcite OCE, OCE RES mol.m-3 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

PRODUCTIVITY chl chlorophyll OCE, OCE RES mg.m-3 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

HETEROGENEITY clo cloud cover OCE, OCE RES % 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

HETEROGENEITY vel current velocity OCE, OCE RES m-1 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

PRODUCTIVITY da diffuse attenuation OCE, OCE RES m-1 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

PRODUCTIVITY dox dissolved oxygen OCE, OCE RES mol.m-3 
Bio-
ORACLE Assis et al., 2017 
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version 2.0 

HETEROGENEITY icec ice cover OCE, OCE RES 
proportio
n 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

HETEROGENEITY icet ice thickness OCE, OCE RES m 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

PRODUCTIVITY iron iron OCE, OCE RES umol.m-3 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

PRODUCTIVITY nit nitrate OCE, OCE RES mol.m-3 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

PRODUCTIVITY par photosyntethically active radiation OCE, OCE RES 
E.m-
2.day-1 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

PRODUCTIVITY Ph phosphate OCE, OCE RES mol.m-3 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

PRODUCTIVITY phy phytoplankton OCE, OCE RES umol.m-3 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

TEMPERATURE sal salinity OCE, OCE RES PSS 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

PRODUCTIVITY sil silicate OCE, OCE RES mol.m-3 

Bio-
ORACLE 
version 2.0 Assis et al., 2017 

PHYLOGENETIC 
STRUCTURE PCPS Phylogenetic filters  All 

proportio
n This study   

RICHNESS sr species richness per grid cell All number This study    
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Table 6. Relationship between productivity and species richness (PSRR).  
Columns 2-5 report results of the fit of the generalized linear model (GLIM) with assumption of Poisson error distribution and 
logarithmic link function using the equation: species richness = a + b(productivity) + c(productivity)2 (Mittelbach et al. 2001). 
Mitchell-Olds and Shaw test (MOStest) was used to assess the significance of the quadratic component with the null hypothesis that 
the hump of the quadratic coefficient is at a minimum or a maximum (Leibold 1999; Mittelbach et al. 2001). n/a: test not applicable 
because non-significance of the quadratic component was determined in GLIM 
 

GLIM(poisson, link=log)  MOStest 
Strategy quad coef quad p value linear coef lin p value min p-value max p-value Pattern 

Anadromy -2.00E-06 1.30E-12 0.0026 6.60E-16 2.00E-54 1.50E-14 Hump 
Catadromy -6.00E-07 0.0047 0.0017 3.60E-07 4.90E-06 0.21 Positive 
Amphidromy -1.30E-07 0.3700 0.0010 4.90E-06 n/a n/a Positive 
Potamodromy -7.60E-07 4.5E-06 0.0014 4.30E-08 8.30E-09 2.60E-05 Hump 
Oceanodromy -3.10E-07 0.0024 7.90E-04 5.60E-11 4.50E-11 0.21 Positive 

Ocean Residency -1.40E-07 0.1900 7.70E-04 3.00E-07 n/a n/a Positive 

FW residency -2.10E-07 0.0280 9.40E-04 2.50E-11 7.10E-12 0.90 Positive 
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Table 7. Summary of the relationship between diversity and temperature. 
 Relationship between diversity and temperature for each of the life-history strategies of fish illustrated in Fig. 9. P-value column 
significant codes: n/a, not reported. 
 
Group	 Slope	 2.5%	CI	 97.5%	CI	 Intercept	 r	 p-value	 n	 Dataset	
Riverine	Fish	 -9.16	 -11.09	 -7.66	 35.55	 0.43	 n/a	 165	 Allen	et	al	2002	

Anadromy	 -2	 -4.49	 0.48	 9.87	 0.09	 0.11	 151	 This	study	

Catadromy	 -5.86	 -7.182733	 -4.54	 23.18	 0.77	 <0.001	 81	 This	study	

Amphidromy	 -11.1	 -12.1	 -10.11	 42.35	 0.95	 <0.001	 425	 This	study	

Potamodromy	 -6.47	 -8.7	 -4.25	 26.48	 0.62	 <0.001	 545	 This	study	

Oceanodromy	 -6.85	 -8.23	 -5.47	 28.98	 0.75	 <0.001	 711	 This	study	

Ocean	residents	 -10.34	 -11.88	 -8.8	 40.9	 0.86	 <0.001	 1125	 This	study	

Freshwater	residents	 -9.7	 -11.27	 -8.12	 38.4	 0.85	 <0.001	 1476	 This	study	

All	 -9.11	 -10.52	 -7.7	 37.95	 0.83	 <0.001	 4514	 This	study	

 

  



	 122	

Table 8. Summary of the Several Examined and Concealed States-Dependent Speciation and Extinction (SecSSE) models.  
A total of six models with variable and constant rates and different evolutionary models were run (Constant rates (CR), Examined 
Trait Dependent (ETD) and Concealed Trait Dependent). For each of these, three replicas with different initial parameters were run, 
with a total of 18 models. Herein only the group of replicas with the best Akaike values are reported. The model in bold is the best 
model as defined by its Akaike weight. Speciation rate, Lambda (λ), extinction rate, Mu (µ), and transition rates (q) are reported 
only for the high latitude models. To obtain values for the low latitude models, high latitude values should be multiplied by the X-
factor, if the X-factor ≈ 1, then there is no real difference between low and high latitude in the model proposed. "np" is the number 
of parameters evaluated in each model.  
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 Migrato

ry 
Anadro

my 
Reside

nt 
           

Models λ0 λ1 λ2 µ0 q01 q10 q02 q20 q12 q21 lnLik n
p 

AIC
w 

X-
facto

r  
CR 
λ1A=λ2A=λ3A=λ1B=λ2B=λ3B=λ1C=λ2C
=λ3C; q01 = q10; q02 = q20, q12 = q21 

0.1325 0.1325 0.1325 0.084
7 

0.003
3 

0.003
3 

0.003
3 

0.003
3 

0.003
3 

0.003
3 

-
53528.3

7 

3 0.00 1.00 

CR 
λ1A=λ2A=λ3A=λ1B=λ2B=λ3B=λ1C=λ2C
=λ3C; q01 = q10; q02 ≠ q20, q12 ≠ q21 

0.1306 0.1306 0.1306 0.082
5 

0.000
4 

0.000
4 

0.028
4 

0.002
0 

0.028
4 

0.002
0 

-
52816.4

6 

6 0.00 1.00 

ETD 
λ1A=λ1B=λ1C≠λ2A=λ2B=λ2C≠ 
λ3A=λ3B=λ3C; q01 = q10; q02 = q20, q12 
= q21 

0.1018 0.0212 0.1421 0.085
4 

0.004
3 

0.004
3 

0.004
3 

0.004
3 

0.004
3 

0.004
3 

-
53045.1

3 

6 0.00 1.02 

ETD 
λ1A=λ1B=λ1C≠λ2A=λ2B=λ2C≠ 
λ3A=λ3B=λ3C; q01 = q10; q02 ≠ q20, q12 
≠ q21 

0.1113 0.0641 0.1320 0.070
8 

0.000
6 

0.000
6 

0.021
7 

0.002
8 

0.021
7 

0.002
8 

-
52733.7

9 

9 0.00 0.98 

CTD 
λ1A=λ2A=λ3A≠λ1B=λ2B=λ3B≠λ1C=λ2C
=λ3C; q01 = q10; q02 = q20, q12 = q21 

0.0556 0.1788 0.0256 0.000
0 

0.002
8 

0.002
8 

0.002
8 

0.002
8 

0.002
8 

0.002
8 

-
51812.6

2 

6 0.00 1.90 

CTD 
λ1A=λ2A=λ3A≠λ1B=λ2B=λ3B≠λ1C=λ2
C=λ3C; q01 = q10; q02 ≠ q20, q12 ≠ q21 

0.0668 0.1920 0.0165 0.000
1 

0.000
4 

0.000
4 

0.026
0 

0.001
7 

0.026
0 

0.001
7 

-
50723.6

9 

9 1.00 1.87 
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Figure 1. Diadromy explained. 
Visualization	 of	 the	 different	 patterns	 of	 diadromy	 to	 explain	 how	 anadromous,	
catadromous	 and	 amphidromous	 species	 rely	 on	 feeding	 and	 reproduction	 to	 time	
different	 life-history	 events	 moving	 between	 freshwater	 and	 the	 sea	 (from	 McDowall	
1997).	
	

	
	 	



	 126	

Figure 2. Map of sampled species and locations across Patagonia. 
Estimated distribution range for native Chilean galaxiids (shaded and dash lined polygons) and 
the sampling locations of specimens used in this study (dots) for (A) genus Aplochiton, (B) 
genus Galaxias, (C) non-native fishes examined in this study. Made with Natural Earth. Free 
vector and raster map data at https://naturalearthdata.com. 
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Figure 3. Idealized representations of resident and diadromous life-histories as expected in 
otolith microchemistry results. 
The uppermost image depicts a schematic representation of an otolith, showing how growth 
rings accrue over time around the core and culminate at the edge. The number of distinct 
layers in the otolith depends on the age of the individual. The images below represent 
idealized time series data obtained by repeatedly measuring (via laser ablation and 
spectrometry) elemental strontium to calcium (Sr:Ca) ratios across the otolith. Each box shows 
an expected time series for each life-history strategy.	
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Figure 4. Violin plot for Sr:Ca values. 
This plot reports the Sr:Ca values for otoliths grouped by species. Black dot, median; white line, first to third quartile. Grey areas, 
kernel density plot. 
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Figure 5. Detection of discontinuities by semi-supervised CART employed on Sr:Ca ratios for 
representative individuals of native and exotic fishes in southern Chile. 
Numbers after taxonomic names refer to the individual ID of each fish. The mean for each 
cluster is represented by a continuous black line delimited by a grey box as standard deviation. 
Vertical dashed lines indicate splitting points induced by the condition used to fit the 
regression trees, which is reported for each individual graph as “cond”. 
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Figure 6. Total number of splits obtained by semisupervised CART on univariate Sr:Ca 
otolith data for all the species included in the study. 
Frequency of the total number of splits obtained with different conditions (Cond) by 
semisupervised CART on univariate Sr:Ca otolith data for all the species included in the 
study. Original data for native A. taeniatus, A. marinus, and G. maculatus and introduced O. 
tshawytscha was divided in more than one homogenous cluster by semisupervised regression 
trees and led to rejection of the hypothesis of freshwater residency. “Trans” refers to the 
quality of the otolith transect, that is: “F” is a full or good quality transect, edge –core –edge, 
“H” is a half transect, edge –core; “P” is a partial transect, edge –core –extra data without 
reaching the next otolith edge; “O” is a flagged transect which failed to go through the core 
and may have some missing data. “St” refers to each fish’s ontogenetic phase at the time of 
capture, where “J” is for juveniles and “A” for adult specimens; “Loc” indicates the sampling 
locality where AC: Aysén-Caro, CT: Chiloé-Tocoihue, VS: Valdivia-Santo Domingo, VL: 
Valdivia-Lingue, AP: Aysén-Palos, BE: Baker-estuary, AN: Aysén-Ñireguao, BJ: Baker-
Jaramillo, PP: Petrohué-Patos, TP: Toltén-Peuco, TT: Toltén-Truful, AS: Aysén-Simpson, 
BV: Baker-Vargas; “Id” is the unique identification of each fish. 



	 133	

	



	 134	

Figure 7. Global species diversity gradients for migratory species.  
A: anadromous, B: catadromous, C: amphidromous, D: potamodromous, E: oceanodromous 
Continent shapefile by ArcGIS, ESRI (www.arcgis.com). Geographic coordinate system WGS 
1984 and projected to cylindrical equal area. 
URL: https://www.arcgis.com/home/item.html?id=5cf4f223c4a642eb9aa7ae1216a04372 
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Figure 8. Species richness (SR) of each migratory group measured across segments of 10 degrees of latitude.  
Relative	abundance	of	most	relevant	orders	is	shown	in	different	colors.	A:	anadromous,	B:	catadromous,	C:	amphidromous,	
D:	potamodromous,	E:	oceanodromous		
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Figure 9. Temperature and biodiversity relationship for migratory and non-migratory species.  
Ana:	 anadromous,	 Cat:	 catadromous,	 Amp:	 amphidromous,	 Pot:	 potamodromous,	 Oce:	
oceanodromous,	 RES_FW:	 Freshwater	 residents,	 RES_OCE:	 Ocean	 residents,	 ALL:	 All	
species	pooled	together.	Red	dashed	lines	reflect	data	for	each	strategy	as	calculated	in	
this	 study	and	blue	dashed	 lines	are	 the	predicted	 trends	according	 to	Allen,	Brown	&	
Gillooly	(2002).	
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Figure 10. Causal diagram indicating the hypothesized relationship tested between latent 
variables for diadromous, potamodromous, and freshwater resident species.  
The causal diagram for oceanodromous and ocean resident species involves the same latent 
variables (except precipitation) but different manifest variables were used to support some 
latent constructs (details of the manifest variables used are listed in Chapter 2, Methods 
section and in Table 5). 
 

Temperature	

History	Species	
Richness	Productivity	Heterogeneity	

Precipitation	
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Figure 11. Barplot of path coefficients for migratory and resident strategies.  
It represents the total effects of each latent variable as a function of direct and indirect effects 
ana: anadromous, cat: catadromous, amp: amphidromous, pot: potamodromous, oce: 
oceanodromous, oce_res: ocean residents, fw_res: freshwater residents. 
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Figure 12. Redundancy analysis (RDA) plot.  
Combines regression and PCA (Legendre and Legendre 1998; Borcard et al. 2009) to model selected environmental, productivity 
and PCPS phylogenetic filters. PCPSs are vectors of genetic structure based on phylogenetic distance data (Pillar and Duarte 2010) 
calculated from a backbone phylogenetic tree (Rabosky et al. 2018).  
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Figure 13. Mean speciation rates of Actinopterygian fishes subdivided by movement strategy.  
The	speciation	rate	dynamics	were	inferred	with	Bayesian	analysis	of	macroevolutionary	mixtures	(BAMM)	(Rabosky	et	al.,	
2018)	and	subdivided	by	their	life-history	strategies	according	to	information	collected	on	Fishbase	(Froese	&	Pauly,	2016).	
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Figure 14. Time tree map adapted from (Rabosky et al. 2018).  
Lambda	values	are	shown	in	colors	on	the	branches	of	the	tree	according	to	the	heat	scale	(note	the	different	scale	in	each	
graph).	 Horizontal	 bars	 "Mig"	 in	 the	 first	 graph	 (migratory)	 represent	migrants	 according	 to	 their	 category.	 Latitudinal	
horizontal	bars	are	drawn	 in	 respect	 to	 the	species'	known	minimum	and	maximum	 latitudes.	The	 families	 listed	are	 for	
referencing	phylogenetic	areas	with	higher	speciation	rates.	Panel	"A"	shows	migratory	fishes,	panel	"B"	brackish	and	panel	
"C"	freshwater.		
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Figure 15. Midpoint latitude and speciation rate of resident and migratory fishes.  
The	 relationship	between	midpoint	 latitude	and	 the	 speciation	 rate	 for	 each	 species	 included	 in	 this	 study,	 separated	by	
their	movement	life-history	strategy,	residents	in	panel	A,	and	migratory	fishes	in	panel	B.		
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Figure 16. Correlations of latitude with speciation rate across life-history strategies.  
Spearman's	 correlation	 values	 of	 the	 relationship	 between	 absolute	 values	 of	 latitude	 and	 the	 logarithmic	 transformed	
speciation	rate	for	each	migratory	and	resident	strategy.		
	



	 149	

 

R = 0.057 , p = 0.4

R = 0.12 , p = 0.31

R = 0.0038 , p = 0.93

R = 0.46 , p = 3.9e-07

R = −0.098 , p = 1.2e-09

R = 0.15 , p = 0.0023

R = 0.18 , p = 0.00063

R = 0.1 , p = 0.0033

oceanodromous potamodromous

catadromous freshwater marine

amphidromous anadromous brackish

0 25 50 75 0 25 50 75

0 25 50 75

-4

-2

0

2

-4

-2

0

2

-4

-2

0

2

absolute latitude

lo
g 

of
 s

pe
ci

at
io

n 
ra

te
AnaCat

amphidromous

anadromous

brackish

catadromous

freshwater

marine

oceanodromous

potamodromous



	 150	

Figure 17. Frequency of migrants and speciation rate.  
Each	 fish	 clade	 is	plotted	against	 the	 frequency	of	migrants	 in	 each.	Panel	A	 is	 the	 frequency	of	migrants	 in	 each	 family,	
colored	 according	 to	 the	 Order	 to	 which	 each	 group	 belongs.	 Panel	 B	 is	 the	 frequency	 of	 migrants	 in	 all	 orders	 of	
Actinopterygian	fishes.	Species	richness	is	represented	by	the	size	of	each	point	and	was	calculated	as	the	number	of	species	
in	 each	 family	 and	 order.	 The	 dashed	 line	 represents	 the	 linear	 model	 regression	 between	 the	 speciation	 rate	 and	 the	
frequency	of	migrants.	
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SUPPLEMENTAL INFORMATION 
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SUPPLEMENTAL TABLES 
	
	
	
	
Table S1. Native continental fishes of Chile and their life-history. 
The following table lists the native continental fishes of Chile, highlighting current knowledge 
about their preferred habitat and/or life history. Abbreviations in the Life history/habitat 
column correspond to: A, anadromous; C, catadromous; Am, amphidromous; P, potadromous; 
FW, obligate freshwater resident; E, euryhaline; SW, indicates either estuarine preference or 
pseudo complete ocean residency. 
 

FAMILY GENUS SPECIES LIFE 
HISTORY/HABITA

T 

GEOGRAPHIC 
RANGE 
(Origin) 

REFERENCE
S 

Petromyzontidae Geotria australis (Gray, 
1851) 

A Southern 
Hemisphere 

(McDowall 
1988; Neira et 
al. 1988) 

Petromyzontidae Mordacia lapicida (Gray, 
1851) 

A Chile (McDowall 
2002a) 

Characidae Cheirodon pisciculus (Girard, 
1855) 

FW Chile (Salas et al. 
2012) 

Characidae Cheirodon australe 
(Eigenmann, 1927) 

FW Chile (Salas et al. 
2012) 

Characidae Cheirodon galusdae 
(Eigenmann, 1928) 

FW Chile (Salas et al. 
2012) 

Characidae Cheirodon kiliani (Campos, 
1982) 

FW Chile (Salas et al. 
2012) 

Diplomystidae Diplomystes  chilensis (Molina, 
1782) 

FW Chile (Munoz-
Ramirez et al. 
2010) 

Diplomystidae Diplomystes  camposensis 
(Arratia, 1987) 

FW Chile (Munoz-
Ramirez et al. 
2010) 

Diplomystidae Diplomystes  nahuelbutaensis 
(Arratia, 1987) 

FW Chile (Munoz-
Ramirez et al. 
2010) 

Trichomycterida
e 

Nematogenys inermis 
(Guichenot, 1848) 

FW Chile (Habit and 
Victoriano 
2005; Vargas et 
al. 2015) 

Trichomycterida
e 

Trichomycterus areolatus 
(Valenciennes, 
1846) 

FW Chile (Unmack et al. 
2009) 

Trichomycterida
e 

Trichomycterus chiltoni 
(Eigenmann, 1928) 

FW Chile (Habit and 
Victoriano 
2005) 
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Trichomycterida
e 

Trichomycterus rivulatus 
(Valenciennes, 
1846) 

FW Chile, Peru, 
Bolivia 

(Pardo et al. 
2005; Habit et 
al. 2006) 

Trichomycterida
e 

Trichomycterus chungaraensis 
(Arratia 1983) 

FW Chile (Arratia F. 
1983; Vargas et 
al. 2015) 

Trichomycterida
e 

Trichomycterus laucaensis (Arratia 
1983) 

FW Chile (Arratia F. 
1983; Vargas et 
al. 2015) 

Trichomycterida
e 

Hatcheria macraei (Berg, 
1985) 

FW Chile, Argentina (Unmack et al. 
2012; Vargas et 
al. 2015) 

Trichomycterida
e 

Bullockia maldonadoi 
(Eigenmann, 1920) 

FW Chile (Habit and 
Victoriano 
2005) 

Galaxiidae Galaxias maculatus (Jenyns, 
1842) 

C Southern 
Hemisphere 

(Górski et al. 
2015; Vargas et 
al. 2015) 

Galaxiidae Galaxias  globiceps 
(Eigenmann, 1928) 

FW Chile (Murillo & 
Ruiz 2002) 

Galaxiidae Galaxias  platei 
(Steindachner, 
1898) 

FW Chile, Argentina (Ruzzante et al. 
2008; Vargas et 
al. 2015) 

Galaxiidae Brachygalaxias bullocki (Regan, 
1908) 

FW Chile (Habit and 
Victoriano 
2005; Correa-
Araneda et al. 
2014; Vargas et 
al. 2015)  

Galaxiidae Brachygalaxias gothei (Busse, 
1983) 

FW Chile (Cuevas et al. 
1999; Vargas et 
al. 2015) 

Galaxiidae Aplochiton zebra (Jenyns, 
1842) 

FW Chile, Argentina, 
Malvinas 

(Vargas et al. 
2015) 

Galaxiidae Aplochiton taeniatus (Jenyns, 
1842) 

C Chile, Argentina, 
Malvinas 

(Vanhaecke et 
al. 2012; Alò et 
al. 2013; 
Vargas et al. 
2015) 

Galaxiidae Aplochiton marinus 
(Eigenmann, 1928) 

C Chile (Alò et al. 
2013; Vargas et 
al. 2015) 

Atherinopsidae Basilichthys microlepidotus 
(Jenyns, 
1841)(syn:australi
s) 

FW Chile (Dyer 2000) 

Atherinopsidae Basilichthys  semotilus (Cope, 
1874) 

P Chile, Peru  (Dyer 2000; 
Vargas et al. 
2015) 
 

        
Atherinopsidae Odontesthes mauleanum 

(Steindachner, 
1896) 

E Chile (Dyer 2000) 
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Atherinopsidae Odontesthes itatanum 
(Steindachner, 
1896) 

E Chile (Dyer 2000) 

Atherinopsidae Odontesthes brevianalis 
(Gunther, 1880) 

E Argentina, Chile (Dyer 2000; 
Ministerio del 
Medio 
Ambiente 
2013) 

Atherinopsidae Odontesthes hatchery 
(Eigenmann, 1909) 

E Argentina, Chile (Tsuzuki et al. 
2008; 
Ministerio del 
Medio 
Ambiente 
2013) 

Atherinopsidae Odontesthes molinae (Fowler, 
1940) or  (Fischer, 
1962)  

No information 
(Possible synonym 

with other 
Odontesthes) 

Chile (Campos et al. 
1998; Vargas et 
al. 2015) 

Atherinopsidae Odontesthes regia (Humboldt, 
1821) 

SW (Juveniles in 
estuarine) 

Peru, Chile, 
Argentina, 
Malvinas 

(Ministerio del 
Medio 
Ambiente 
2013) 

Atherinopsidae Odontesthes nigricans 
(Richardson, 1848) 

SW (Juveniles in 
estuarine) 

Chile, Argentina, 
Malvinas 

(Dyer 2000) 

Atherinopsidae Odontesthes wiebrichi 
(Eigenmann, 1928) 

E (Possible hybrid 
regia/brevianalis) 

Chile (Dyer 2000) 

Cyprinodontidae Orestias agassii 
(Valenciennes, 
1846) 

FW Peru, Chile (Diario Oficial 
de la Republica 
de Chile 2008; 
Vargas et al. 
2015)  

Cyprinodontidae Orestias chungarensis 
(Arratia, 1982) 

FW Chile (Diario Oficial 
de la Republica 
de Chile 2008; 
Vargas et al. 
2015)  

Cyprinodontidae Orestias parinacotensis 
(Arratia, 1982) 

FW Chile (Diario Oficial 
de la Republica 
de Chile 2008; 
Ministerio del 
Medio 
Ambiente 
2013; Vargas et 
al. 2015) 

Cyprinodontidae Orestias laucaensis 
(Arratia, 1982) 

FW Chile (Diario Oficial 
de la Republica 
de Chile 2008; 
Ministerio del 
Medio 
Ambiente 
2013) 
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Cyprinodontidae Orestias ascotanensis 
(Parenti, 1984) 

FW Chile (Pardo et al. 
2005; Vila et 
al. 2007; Diario 
Oficial de la 
Republica de 
Chile 2008; 
Ministerio del 
Medio 
Ambiente 
2013) 

Cyprinodontidae Orestias gloriae (Vila et al, 
2011) 

FW (Saltpans)  Chile (Vila et al. 
2011) 

Cyprinodontidae Orestias piacotensis (Vila, 
2006) 

FW Chile (Vila 2006; 
Ministerio del 
Medio 
Ambiente 
2013) 

Mugilidae Mugil  cephalus 
(Linnaeus, 1758) 

E/50km upstream FW Worldwide 
coastal areas 

(Habit and 
Victoriano 
2005; Diario 
Oficial de la 
Republica de 
Chile 2008; 
Ministerio del 
Medio 
Ambiente 
2013; Vargas et 
al. 2015) 

Percichthyidae Percichthys melanops (Girard, 
1855) 

FW Chile (Habit and 
Victoriano 
2005; Diario 
Oficial de la 
Republica de 
Chile 2008; 
Ministerio del 
Medio 
Ambiente 
2013; Vargas et 
al. 2015) 

Percichthyidae Percichthys trucha  (Regan, 
1905) 

FW Argentina, Chile (Ruzzante et al. 
2006; Diario 
Oficial de la 
Republica de 
Chile 2008; 
Vargas et al. 
2015) 

Perciliidae Percilia gillissi (Girard, 
1855) 

FW Chile (Habit and 
Victoriano 
2005; 
Ministerio del 
Medio 
Ambiente 
2013; Vargas et 
al. 2015)  
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Perciliidae Percilia irwini 
(Eigenmann, 1928) 

FW Chile (Habit and 
Victoriano 
2005; Diario 
Oficial de la 
Republica de 
Chile 2008; 
Min. del Medio 
Ambiente 
2013) 
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Table S2. Unidimensionality values for latent variables.  

C. alpha is the Cronbach's alpha, DG.rho is the Dillon-Goldstein's rho and eig.1st and eig.2nd 
are the first and second eigenvalues based on the eigen-analysis of the correlation matrix of 
each set of indicators (Sanchez 2013). Only values based on latent variables constructed by 
multiple manifest variables are shown  
 
	 C.alpha	 DG.rho	 eig.1st	 eig.2nd	

Freshwater	 	 	 	 	

Temperature	 0.953744515	 0.963138732	 4.881099889	 0.865217052	

Heterogeneity	 0.975388639	 0.987843908	 1.951959617	 0.048040383	

Precipitation	 0.978224282	 0.983954777	 3.755089847	 0.149084731	

Ocean	 	 	 	 	

Heterogeneity	 0.881079952	 0.943877048	 1.787437809	 0.212562191	
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SUPPLEMENTAL FIGURES 

	
	
	
	
Figure S1. Path diagrams, coefficients and Goodness of Fit (GOF) measures for each strategy. 
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Figure S2. Dot chart of Order, speciation rate and life-history strategies 
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Figure S3. Dot chart of Order, midpoint latitude and life-history strategies 
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