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Abstract 

The past major climate changes have disrupted life in the polar regions and triggered different 

responses in marine organisms. Confronted now with fast-paced environmental changes such 

as global warming, understanding the adaptations and patterns of diversification in these 

regions with extreme environmental conditions can help to predict their possible response to 

future climate change. To do so, the genus Eusirus was chosen as a model organism  because: 

1) of its worldwide distribution with representatives in both polar regions; 2) local abundance 

and a large number of species showing high level of endemicity; 3) occupying both deep and 

shallow marine waters; 4) exhibiting a wide range of morphological variation; and 5) belonging 

to the Eusiridae family, which is a major family of polar amphipods. By combining molecular, 

morphological, and ecological data, this thesis aims to understand the genetic adaptations 

and the evolutionary processes that shaped the current diversity of the Eusirus amphipods in 

the Arctic and Southern Oceans. First, three novel complete Antarctic mitogenomes were 

assembled and annotated. Their analysis  showed distinct features such as a lower AT-richness 

in the whole mitogenomes, negative GC-skews on both strands of protein coding genes, and 

unique gene rearrangements. These mitogenomes also shared characteristics with other 

amphipod mitogenomes including aberrant tRNA and short rRNA genes, which could be linked 

to minimalization of mitogenomes. Nucleotide diversity analysis  revealed nad6 and atp8 to 

be the most variable mitochondrial regions of amphipods. In contrast, cox1 showed low 

nucleotide diversity among closely and more distantly related amphipod species. Second, 

molecular signatures of cold adaptations were highlighted by comparing different 

mitogenomic features of amphipods from cold, temperate, and warm regions. Among other 

results, amphipods living in cold environment possessed mitogenomes with low proportions 

of charged amino acids and high, average ratios of non-synonymous to synonymous 

substitutions (ω). On the other hand,   mitogenomic gene translocations and phylogenetic 

relationships had no distinct patterns being related to cold adaptations. Third, new 

phylogenetic reconstructions of Eusirus and a novel dated tree were produced. These data 

strongly supported the monophyly of the Antarctic clade whereas Arctic Eusirus had a  

polyphyletic origin. The mean age of Arctic Eusirus is older than Antarctic Eusirus despite the 

older existence and longer geographic isolation of Antarctica. Finally, the integration of 

phylogenetic information, phenotypic and ecological data identified two different 



 

evolutionary patterns of Eusirus in the polar oceans. A high rate of lineage diversification 

coupled with low rate of morphological evolution supported a non-adaptive radiation 

scenario in the Antarctic clade. Even if ecology certainly played a role during the diversification 

of the Antarctic clade, it is hypothesized that allopatric speciation such as vicariant events 

following the opening of the Drake passage and the formation of the Antarctic Circumpolar 

Current formation mainly produced new lineages. The contrasting slower diversification rates 

observed in the Arctic Eusirus lineages could be explained by higher gene flow and higher 

extinction rates. Morphological and ecological diversity in the Arctic clade probably 

accumulated more constantly along speciation events. Despite the constant rate of lineage 

diversification in the Arctic Eusirus, the morphological and the ecological diversity were both 

observed to be high. This high morphological and ecological diversity in Arctic Eusirus could 

be associated to their polyphyletic origin and their older evolutionary age. Certainly, the high 

levels of morphological and ecological diversity in the Arctic Eusirus support the hypothesis 

that niche partitioning played a crucial role during the diversification of Eusirus in the Arctic. 

In conclusion, the multi-disciplinary approach integrating molecular, morphological, and 

ecological data successfully unraveled  the different evolutionary patterns of the genus Eusirus 

in the two polar regions.  
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Objectives and outline of the thesis 

The mode and the tempo of species diversification as well as their adaptations in the polar 

regions, are still poorly understood. The primary objective of the present Ph.D. thesis is to gain 

deeper insights into the genetic adaptations and the evolutionary processes that shaped the 

current diversity of the Eusirus amphipods in the polar regions with a multi-disciplinary 

approach, utilizing molecular, morphological, and ecological data. 

Polar regions are characterized by extreme environmental conditions such as low 

temperatures. Amphipods are the main lineage of crustaceans which succeeded in these very 

cold marine environments. The genus Eusirus is a lineage of amphipods including 31 described 

species with a worldwide distribution. Many Eusirus species can be locally abundant, and 

many species show a high level of endemicity. They adapted to shallow and deep marine 

waters as well as in both Arctic and Antarctic oceans. Eusirus shows extensive morphological 

variation and belongs to the family Eusiridae, which is one of the dominant families of polar 

amphipod fauna. Eusirus thus provides the opportunity of a very interesting case study to 

characterize cold adaptations in amphipods and to compare the evolutionary history of 

marine biodiversity in both polar regions.  

For this thesis, these main research questions will be addressed: 

(1) To understand molecular adaptations to cold environments. 

As for many taxa, the genetic adaptations of Eusirus to cold temperatures are still poorly 

known. Thus, understanding how these polar organisms adapted to cold conditions is of great 

interest to Science. By utilizing mitochondrial genome data (mitogenomes) of Eusirus and 

other amphipods, we can check for genetic changes in mitogenomes and possibly link these 

to cold adaptations.  

(2) To test for the monophyly of both “polar” Eusirus clades and to compare the types of 

invasions into the Arctic and Antarctic and estimate when these invasions occurred. 

These questions will be answered by the production of a novel time-calibrated 

phylogeny.  

(3) To use phylogenetic information and phenotypic data to test three evolutionary 

scenarios which are listed below.  
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(a) In the first scenario, we assume that newly available niches provided Eusirus to go 

through adaptive radiation coupled with ecological and morphological diversity.  

(b) For the second scenario, we assume that Eusirus went through non-adaptive 

radiations without any partitioning of eco-morphological diversity but with 

allopatric speciation. 

(c) In the third scenario, we postulate that Eusirus went through repeated 

convergence with parallel evolution of certain morphological or ecological traits. 

In this thesis chapter, a general introduction to the study and to the polar regions is provided. 

This chapter also provides a summary on the morphology and ecology of amphipods in 

general and of Eusirus in particular (Chapter 1). Genetic adaptations of Eusirus to cold 

environments are poorly known. Studying mitochondrial genomes (i.e., mitogenomes) will 

allow us to examine some of these possible genetic adaptations. Since no mitogenomes were 

available for Eusirus, the entire mitogenomes of two Eusirus species were assembled and 

annotated de novo (Chapter 2). The assembled and annotated mitogenomes of these two plus 

another Antarctic amphipod along with other published mitogenomes from amphipods 

occurring in cold, temperate and warm regions were used to check for signatures of cold 

adaptation (Chapter 3).  

The remaining part of this PhD thesis was devoted to the study of the evolutionary processes 

that shaped the current diversity of Eusirus. First, we reconstructed the evolutionary history 

and dated phylogenetic relationships of the genus Eusirus from polar and non-polar regions 

using mitochondrial and ribosomal DNA sequence data (Chapter 4). Morphological and 

ecological data were then collected to characterize and quantify the eco-morphological 

diversity of Eusirus from polar and non-polar regions. These data together with the time-

calibrated phylogenies were used to identify the most likely scenario explaining the evolution 

and speciation in the genus Eusirus (Chapter 5). Novel insights of this thesis were then placed 

into a wider framework in a final discussion to draw more general conclusions from this study 

on the evolution of amphipods and polar marine organisms (Chapter 6).  
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Macroevolution studies the overall patterns and processes that cause evolutionary changes 

at a broad scale, that is, at the species level and higher, over long periods of time (Ridley, 2003; 

Futuyma, 2005; Hautmann, 2020; Saupe & Myers, 2021). This includes the tempo (or the rate) 

of change and the mode (or the mechanism) of change (Ridley, 2003; Futuyma, 2005; Saupe 

& Myers, 2021). One important domain of macroevolutionary research is the study of 

speciation or the process by which a lineage undergoes independent divergence, forming two 

or more distinct lineages or species (Futuyma, 2005; Futuyma & Kirkpatrick, 2017; Saupe & 

Myers, 2021). Diversification is the evolutionary increase of the number of new species or 

lineages (Futuyma, 2005; Futuyma & Kirkpatrick, 2017). The rate of speciation could be 

defined by the amount of time needed for complete reproductive isolation to evolve once the 

process has begun, also known as the transition time or time for speciation. It could also be 

defined as the biological speciation interval which is the mean time between a new species' 

inception and its next speciation event (Futuyma, 2005). One process of speciation is adaptive 

radiation which is the rapid diversification of diversely adapted species when changes in the 

environment occur such as newly available resources, new challenges for survival allowing 

novel traits to be selected, and the opening of new ecological niches (Gittenberger, 1991; 

Schluter,  2000; Ridley, 2003; Gavrilets & Losos, 2009; Rundell & Price, 2009; Saupe & Myers, 

2021). When there is diversification without significant ecological adaptations to new 

environmental conditions, non-adaptive radiation is said to occur (Gittenberger, 1991; Rundell 

& Price, 2009). In such a case, speciation may be driven by different mechanisms such as 

geographic isolation, genetic drift, sexual selection, polyploidy, and hybridization (Ridley, 

2003; Futuyma, 2005; Butlin et al., 2009; Sobel et al., 2010; Futuyma & Kirkpatrick, 2017). 

Based on geography, if one population evolves when geographically isolated from the rest of 

its original populations, allopatric speciation is observed (Ridley, 2003; Futuyma, 2005; Mallet 

et al., 2009; Harrison, 2012; Saupe & Myers, 2021). Without geographic barriers, a species can 

undergo sympatric or parapatric speciation. Sympatric speciation occurs when a species 

evolves within a single geographic area (Ridley, 2003; Futuyma, 2005; Barluenga et al., 2006; 

Mallet et al., 2009; Harrison, 2012; Saupe & Myers, 2021). Parapatric speciation happens 

when two populations of a species diverge and become separate species in a shared 

geographical area without overlapping ranges (Ridley, 2003; Futuyma, 2005; Mallet et al., 

2009; Harrison, 2012).  
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Drivers of speciation such as genetic drift or the random changes in the frequency of certain 

alleles over time due to stochastic events can lead to speciation and are often stronger in 

smaller populations than selection (Butlin et al., 2009; Sobel et al., 2010; Futuyma & 

Kirkpatrick, 2017). Natural and sexual selection also play key roles in speciation (Panhuis et al., 

2001; Kirkpatrick & Ravigné, 2002; Butlin et al., 2009; Futuyma & Kirkpatrick, 2017). In natural 

selection, unfavorable traits are removed, and certain genetic variants are more likely to be 

passed on to the next generation due to their advantages in a given environment (Futuyma & 

Kirkpatrick, 2017; Saupe & Myers, 2021). In sexual selection, certain traits of a population can 

become more common due to the increase of the individual's capacity to obtain mates and 

successfully reproduce; this can occur through female choice and male competition (Panhuis 

et al., 2001; Futuyma, 2005; Ridley, 2003). Additional mechanisms of speciation are 

hybridization and polyploidy. Hybridization is the reproduction between two different species 

producing a hybrid offspring (Abbott et al., 2013) and can also result in homoploidy or 

polyploidy (Futuyma, 2005; Abbott et al., 2013). Polyploidy refers to an organism that possess 

more than two chromosome complements in its cells  (Futuyma, 2005; Futuyma & Kirkpatrick, 

2017). Polyploid populations can be distinct species that have different traits than their 

ancestral species and, in some instances, polyploid offspring can be sterile (Futuyma, 2005; 

Butlin et al., 2009; Futuyma & Kirkpatrick, 2017).  

An important area of macroevolutionary research is the study of the evolution of biodiversity. 

Divergent evolution is the process by which species that share the same common ancestor 

become more different over time as a result to different pressures (Alcock, 2001; Futuyma, 

2005; Gautam, 2020).  When unrelated or distantly related organisms from different ancestral 

lineages evolve similar traits due to similar selective pressures in the environment, this 

process is called convergent evolution (Moore & Willmer, 1997; Ridley, 2003; Futuyma, 2005; 

Futuyma & Kirkpatrick, 2017). On the other hand, parallel evolution is defined as the evolution 

of similar traits of species with a common ancestor independent of each other due to similar 

environments (Moore & Willmer, 1997; Futuyma, 2005; Futuyma & Kirkpatrick, 2017). 

Extinctions are also one important area of macroevolutionary research. Depending on the 

intensity and timelines, extinction can occur gradually with a mild to moderate intensity which 

is also referred as background extinction while mass extinctions occur periodically and with 

great intensity (Saupe & Myers, 2021; Futuyma & Kirkpatrick, 2017). Evolutionary 
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replacements can take place as a result of extinction allowing other species to radiate and fill 

the newly available niches, which were formerly occupied by the now extinct species (Ridley, 

2003).  

Since Darwin, there have been many macroevolutionary studies investigating diversification 

in terrestrial and aquatic environments. Some examples include the study of the Euhadra 

Japanese land snails that showed parallel evolution of the chirality or the direction of the 

coiling of shells which evolved to favor genetically dominant chirality as determined by a single 

gene speciation (Ueshima & Asami, 2003). Another example is cichlid fish undergoing 

sympatric speciation in the crater lakes in Cameroon (Schliewen et al. 1994; Schliewen et al., 

2001) and the Midas cichlid species complex (Amphilophus sp.) in Nicaraguan crater lakes 

(Barluenga et al., 2006). Non-allopatric speciation was also documented in the Hawaiian 

Cellana limpet species (Bird et al., 2011). Other examples of adaptive radiations showing 

variations in the bill morphology were reported from Hawaiian honeycreepers (Lovette et al., 

2002) and Darwin’s finches (Burns et al., 2002). Adaptive radiations of cichlids in Lake Victoria, 

Lake Malawi and Lake Tanganyika have also been recorded which may have been facilitated 

by ancient hybridization events (Meier et al., 2017; Irisarri et al., 2018; Svardal et al., 2021) 

Despite these numerous studies conducted in different environments, very little is known on 

how the diversity in the polar regions evolved, particularly in the polar oceans (Lörz & Held, 

2004; Clarke & Crame, 2010; Hardy et al., 2011). This scarcity in knowledge can be attributed 

to the extreme conditions and the presence of sea ice cover making it more difficult to study 

these regions (Clarke & Crame, 2010; Thatje, 2012; Legezyñska et al., 2020). Tectonic and 

climatic histories of these polar regions have played a crucial role in the evolution of the polar 

marine fauna (Marincovich et al., 1985; Clarke & Crame, 1989; Golikov & Scarlato, 1989; 

Dunton, 1992; Knox, 2006; Hardy et al., 2011; Crame et al., 2014; Crame, 2018). Past climatic 

changes have triggered different responses in marine fauna with some species surviving in 

situ while others retreated into different refugia (Thatje et al., 2005, 2008; Barnes & Kulinski 

2010; Hardy et al., 2011; Allcock & Strugnell 2012). Confronted now with fast-paced 

environmental changes like global warming (Aronson et al., 2007; Gilg et al., 2012; Gutt et al. 

2015), knowledge on how these organisms managed to survive climate changes in the past 

can help us to predict how the marine fauna will respond in the future (Parmesan, 2006; Dam, 

2013; Reusch, 2014 ).  
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1. Antarctica 

1.1. Evolution in the Southern Ocean 

During the Mesoproterozoic (about 1.6-1 billion years ago), the crust of East Antarctica was 

formed by the amalgamation of Archean nuclei which became a part of the supercontinent 

Gondwana at the end of Precambrian (about 600 million years ago; mya) (Dalziel, 1992). 

Around 180 mya, Gondwana started to break up creating a seaway in the middle of West 

(South America and Africa) and East (Antarctica, Australia, India and New Zealand) Gondwana 

(Storey, 2005; Lurcock & Florindo, 2017).  The break-up of Gondwana led to extensive shallow 

waters in the Mesozoic (Clarke & Crame, 1989) and in the late Mesozoic, in-situ adaptive 

radiation was suggested to start based on the observation of many closely related species 

such as pycnogonid, gastropods, echinoderms, ascidians, and notothenioid fish found in the 

shallow Antarctic and sub-Antarctic waters (Clarke & Crame, 1989; Clarke, 1990; Arntz et al., 

1995; Knox, 2006). According to fossil evidence, Antarctica had a relatively warm temperature 

during this time and a relatively rich and diverse marine fauna (Clarke, 1990; Clarke & Crame, 

1989).   

During the Cretaceous-Palaeogene (K–Pg) boundary, a mass extinction occurred about 66 mya 

(Renne et al., 2013). In Antarctica, two separate extinction events were suggested during this 

time and attributed to the eruption of the Deccan Traps volcanic province and the Chicxulub 

meteorite impact; the latter was also linked to a major global warming event (Petersen et al., 

2016). These mass extinction events were followed by global evolutionary radiation and the 

establishment of some elements of the modern Antarctic fauna (e.g. Neogastropods) (Crame 

et al., 2014; Crame, 2018).  

The Drake passage opened later around Eocene-Oligocene (34-26 mya) when South America 

and Antarctica separated which led to the formation of the Antarctic circumpolar current 

(ACC) around the Oligocene (31-26 mya), geologically and thermally isolating Antarctica 

(Latimer & Filippelli, 2002; Lawver & Gahagan, 2003; Storey, 2005; Hodel et al., 2021; Vincze 

et al., 2021). This created a major marine biological barrier preventing gene flow (Thornhill et 

al., 2008), a prerequisite for vicariance and subsequent allopatric speciation. In contrast, 

Rogers (2007) and Crame (1999) suggested that the opening of Drake passage and the 

formation of the ACC could also have allowed dispersal to occur. During the Eocene-Oligocene 



Chapter 1 

8 
 

transition, subsequent cooling resulted in significant extinction and ecological reorganization 

in many biological groups (Coxall & Pearson, 2007). Records of extinction of warm-adapted 

marine taxa were mostly obtained around the end of the middle Eocene and middle Oligocene 

(Prothero, 1994). These extinctions were replaced by species being adapted to cold climates 

(Keller et al., 1992; Hutchinson et al., 2021).  

During the end of the Pleistocene to Holocene (about 70,000 to 10,000 years ago), most of 

the Antarctic shelf was covered with grounded ice masses and the rest with ice shelves 

(Ingólfsson, 2004; Thatje et al., 2008). This period was characterized by low food availability 

and primary production was absent in sea-ice covered zones, which starved the benthic 

communities but promoted the evolution of feeding mechanisms of these organisms (Thatje 

et al., 2008).  Thatje et al. (2005; 2008) suggested that benthic communities were able to 

survive this period by migrating to the deep sea followed by recolonization of the Antarctic 

margins during subsequent interglacial periods or migrating from one isolated shelter in the 

shelf to another during diachronous ice advances and retreats. Thatje et al. (2008) also 

pointed out that recolonization to the shallow water niches that opened during the following 

deglaciation period was likely pioneered by species with adaptable life cycles and the ability 

to disperse and radiate in the subsequent interglacial.  

The geographic isolation and the long history of cooling and repeated glaciation events could 

have driven allopatric speciation in the Antarctic taxa which acted as a taxonomic diversity 

pump and resulted in the current high degree of endemism in Antarctica (Clarke & Crame, 

1989; Knox, 2006; Rogers, 2007).  

 

1.2. Physical Geography 

Antarctica is a continent located almost entirely within the Antarctic Circle at 66°33’ south 

(Figure 1). The continent has an area of 14 million km2 and is mostly covered with massive ice 

sheets with a mean thickness of approximately 2.1 kilometers (Gonzalez & Vasallo, 2020). It is 

divided into East and West Antarctica by the transantarctic mountains and is surrounded by 

the Southern Ocean (Thomas et al., 2008; Gonzalez & Vasallo, 2020).  
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Figure 1. Map of Antarctica showing the Southern boundary of the Antarctic Circumpolar Current (ACC) (white) and the 
Southern Ocean fronts: Southern ACC front (pink), Polar front (green), Subantarctic front (orange), and Subtropical front 
(yellow). This illustration has been made with Quantarctica (Matsuoka et al., 2018) using the detailed basemap (Norwegian 
Polar Institute, 2018) and the datasets Southern Ocean fronts (Orsi et al., 1995) and Antarctic Digital Database/Quantarctica 
(Matsuoka et al., 2018), compiled Hillshades and Elevation Model mosaics from ETOPO1 (Amante & Eakins, 2009), IBCSO 
(Arndt et al., 2013), and RAMP2 (Liu et al., 2001).  

 

 

The Southern Ocean is defined as the ocean between the 60 south latitude and the coast of 

Antarctica as described by the International Hydrographic Organization (IHO) (https://iho.int). 

Beyond the northern border of the 60 south latitude, the Southern Ocean is linked with the 

South Atlantic Ocean, the Indian Ocean, and the South Pacific Ocean (IHO, 2001). The 

Southern Ocean is also bordered by the Antarctic Polar Front (APF) towards the Northern edge.  

North of the APF, the sub-Antarctic region is located (Knox, 2006; Thomas et al., 2008). The 

IHO has furthermore created different subdivisions of the Southern Ocean into seas, straits 

and gulfs (see Figure 2).   
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Figure 2. Map of the Southern Ocean showing the different subdivisions as defined by the IHO (2001). Illustration have been 
made with Quantarctica (Matsuoka et al., 2018) using the dataset Antarctic Digital Database/Quantarctica (Matsuoka et al., 
2018). 

 

1.3. Climate 

1.3.1. Ice and snow cover 

Almost the entire Antarctic continent is covered with large ice sheets amounting to about 26 

million km3 (Gonzalez & Vasallo, 2020). The Southern Ocean surrounding the continent freezes 

in winter, then doubling the continent’s frozen area (Thomas et al., 2008; Gonzalez & Vasallo, 

2020). The maximum sea ice extent of about 18 million km2 is observed in September and 

mostly melted in the summer, reaching its minimum of about 3 million km2 in February 

(Vaughan et al., 2013; Gonzalez & Vasallo, 2020). One of the factors driving climate variability 

is the higher albedo of the ice. The high reflectivity (albedo)  in solar radiation causes much of 

the solar radiation reaching the Earth to be lost to space resulting in low temperatures and 

low heat redistributions through air and ocean currents (Eicken et al., 1995; Worby et al., 

1996; AMAP, 1998; Parkinson, 2014). 

Snow accumulation in the Antarctic is highly variable with snow cover contributing to about a 

third or a half of the sea ice thickness (Eicken et al., 1995; Massom et al., 1997). The snow in 

Weddell Sea contributes about 8% to the total ice mass (Eicken et al., 1995). Similar to ice 

cover, snow has a high albedo, and its accumulation can result in a net cooling effect on the 

global climate (Massom et al., 1997). The high albedo of snow greatly reduces the absorbed 
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solar radiation at the surface resulting in the cooling of the surface and the atmosphere 

(Ledley, 1991). Snow also serves as a protective buffer during spring or summer, delaying the 

melting of surface sea ice (Massom et al., 1997).  

 

1.3.2. Temperature 

The majority of Antarctica has an ice-cap climate (category EF in the Köppen climate 

classification) (Kottek et al., 2006) with monthly mean temperatures not exceeding 0°C except 

for some coastal areas which have a tundra climate (category ET) characterized by a mean 

temperature between 0 and 10°C during the warmest month (Kottek et al., 2006; Peel et al., 

2007; Gonzalez & Vasallo, 2020). Summer temperatures reach more than 0°C and last for 3-4 

months in the Southern Ocean islands, 2-3 months in the West part of the Antarctic Peninsula 

and 1-2 months on the East side of the Peninsula. Average winter temperatures vary between 

-5 and -10°C in the Southern Ocean islands, and are colder at the East side of the Antarctic 

Peninsula compared to the Western side (Gonzalez & Vasallo, 2020). 

Effects of climate change have especially been observed in the polar regions, with an 

increasing temperature trend in Antarctica resulting in a fast rate of ice loss and sea level rise 

(Gonzalez & Vasallo, 2020; Hughes et al., 2021). A 25-year study (since 1992) has shown that 

temperatures in the sub-Antarctic waters have increased about 0.29 ± 0.09 °C per decade and 

sub-surface sub-Polar deep waters about 0.04 ± 0.01 °C per decade, while a decrease in the 

near-surface sub-Polar waters (of about -0.7 ± 0.04 °C per decade) has been recorded (Auger 

et al., 2021). Thinning of the West Antarctica ice sheets has been observed to increase, 

particularly at the bottom of the ice shelves and is attributed to the intrusion of relatively 

warm water into the subshelf cavities; this causes basal melting, subsequently resulting in the 

retreat of ice sheet grounding lines and reduced basal traction (Gonzalez & Vasallo, 2020). 

 

1.3.3. Precipitation and wind 

Precipitation in Antarctica mainly comes in the form of snow or as rain in the summer, with 

most precipitation occurring in the coastal areas while it is rare in the plateau (Gonzalez & 

Vasallo, 2020; Vignon et al., 2021). Precipitation can influence the variation of the surface 

albedo, can speed up glacier retreat due to surface ice melting and can increase freshwater 

input into Antarctic lakes and oceans (Pollard et al., 2015; Vignon et al., 2021).  
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The wind speeds in Antarctica greatly vary due to the frequent presence of cyclones (Gonzalez 

& Vasallo, 2020). Strong katabatic winds persist at the steep edge of Antarctica (Thomas et al., 

2008) which are stronger in the winter than in summer (Gonzalez & Vasallo, 2020). They have 

been found to cause snowfall sublimation (i.e. conversion of snow into vapor) in the 

atmosphere which could possibly counterbalance the predicted increase of precipitation in a 

warming climate (Grazioli et al., 2017). Antarctica is also influenced by westerly winds which 

frequently get obstructed by the mountain range in the Antarctic Peninsula; if they gain 

sufficient velocity to surpass the mountain ranges, they can sometimes result in dry and warm 

winds on the leeward side (Parish, 1983; Gonzalez & Vasallo, 2020).  These winds known as 

foehn winds affect the surface melting of the Eastern side of the Antarctic Peninsula shelf 

(Gonzalez & Vasallo, 2020).  

 

1.4. Physical Oceanography 

The Antarctic circumpolar current (ACC) is the largest ocean current and is wind-driven, 

flowing from west to east (clockwise), and allowing the exchange of water between oceans 

(Orsi et al., 1995; Klinck & Nowlin, 2001; Barker et al., 2007; Hassold et al., 2009). The current 

extends from the sea surface to the sea floor (Barker et al., 2007; Hassold et al., 2009) where 

its strongest flow is near the surface with recorded speeds between 0.25 and 0.4 m/sec (Klinck 

& Nowlin, 2001). The formation of the ACC is linked to the Antarctic continental glaciation as 

it decreases the meridional heat transport across the Southern Ocean (Barker et al., 2007). 

A counter-current of the ACC is the Antarctic Coastal Current (ACoC) causing East Wind Drift 

in Antarctica (Knox, 2006; Núñez-Riboni & Fahrbach, 2009; Anderson, 2010). The Antarctic 

coastal current is a surface current that flows from east to west (counterclockwise) and has 

been found to have the strongest current closer to the coast and close to the edge of the 

continental shelf (Anderson, 2010). The current affects the Southern Ocean as it keeps the 

warm deep water away from the ice shelf cavity of the Weddell Sea through depressing the 

thermocline (Núñez-Riboni & Fahrbach, 2009). The current is also major transporter of warm 

deep water into the formation area of the Weddell Sea’s deep water and to the Antarctic 

bottom water in the southwestern Weddell Sea (Foster & Carmack, 1976; Núñez-Riboni & 

Fahrbach, 2009). 
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There are several ocean fronts and zones in the Southern Ocean (Figure 1) characterized by 

their distinct vertical stratification of salinity and temperature in surface and middle water 

columns (Anderson, 2010).  These zones are separated by fronts being associated with certain 

water mass properties and defined by increase in flow velocity (Sokolov & Rintoul, 2009; 

Stupnikova et al., 2018).  

The following water masses are recognized in the Southern Ocean: Antarctic Surface Waters, 

Subantarctic Intermediate Waters, Antarctic Bottom Waters, Antarctic Circumpolar Deep 

Waters, and Warm Deep Waters (Figure 3) (Knox, 2006; Anderson, 2010). 

Where the Warm Deep Water upwells, lies the Antarctic Divergence and this zone is 

characterized by high nutrient concentrations, minimal oxygen concentrations and a 

temperature maximum (Anderson, 2010). The cold, oxygen-rich and fresh Antarctic Surface 

Water comes from the Antarctic continent and flows north towards the Polar Front until it 

meets with the Subantarctic Surface Water at the region of convergence known as the 

Antarctic convergence or Polar Front (PF) where it starts to sink and forms the low salinity 

Subantarctic intermediate water (Knox, 2006; Anderson, 2010). The high-salinity Warm Deep 

Water flowing from the Atlantic, Pacific and Indian oceans mixes with the Antarctic waters 

making up the Circumpolar Deep Water, which is the dominant water mass in the Southern 

Ocean (Knox, 2006; Anderson, 2010). The border between Circumpolar Deep Water and the 

Warm Deep Water is indicated by a temperature maximum and oxygen minimum while the 

border between Warm Deep Water and the Antarctic Surface Water corresponds to a 

minimum temperature layer (Anderson, 2010). The downslope movement and mixing of 

Circumpolar Deep Water and saline shelf water forms the very cold Antarctic Bottom Water 

and it is mostly generated in the Weddell Sea but also in the Ross Sea and off Wilkes Land 

(Knox, 2006; Anderson, 2010). The border between Circumpolar Deep Water and Antarctic 

Bottom Water coincides with a minimum temperature layer (Anderson, 2010). 
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Figure 3. Illustration of the water masses in the Southern Ocean, adapted from Anderson, 2010 as cited from Gordon, 1967.   

 

2. Arctic 

2.1. Evolution in the Arctic Ocean 

The formation of the Arctic basin started during the Mesozoic about 200 mya and was 

characterized by the breakup of the Pangea and the primary stages of the opening of the 

Amerasian basin (Khain & Filatova, 2010; Lebedeva-Ivanova, 2010; Serreze & Barry, 2005) 

followed later by the formation of the Eurasian basin in the Cenozoic.  

In the late Cretaceous, the Arctic Ocean formed two large seaways: the Western Interior 

seaway and the Turgay Strait which allowed limited connections to the other oceans and may 

have served as subtropical migration routes for Arctic species with phylogenetic affinities to 

warm-water taxa (Dunton, 1992). It was also around this time when the deep-water 

connection between the North Pacific Ocean and Arctic Ocean closed (about 80-100 mya) 

which prevented further exchange of the bathyal and abyssal fauna of the two oceans 

(Marincovich et al., 1990; Dunton, 1992; Bodil et al., 2011). The closure of the deep-water 

connection and the limited connections through the seaways may have significantly isolated 

the Arctic Ocean around the Cretaceous (Marincovich et al., 1985; Dunton, 1992). Moreover, 

the isolation of the North Pacific led the cool-water fauna to evolve around 40 mya which later 

served as a significant seed stock for the invasion of the Arctic Ocean and the North Atlantic 

in the late Cenozoic (Dunton, 1992). 
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The Western Interior seaway later closed during the end of the Cretaceous to early Paleocene 

(about 65.5-70.6 mya) further isolating the Arctic Ocean (O'Regan et al., 2011). In the late 

Paleocene (about 56 mya), the North Atlantic rapidly widened into the Arctic Ocean caused 

by spreading of the sea floor (Brozena et al., 2003; O'Regan et al., 2011). Around the same 

time, the Arctic experienced periods of global warmth with rising of sea surface temperatures, 

absence of ice, increase in the sea level, and anoxic conditions in the ocean (Sluijs et al., 2006; 

Sluijs et al., 2009; O'Regan et al., 2011). This resulted in the disappearance of fauna being 

adapted to more saline conditions and an increase of fauna with adaptations to less-saline 

conditions due to an increase in freshwater influx (Sluijs et al., 2006; Sluijs et al., 2009). Such 

a change was, for example, observed in sedimentary records of dinocysts with marine 

dinocysts species being absent and an abundance of subtropical dinocyst species and dinocyst 

species that tolerate low surface water salinities and require high nutrient conditions (Sluijs 

et al., 2009). Benthic foraminiferal lineages were also absent suggesting anoxic bottom water 

conditions (Sluijs et al., 2006; Sluijs et al., 2009). Around the late Eocene or Oligocene, the 

Turgay Strait closed (Marincovich et al., 1985).  

Around the Eocene, the Fram strait was formed along with declining temperatures, allowing 

the exchange of biota between the North Atlantic Ocean and the Arctic Ocean (Wilce, 1990; 

Dunton, 1992; Kuklinski et al., 2013). The continued temperature decline enabled the cool-

temperate Arctic biota of Northern Atlantic origin to prevail, especially during the late 

Miocene (Wilce, 1990; Dunton, 1992). The Bering Strait later opened in the late Miocene and 

earliest Pliocene (approximately 7.4-3.5 million years ago) (Vermeij, 1991; Marincovich & 

Gladenkov, 1999; Serreze & Barry, 2005; Adey et al., 2008; Meltofte et al., 2013) which 

permitted the entry of the North Pacific biota to the ice-free Arctic and the North Atlantic 

Oceans (Wilce, 1990; Dunton, 1992). During this time, the high-latitude biota of the Arctic, 

North Atlantic and the North Pacific Oceans reached their highest level of diversity (Dunton, 

1992). 

Repeated ice expansions and retreats occurred during the Quaternary which caused the Arctic 

shelf fauna assemblages to be almost eliminated (Dunton, 1992; Kuklinski et al., 2013). The 

few shelf fauna survivors found refuge in the North Atlantic and North Pacific, in the ice-free 

shelf sites of the East Siberian and Beaufort Seas or in the deeper bathyal areas of the Eurasian 

areas; they later reinvaded the Arctic shelves (Golikov & Scarlato, 1989; Dunton, 1992). Hardy 
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et al. (2011) suggested that these glaciation/deglaciation events could have contributed to the 

current overall genetic diversity in the Arctic. The retreat of some fauna into different isolated 

refugia during glaciation events could have led to vicariant effects increasing the genetic 

dissimilarity among different regional populations. However, populations that were unable to 

disperse and survive may have experienced genetic bottlenecks. Re-invasion and mixing of 

isolated populations could again have occurred during periods of deglaciation allowing 

interbreeding of some species while other divergent lineages remained distinct. 

 
2.2. Physical Geography 

The Arctic region is geographically defined as the area north of the Arctic circle (66°33’ north) 

where there is at least one day in the year when the sun does not set (Thomas  et al., 2008) 

(Figure 4). The Arctic circle encompasses a land area of 14.8 million km2 and an ocean area of 

13 million km2 (Kullerud et al., 2013). There are also several other definitions of the 

boundaries of the Arctic region based on the tree line, which is the northern boundary where 

trees do not grow and is located in the transition area between the continuous boreal forest 

and tundra (AMAP 1997; AMAP, 1998). Another definition for the Arctic region refers to 

the 10°C July isotherm or the area in the north that has an average temperature of 10°C in 

July (AMAP, 1998; AMAP 1997; CAFF 2001). The Arctic can also be delineated into high and 

low Arctic regarding its latitudinal, environmental, climatic and biological characteristics, with 

the high Arctic (polar desert) having more extreme conditions, supporting fewer vegetation 

and animals than the low Arctic (AMAP, 1998; Serreze & Barry, 2005). The sub-Arctic, which is 

above 50° north is usually defined by the existence of patchy permafrost (AMAP 1997; Hoberg 

et al., 2003).  
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Figure 4. Map showing the Arctic and sub-Arctic regions as defined by the AMAP, 1998, the AMAP 1997, and the CAFF 2001. 
Delimitations are defined by the Arctic circle (broken black lines), tree line (green line), and isotherm (magenta line) and the 
following biogeographical regions: High Artic (dark and light magenta), low Arctic (dark blue), Sub-Arctic (dark and light 
green), and Transition zone (light blue). Figure from Hoberg et al.  (2003).  

 

The nearly land-locked Arctic Ocean is located in the Arctic region, and has a water surface 

area of approximately 14.7 million km2 (Shiklomanov et al., 2000) which is bordered by land 

(Jakobsson & Macnab, 2006; Timmermans & Marshall, 2020; Lenn et al., 2022). The Arctic 

Ocean is also sometimes called the Arctic Mediterranean with the inclusion of the Nordic Seas 

(Norwegian, Iceland, and Greenland seas) as defined by the IHO (Jakobsson, 2002; 

Timmermans & Marshall, 2020; Eldevik et al., 2020). This definition of the Arctic Ocean by the 

IHO includes the entire Hudson Bay and Strait and covers up to 60°N in Davis Strait (IHO, 2001).  

The Arctic Ocean is composed of 50% shallow shelf seas and 50% deep basins (Mauritzen et 

al., 2013); these basins are divided into major basins and sub-basins (Figure 5). The 

Lomonosov Ridge which stretches from the northern Greenland to the Laptev shelf separates 

the two major basins: the Eurasian and Amerasian Basins. The Nansen Basin (4000 m deep) 

and Amundsen Basin (depth of 4500 m) are located in the Eurasian Basin and are divided by 

the Gakkel Ridge (about 4000 meters) while the Canada and Makarov basins (both 

approximately 4000 m deep) are found in the Amerasian Basin and are separated by the Alpha 

and Mendeleyev Ridges (about 2200 meters) (Korhonen et al., 2013; Mauritzen et al., 2013; 

Coakley et al., 2016; Timmermans & Marshall, 2020; Wiers, 2020). 
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In the north of Eurasia, the shallow and broad (approximately 500 kilometers (km) wide) shelf 

seas are found: the Barents Sea (200-300 m deep), the Kara Sea (depth of 50-100), the Laptev 

Sea (<50 m deep), the East Siberian Sea (<50 m deep), and the Chuckchi Sea (50-100 m deep). 

The Alaskan Sea and Beaufort Sea shelves in the North of Amerasia are narrower 

(approximately <100 km wide) (Serreze & Barry, 2005; Mauritzen et al., 2013; Wiers, 2020). 

The Nordic Seas, separated by bathymetric ridges, comprise the Greenland Sea (3500 m deep), 

the Lofoten Basin (3000 m deep), the Norwegian Basin (3500 m deep), and the Iceland Sea 

(2000 m deep).  

The warmer and highly saline water of the North Atlantic Ocean flows into the Nordic Seas via 

the Greenland-Scotland Ridge and enters the Arctic Ocean through the Fram Strait and the 

Barents Sea opening; North Pacific Ocean water with low salinity comes into the Arctic Ocean 

through the Bering Strait while water of the Arctic Ocean exits through the channels of the 

Canadian Arctic Archipelago and the Fram Strait (Mauritzen et al., 2013; Woodgate, 2013; 

Timmermans & Marshall, 2020; Wiers, 2020).  

 
Figure 5. Map of the Arctic Ocean showing the major basins, sub-basins and ridges. Map, IBCAO grids, Bathymetry, and 
topography are from Jakobsson et al. (2012). 
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2.3. Climate 

2.3.1. Ice and snow cover 

Floating sea ice covers the Arctic Ocean all year long and permafrost lies beneath the majority 

of the Arctic land. Most of the mean sea ice cover is concentrated in the Arctic Ocean, 

including an area of 8 million km2 to 15 million km2 in September and March, respectively, 

with the overall surface varying each year (Serreze & Barry, 2005). Permanent land ice 

occupies mainly the vast area of Greenland (termed as Greenland ice sheet) encompassing an 

area of 1.71 million km2 (Bamber et al., 2001; Serreze & Barry, 2005). Sub-Polar ice caps, 

glaciers, and ice sheets are primarily found in the mountainous areas of the Siberian and 

Canadian archipelagos as well as in Svalbard and Iceland (Serreze & Barry, 2005). Permafrost 

allows the rapid transport of precipitation and meltwater into streams affecting the 

seasonality river discharge and rates of evaporation. The perennial sea ice cover reflects the 

solar radiation back in summer (albedo effect) and restricts the heat exchange between the 

atmosphere and the warmer water masses in winter affecting the climate of the region as well 

as of the world (Perovich et al., 2008) 

Snow cover plays an important role in the Arctic climate as most of the Arctic is covered with 

snow for at least 6-8 months of the year (Serreze & Barry, 2005). The insulating effect of the 

snow cover prevents the near-surface ground from deep freezing affecting ecological and 

biogeochemical processes (Callaghan et al., 2011). The water stored in the form of snow gets 

released through river discharges in spring and summer, influences the vertical structure of 

the Arctic Ocean and contributes to the formation of the sea ice cover. The influx of fresh 

water creates a stable surface layer in the cold Arctic Ocean because there is limited vertical 

mixing between the lighter fresh water and the denser more saline water below it. This stable 

surface layer coupled with cold winter air temperatures allows easy formation of sea ice 

(Serreze & Barry, 2005). 

 

2.3.2. Temperature 

Surface air temperature varies per region and season.  The mean temperature in the central 

Arctic is -30 to -35°C in winter and between 0 to 2°C in summer (AMAP, 1998). Most of the 

Arctic Ocean reaches temperatures below the freezing point in mid-August and the Arctic 

coast from Taymyr eastwards up to 120°W by mid-September (Serreze & Barry, 2005).  
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Similar to the surface air temperature, the ocean temperature also changes from year to year. 

The recorded average temperature in the Canada Basin varies from -1 to 0.5°C at 203 meters 

(m) depth and -0.5 to 1.5°C at 369 m depth (Farmer et al., 2011). Areas in the Arctic Ocean 

showed cooling of up to c. 0.5°C every 10 years from 1930-1965 while water temperatures 

were increasing from 1965-1995. The increase in the upper ocean summertime warming since 

1965 has caused a decrease of subsequent ice growth in winter of about 0.75 meters (Steele 

et al., 2008). 

 

2.3.3. Precipitation and wind 

The recorded yearly precipitation varies for most of the Arctic and amounts to about 300-400 

mm in the central Arctic Ocean and >200 mm in the Canadian Arctic Archipelago and Beaufort 

Sea. The further an Arctic region is located from the ocean, the lower the amount of 

precipitation, with a decline in a west-east direction across the continent following the 

movement of the low pressure systems (AMAP, 1998). 

Surface winds play a crucial role in the high-latitude circulation and are linked to cyclones and 

ocean wave heights (Vavrus & Alkama, 2021). In the winter, cyclonic disturbances result in 

higher wind speeds with the highest values recorded in the Barents Sea, Kap Farvell, 

southeastern Greenland, and the Bering Sea with a speed of >11 m per second (Serreze & 

Barry, 2005). Winds influence the sea surface stability, ice drift, formation of polynyas and 

increase the mixing of the water column (AMAP, 1998).  

 

2.4. Physical Oceanography 

The physical oceanography of the Arctic Ocean is affected by freshwater discharge, net 

precipitation and the cycle of sea ice formation and melting. The Arctic Ocean receives about 

11% of the world’s freshwater discharge from rivers reaching the highest discharge during 

terrestrial snowpack melting in June (Serreze & Barry, 2005; McClelland et al., 2012). The 

inflow of low salinity water from the North Pacific Ocean to the Arctic Ocean also contributes 

to the influx of freshwater into the Arctic Ocean (Serreze & Barry, 2005; Timmermans & 

Marshall, 2020). Moreover, precipitation over the Arctic Ocean exceeds evaporation, also 

accounting for additional freshwater input (Serreze & Barry, 2005; Rudels, 2012). Sea ice 

melting adds to the freshwater influx into the Arctic Ocean and inhibits vertical mixing while 

the sea ice formation increases salinity, leading to increased density of the surface layer and 
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vertical mixing (Serreze & Barry, 2005). These factors result in a strong stratification of the 

water masses in the Arctic Ocean (Rudels, 2009), which can be categorized into five vertical 

layers (Figure 6): 

1) Comprising the upper c. 50 m, the polar mixed layer (PML) is characterized by its low 

salinity. 

2) The 100-250 m thick, halocline layer is characterized by its close to freezing 

temperatures and increasing salinity with increasing depths. 

3) The Atlantic layer with a thickness of 400-700 m has a subsurface water temperature 

of more than  0°C. 

4) The intermediate water transfers freely across the Lomonosov ridge. 

5) Bottom deep-water layers are found in different Arctic basins.  

 
Figure 6. Five vertical layers of the water masses in the Arctic Ocean as proposed by Rudels (2009). Illustration adapted from 
Wiers (2020). 

 

Surface or near surface circulation in the Arctic Ocean (Figure 7) is driven by wind force and is 

defined by anticyclonic flow of the Beaufort gyre into the Canadian Basin and the Transpolar 

Drift (TPD) which transports water and sea ice from the Canada Basin to the Fram Strait 

(Serreze & Barry, 2005; Rudels, 2009; Timmermans & Marshall, 2020; Wiers, 2020).  
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Figure 7. Surface or near surface and subsurface circulation of the Atlantic waters as discussed by Rudels (2009). The different 
arrow colors represent the warm Atlantic Current (yellow), the cold, less-saline Polar and Arctic currents (orange), and 
transformed currents with low salinities (white). Illustration adapted from Rudels (2009). Map, IBCAO grids, Bathymetry, and 
Topography from Jakobsson et al., (2012). 

 

3. Marine fauna of the polar regions 

The polar oceans harbor a diverse marine fauna with a higher endemism found in the Antarctic 

compared to the Arctic (Eastman, 2005; Sirenko, 2009; Clarke & Crame, 2010; Baird et al., 

2011; Legezyñska et al., 2020; Rabosky, 2022). The high endemism in the Antarctic is 

attributed to its older geological age and its long history of isolation (Piepenburg, 2005; 

Josefson et al., 2013; Legezyñska et al., 2020; Rabosky, 2022). Different taxa dominate these 

polar oceans with most species having been recorded in the benthic realm (Piepenburg, 2005; 

Barnes et al., 2009; De Broyer & Danis, 2011; Barnes & Tarling, 2017) and estimates on the 

overall richness of the benthic fauna have shown to be generally similar at both poles 

(Piepenburg, 2005; Clarke & Crame, 2010; Rabosky, 2022). The benthic fauna in the Arctic is 

dominated by certain taxa such as crustaceans, mollusks, annelids, and polychaetes (Sirenko, 

2001; Piepenburg, 2005; Clarke & Crame, 2010) while bryozoans, cnidarians (i.e. hydrozoans 

and anthozoans), ascidians, sponges, crustaceans (i.e. isopods and amphipods), polychaetes, 
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and pycnogonids dominate the Antarctic (Clarke & Johnston, 2003; Griffiths, 2010; Kaiser et 

al., 2013).  

4. Crustaceans 

Crustaceans are classified under the subphylum Crustacea and are one of the major groups of 

the phylum Arthropoda (Boore et al., 1998; Martin & Davis, 2001; Thorp & Covich, 2001; Duffy 

& Thiel, 2007). Moreover, Crustacea and Hexapoda are members of the pancrustacean clade 

(Duffy & Thiel, 2007). As classified by Martin & Davis (2001), there are six classes that are 

included in the subphylum Crustacea, namely: Branchiopoda, Remipedia, Cephalocarida, 

Maxillopoda, Ostracoda, and Malacostraca.  

The major body parts of a crustacean are composed of a cephalon or head, and a trunk which 

is usually separated into thorax and abdomen except for remipedes and ostracods (Brusca & 

Brusca, 2003). Crustaceans exhibit a great diversity of body forms (Brusca & Brusca, 2003; 

Watling & Thiel, 2013) and are mostly found in the aquatic environments with some also 

occurring in terrestrial habitats (Brusca & Brusca, 2003). Crustaceans are important 

components of the pelagic, benthic, and sea-ice communities in the polar regions (Arndt & 

Swadling, 2006; Legezyñska et al., 2020). They usually have higher abundance and biomass 

than other metazoans (Arndt & Swadling, 2006) with comparable species richness at both 

poles (Legezyñska et al., 2020; Rabosky, 2022). In the Arctic Ocean, crustaceans have the 

greatest diversity of species in the pelagic, benthic, and sea-ice domains (Josefson et al., 2013; 

Legezyñska et al., 2020), with the malacostracans specifically being the most diverse in the 

benthic realm (Legezyñska et al., 2020). The majority of the crustacean species in the Southern 

Ocean are peracarids, particularly amphipods and isopods with more benthic and bentho-

pelagic species compared to the number of pelagic species (Legezyñska et al., 2020). Brooding 

behaviour, which limits dispersal capacity and leads to reproductive isolation, has been 

associated with the high species richness of these benthic amphipods and isopods in the 

Antarctic (Rogers, 2007; Baird et al., 2011; Legezyñska et al., 2020). As a result, there is 

decreased gene flow between populations which promotes speciation (Baird et al., 2011; 

Legezyñska et al., 2020). Moreover, glaciation cycles in the past could have acted as a “diversity 

pump” resulting in high species diversity of benthic biota in the Antarctic (Thatje et al., 2005; 

Baird et al., 2011). The current Arctic crustaceans are of Atlantic and Pacific origin with few 
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endemic species which is explained by the geological history of the Arctic Ocean and fewer 

dispersal events (Josefson et al., 2013; Legezyñska et al., 2020). The Arctic diversity has also 

been formed by a series of glacial and interglacial cycles causing extinction and immigration 

events (Clarke & Crame, 2010; Josefson et al., 2013). Given that crustaceans have high species 

richness and complex evolutionary histories in the polar regions, they offer suitable models 

for comparing patterns of diversification between the two regions. Moreover, crustaceans 

have exhibited genetic adaptations in response to cold conditions (Zhao et al., 2015; 

Naumenko et al., 2017; Greco et al., 2021). One group of crustaceans are the amphipods that 

live in a wide range of environments including extremely cold environments (Gradinger, 2001; 

Väinölä et al., 2008; Lowry et al., 2007; Lan et al., 2016; Li et al., 2019a; Li et al., 2019b) thus, 

providing a good model system to study these kinds of adaptations. 

 

5. Amphipods 

5.1. Taxonomy 

The order Amphipoda is classified under the superorder Pericarida and currently contains 

10,428 formally described species (Horton et al., 2022). Amphipoda have historically been 

divided into three to four suborders: Gammaridea Latreille, 1802; Caprellidea Leach, 1814; 

Hyperiidea Milne Edwards, 1830; and Ingolfiellidea Hansen, 1903 (Barnard, 1969; Dahl, 1977; 

Lincoln, 1979; Bowman & Abele, 1982; Barnard & Karaman, 1983; and Barnard & Karaman, 

1991). The establishment of the fourth suborder, Ingolfiellidea, by Hansen (1903) was 

questioned by several authors as for example Dahl (1977). Bowman & Abele (1982) 

incorporated the Ingolfiellidea within the Gammaridea. This was later changed by Barnard & 

Karaman (1983), who proposed to combine part of the old Gammaridea with the Caprellidea 

in the suborder Corophiidea. However, other authors have continued to use the four 

suborders (Barnard, 1969; Lincoln, 1979; Barnard & Karaman, 1991; and Martin & Davis, 2001). 

Myers and Lowry (2003) later classified the suborder Caprellidea into a superfamily within the 

suborder Corophiidea. The Senticaudata suborder was also erected by Lowry and Myers 

(2013), incorporating families that were formerly classified as Gammaridea. The most recent 

classification by Lowry and Myers (2017) recognizes six suborders in the Amphipoda: 

Pseudingolfiellidea, Hyperiidea, Colomastigidea, Hyperiopsidea, Senticaudata, and 

Amphilochidea. 
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5.2. Morphology 

Morphological descriptions provided hereafter are derived from Chapman (2007) and Lincoln 

(1979) and all figures (nrs 8-9) are from Chapman (2007).  

Amphipod bodies are generally laterally compressed and have a typical body plan that is 

divided into three parts: 1) head, 2) pereon/thorax, 3) pleon/abdomen (Figure 8). The head is 

more correctly called cephalothorax since the head is fused to the first pereon segment. The 

head has a spine-like or triangular process called the rostrum that is usually present on the 

anterodorsal margin, between the bases of the first antennae. The head also bears two sessile 

eyes, two pairs of antennae, and various mouthparts. 

 
Figure 8. General morphology of a Gammaridean amphipod (Chapman, 2007). 
 

Eye size and shape vary and consist of many ommatidia although eyes can also be absent in 

certain amphipods. The antennae have osmoregulatory and chemosensory functions. 

Antenna 1 has a peduncle of three articles and a flagellum. A small accessory flagellum can 

also be present at the distal part of the third peduncle article. Antennae 2 is composed of five 

peduncular articles and a flagellum.  

The mouthparts of amphipods are involved in feeding function and consist of the upper lip 

(labrum), mandibles, lower lip (labium), maxilla 1, maxilla 2, and maxillipeds (Figure 9). The 

upper lip is attached to the epistome and is located at the anterior border of the mouth. The 
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mandibles, along with the upper and lower lip surround the opening of the mouth part. The 

mandibles usually consist of a distal toothed process called incisor, an articulated accessory 

plate called lacinia mobilis and a medial process called molar with accessory spines found 

between lacinia mobilis and molar. The mandible typically also has a tri-articulate palp 

attached to the outer border. The lower lip is found behind the mandibles and is located at 

the posterior border of the mouth. Maxilla 1 is found next to the lower lip and has an inner 

and outer plate and a palp. Maxilla 2 only consists of the inner and outer plate. A pair of 

maxillipeds forms the posterior surface of the buccal mass and is each composed of an inner 

and outer plate and an articulated palp. 

 
Figure 9. General mouthparts of an amphipod. A) Upper lip, B) Mandible, C) Lower lip (labium), D) Maxilla 1, E) Maxilla 2, and 
F) Maxillipeds (Chapman, 2007). 
 

 

The pereon (or thorax) is comprised of seven segments with seven pairs of walking legs called 

pereopods attached to it. The first two pairs are called gnathopods and function mainly for 

feeding, cleaning, defense, and reproductive activities whereas the succeeding pereopods 3-

7 are primarily for attachment, mobility, and nest or tube construction. Each pereopod has 

seven articles: coxa, basis, ischium, merus, carpus, propodus, and dactyl. The coxae are the 

first article being fused to the body and are often expanded to form rather large coxal plates. 

Usually situated at the inner base of the coxal plates 2-7 are the respiratory coxal gills or 
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branchiae. In females, the oostegites (which form the brood pouch or marsupium) are 

typically medially attached to coxal plates 2-5 while in males, a penial process (or penes) hangs 

ventrally from the 7th segment between the coxae.  

The pleon is composed of six segments, with the first three pairs making up the pleosome and 

the last three the urosome. The anterior pleosome has epimeral plates and paired pleopods 

which are mainly used for swimming but also aerate the gills and ventilate the marsupium in 

females. The posterior urosome bears three pairs of uropods. Their main function is to allow 

amphipods to adhere to the substratum but it can also assist in swimming, burrowing, and 

tube-dwelling. The posterior end of the urosome is called the telson. 

 

5.3. Ecology 

Amphipods have a wide geographic distribution and inhabit a broad range of different habitats 

(Li et al., 2019b). They are found in almost all aquatic, some terrestrial and some subterranean 

habitats (Väinölä et al., 2008). Their presence in extreme environments such as below the 

polar sea ice (Macnaughton et al., 2007; Krapp et al., 2008), in deep abyssal trenches (Lan et 

al., 2016; Li et al., 2019a) and hydrothermal vents (Kniesz et al., 2022) has been well 

documented. Amphipods play an important role in aquatic food webs and have diverse trophic 

types, including detritivores, herbivores, omnivores, scavengers, predators, suspension- and 

deposit-feeders (Nyssen, 2005; Väinölä et al., 2008; Legeżyńska et al., 2012).   

In terms of food preference, amphipods can be detritivorous, feeding on dead organic matter 

or detritus (Dauby et al. 2001; Platvoet et al., 2009) or herbivorous, feeding mainly on plants 

(Cruz-Rivera & Hay, 2001; Dauby et al. 2001; Nyssen, 2005). They can also be omnivorous, 

feeding on organic matter as well as scavenge and prey on other plants and animals (Thorp & 

Rogers, 2010).  

Even if ecomorphological studies are limited in amphipods (e.g. Fišer et al., 2015; Zakšek et 

al., 2019; Copilaş-Ciocianu et al., 2021), some links can be found between their diet and 

feeding habits. Suspension-feeders are weakly motile or sedentary and consume particulate 

organic matter that sunk from the surface. Deposit-feeders scrape on the sea floor to collect 

particles originating from the water column or the breakdown of benthic organisms (Dauby et 

al. 2001; Nyssen, 2005; Riisgård & Schotge, 2007). Scavengers can be obligate with mainly 

feeding on dead organisms or facultative taking advantage of available food, and also 
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employing other feeding strategies such as predation and necrophagy (Dauby et al. 2001; 

Seefeldt et al., 2017). Some predatory amphipods are weakly motile but can walk around to 

search and capture food with their gnathopods and feed mainly on small living benthos. 

Others called grazers or browsers are predators that consume only a part of sedentary 

organisms as food without killing their prey while macropredators search actively or ambush 

their preys. Depending on the food availability, some predators can also resort to carrion in 

their diet (Dauby et al. 2001). 

 

5.4. Phylogeny and Evolution of Amphipods 

Amphipoda diverged from Ingolfiellida around the Permian period (about 280 mya) (Copilaş-

Ciocianu et al., 2020). This coincides with the recorded Pericarida radiation being based on 

the first appearance of peracarid fossils (Schram, 1986; Poore, 2005). Amphipoda later began 

radiating around 240 mya following the Permian-Triassic mass extinction with four main 

pulses of diversification assumed to have occurred from middle Jurassic to the late Cretaceous 

(Copilaş-Ciocianu et al., 2020).  

The reproductive strategies of amphipods such as brooding behavior, the lack of a free-

swimming larval stage, and extended parental care limit their dispersal capacity (Väinölä et al., 

2008; Baird et al., 2011; Copilaş-Ciocianu et al., 2020) making it likely that intraspecific genetic 

variation is highly structured (Baird et al., 2011). Moreover, their weak dispersal capabilities 

can lead to isolated populations, thus influencing their high diversification and distribution 

patterns which depict past events (Hou et al., 2014; Copilaș-Ciocianu et al., 2019; Copilaş-

Ciocianu et al., 2020).  

 

6. Genus Eusirus 

The genus Eusirus, Krøyer, 1845 comprises a total of thirty-one formally described species 

(Wang et al., 2021) and is distributed worldwide (Verheye, 2011; Jung et al., 2016; Peña 

Othaitz & Sorbe, 2020). It currently has ten species from Antarctica, namely: Eusirus 

antarcticus Thomson,1880, Eusirus  bouvieri Chevreux, 1911, Eusirus giganteus Andres, Lörz 

& Brandt, 2002, Eusirus laevis Walker, 1903, Eusirus laticarpus Chevreux, 1906, Eusirus 

microps Walker, 1906, Eusirus perdentatus Chevreux, 1912, Eusirus pontomedon Verheye & 

d'Udekem d'Acoz, 2020, Eusirus propeperdentatus Andres, 1979, and tridentatus Bellan-
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Santini & Ledoyer, 1974 (Andres et al., 2002;  De Broyer et al., 2007; Verheye, 2011; Peña 

Othaitz & Sorbe, 2020; Verheye & D’Udekem D’Acoz, 2020). Eusirus laevis Walker, 1903 is a 

species with uncertain status as it was described from a small juvenile specimen only (Monod, 

1926; De Broyer, 1983). Also, depending on the authors, Eusirus tridentatus Bellan-Santini and 

Ledoyer,1974 and Eusirus microps Walker 1906 have been considered as two separate or the 

same species (Krapp et al., 2008; Verheye, 2011). Barnard and Karaman (1991) treated E. 

tridentatus Bellan-Santini and Ledoyer, 1974 and E.microps Walker 1906 as separate species 

while De Broyer and Jazdzewski (1993) synonymized E. tridentatus Bellan-Santini and 

Ledoyer,1974 and E. microps Walker. In this study, we treat E. tridentatus and E. microps as 

synonymous species in agreement with De Broyer and Jazdzewski (1993). Eusirus 

giganteus Andres, Lörz & Brandt, 2002 is morphologically rather similar to Eusirus 

perdentatus Chevreux, 1912 although E. giganteus is bigger than E. perdentatus. This 

similarity has caused both species to be taxonomically mixed up (Andres et al., 2002; De 

Broyer et al. 2007; Verheye & D’Udekem D’Acoz, 2020). Eusirus perdentatus is a synonym to 

Eusirus splendidus Chilton, 1912. Antarctic Eusirus species are distributed in the Antarctic and 

the sub-Antarctic regions at varying depths from 0-2000 m (De Broyer, 1983; De Broyer et al., 

2007; Verheye, 2011; Peña Othaitz & Sorbe, 2020;  Verheye & d’Udekem d’Acoz, 2020).  

The application of molecular approaches to Antarctic E. perdentatus and E. giganteus showed 

the presence of multiple cryptic species with E. perdentatus comprising three putative genetic 

species (clades P1-P3) and E. giganteus four to five genetic putative genetic species (clades 

G1-G4a and G4b) (Baird et al., 2011; Verheye & D’Udekem D’Acoz, 2020). The P1 clade of E. 

perdentatus has an unknown phenotype and can only be recognized from DNA sequence data 

while clade P2 has been identified as the true E. perdentatus. Verheye & D’Udekem D’Acoz 

(2020) later formally described the putative E. perdentatus clade P3 as a new species called 

Eusirus pontomedon Verheye & d’Udekem d’Acoz, 2020. The components of the E. giganteus 

complex still need to be formally described but Verheye & D’Udekem D’Acoz (2020) have 

already reported minor morphological differences and recommended a thorough 

morphological analysis.  

The number of Arctic Eusirus species varies depending on the author but only four species can 

be found in the Arctic Register of Marine Species (https://www.marinespecies.org/arms) 

(Sirenko et al., 2022) namely: Eusirus cuspidatus Krøyer, 1845, Eusirus holmii Hansen, 1887, 
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Eusirus minutus G.O. Sars, 1893, Eusirus propinqvus Sars, 1893. However, based on Thurston 

(2009) and Palerud & Vader (1991) there are nine Eusirus species recorded in the Arctic, 

namely Eusirus abyssi Stephensen, 1944, Eusirus biscayensis Bonnier, 1896, Eusirus 

cuspidatus Krøyer, 1845, Eusirus holmii Hansen, 1887, Eusirus minutus G.O. Sars, 1893, Eusirus 

leptocarpus G.O. Sars, 1893, Eusirus propinqvus Sars, 1893, Eusirus longipes Boeck, 1861, and 

Eusirus tjalfiensis Stephensen, 1912. Eusirus longipes Boeck, 1861 is synonymous with Eusirus 

bidens Heller, 1867 and Eusirus helvetiae Spence Bate, 1862. These Arctic species are 

distributed in the Arctic and sub-Arctic regions and have also been recorded outside of these 

regions as in the Northeast Atlantic Ocean, South African seas, the Mediterranean sea, and 

Japan seas at depths of 22-4330 m (Della Valle, 1893; Palerud & Vader, 1991; Bousfield & 

Hendrycks, 1995; Golovan et al., 2013; Peña Othaitz & Sorbe, 2020). No presence of cryptic 

species has yet been documented for Arctic Eusirus species though different eye shape and 

color as well as variation in body color of E. holmii from different habitats could indicate the 

presence of cryptic diversity (Macnaughton et al., 2007; Hop et al., 2021). 

There are other described Eusirus species that are not found in the Antarctic or the Arctic and 

are classified here as non-polar species. These species include: Eusirus bathybius Schellenberg, 

1955, Eusirus bonnieri Peña Othaitz & Sorbe, 2020, Eusirus bulbodigitus Jung, Kim, Soh & Yoon, 

2016, Eusirus columbianus Bousfield & Hendrycks, 1995, Eusirus crosnieri Ledoyer, 1978, 

Eusirus fragilis Birstein & M. Vinogradov, 1960, Eusirus hirayamae Bousfield & Hendrycks, 

1995, Eusirus latirostris Ledoyer, 1982, Eusirus liui Wang, Sha & Ren, 2021, Eusirus 

meteorae Andres, 1996, Eusirus nevandis J.L. Barnard, 1961, and Eusirus parvus Pirlot, 1934 

(Pirlot, 1934; Schellenberg, 1955; Birstein & Vinogradov, 1960; Barnard, 1961; Ledoyer, 1978;  

Ledoyer, 1982; Bousfield & Hendrycks, 1995; Andres, 1996; Jung et al., 2016; Peña Othaitz & 

Sorbe, 2020; Wang et al., 2021). These non-polar species are found in the Puerto Rico Trench, 

the Tonga Trench, the Northwest and Northeast Pacific Ocean, the Indian Ocean, the 

Northeast Atlantic Ocean around Alaska, the Pyrdz Bay, the Greenland-Iceland-Faeroe-Ridge 

(GIF-Ridge), and the Flores sea at depths from 0 to 7900 m (Bousfield & Hendrycks, 1995; 

Weisshappel, 2000; Arndt & Swadling, 2006; Peña Othaitz & Sorbe, 2020).  

Eusirus species are mainly benthic to benthopelagic but some are also found to be only pelagic 

(De Broyer, 1983, De Broyer et al., 2007, Andres et al., 2002, Peña Othaitz & Sorbe, 2020, 

Verheye & D’Udekem D’Acoz, 2020, Barnard, 1961, Arndt & Swadling, 2006, Ohtsuka et al., 



Chapter 1 

31 
 

2004, Schellenberg, 1927, Carrassón & Matallanas, 2002, Jung et al., 2016, Vinogradov, 2004). 

Some Eusirus species are also known to switch to a sympagic lifestyle or live in association 

with sea ice (Arndt & Swadling, 2006; Macnaughton et al., 2007; Kiko et al., 2008; Krapp et al., 

2008; Kosobokova et al., 2011; Peña Othaitz & Sorbe, 2020) and can survive at temperatures 

as low as -2°C (Aarset & Torres, 1989). These species are primarily predators feeding on living 

polychaetes, zooplankton, and crustaceans, primarily on other amphipods (Klages & Gutt 

1990; Dauby et al. 2001; Nyssen et al., 2002; De Broyer et al., 2004; Nyssen, 2005; Michel et 

al., 2020), but can also consume a wide range of other food items (Graeve et al., 2001; Nyssen, 

2005; Macnaughton et al., 2007; Smoot, 2015; Macdonald et al., 2010; Michel et al., 2020). 

These Eusirus species can also shift to deposit feeding or scavenging and can show  

necrophagous behavior (Klages & Gutt 1990 ; Gromisz et al., 1996; Takeuchi et al., 2002; De 

Broyer et al., 2004). As is obvious from these descriptions, the current knowledge on the 

ecology and biology of Eusirus species is still very limited which can among other reasons be 

attributed to their low population abundances (Peña Othaitz & Sorbe, 2020). 

 
  Eusirus bouvieri                         Eusirus giganteus G2 
 

 
Eusirus perdentatus                                                          Eusirus propeperdentatus 

 
Figure 10. Some photos of the Eusirus specie (photos taken by Louraine Salabao) 
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Objectives 

The overarching goal of this thesis is to add to our understanding of the genetic adaptations 

and the evolutionary processes that shaped the current diversity of the Eusirus amphipods in 

the Arctic and Southern Oceans. Specifically, I would like to check for signatures of cold-

adaptations using mitogenomes. I would also like to test for the monophyly of the Arctic and 

Antarctic Eusirus clades and examine if types of invasions are the same in both polar regions. 

I aim to date the timing of these invasions from a time-calibrated phylogeny. Lastly, I will test 

whether the Eusirus clade diversity have evolved through adaptive radiation, non-adaptive 

radiation, or parallel convergence by combining phylogenetic data, ecological and trophic data, 

and morphological information.  

The genus Eusirus was chosen as a model organism to identify cold adaptations in amphipods 

and understand the evolutionary history of marine biodiversity in polar regions because: 1) 

this genus has a worldwide distribution and has representatives in both polar regions; 2) 

locally abundant and many species show a high level of endemicity; 3) they occupy both the 

deep and shallow marine waters; 4) they exhibit a wide range of morphological variation; and 

5) they are members of the Eusiridae family, which is a major family of polar amphipods. 
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Abstract 

To date, only one mitogenome from an Antarctic amphipod has been published. Here, novel 

complete mitochondrial genomes (mitogenomes) of two morphospecies are assembled, 

namely, Charcotia amundseni and Eusirus giganteus. For the latter species, we have 

assembled two mitogenomes from different genetic clades of this species. The lengths of 

Eusirus and Charcotia mitogenomes range from 15,534 to 15,619 base pairs and their 

mitogenomes are composed of 13 protein coding genes, 22 transfer RNAs, 2 ribosomal RNAs, 

and 1 putative control region (CR). Some tRNAs display aberrant structures suggesting that 

minimalization is also ongoing in amphipod mitogenomes. The novel mitogenomes of the two 

Antarctic species have features distinguishing them from other amphipod mitogenomes such 

as a lower AT-richness in the whole mitogenomes and a negative GC- skew in both strands of 

the protein coding genes. The genetically most variable mitochondrial regions of amphipods 

are nad6 and atp8, while cox1 shows low nucleotide diversity among closely and more 

distantly related species. In comparison to the pancrustacean mitochondrial ground pattern, 

E. giganteus shows a translocation of the nad1 gene, while cytb and nad6 genes are 

translocated in C. amundseni. Phylogenetic analysis based on mitogenomes illustrates that 

Eusirus and Charcotia cluster together with other species belonging to the same amphipod 

superfamilies. In the absence of reference nuclear genomes, mitogenomes can be useful to 

develop markers for studying population genetics or evolutionary relationships at higher 

taxonomic levels. 
 

Introduction 

Mitogenome DNA sequence data or parts of mitogenomes have been widely used to 

reconstruct evolutionary relationships or detect cryptic diversity (Caterino et al., 2000; Tang 

et al., 2020). For instance, in amphipods, sequencing mitochondrial cox1 or cytb together with 

nuclear genes (e.g. 18S, 28S, ITS2) has revealed cryptic species of Hyalella S.I. Smith, 1874 

(Witt et al., 2006), Caprella penantis Leach, 1814 (Pilar Cabezas et al., 2013), Gammarus 

fossarum Koch, 1836 (Grabowski et al., 2017) and some Eusirus Krøyer, 1845 species (Baird et 

al., 2011). Molecular data from 13 protein coding genes of Alicella gigantea Chevreux, 1899 

(Li et al., 2019b), Baikalian amphipods (Romanova et al., 2016), Gammarus roeselii Gervais, 

1835 (Cormier et al., 2018), Halice sp. Boeck, 1871 (Li et al., 2019a), Metacrangonyctidae 
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Boutin & Messouli, 1988 (Bauzà-Ribot et al., 2012), and from all mitochondrial genes (protein 

coding genes, rRNA, and tRNA) of Gammarus pisinnus Hou, Li & Li, 2014 and Gammarus 

lacustris G.O. Sars, 1863 (Sun et al., 2020) have been used to reconstruct evolutionary 

relationships. The broad application of molecular data from mitogenomes can be explained 

by several advantages, which the mitogenome has compared to the nuclear genome. These 

include its simpler structure, conserved gene content and limited size (Boore, 1999; Li et al., 

2019b; Krebes and Bastrop, 2012) facilitating sequencing of mitogenomes from those species 

for which reference nuclear genomes are not yet available. The uniparental, usually maternal 

inheritance of mitogenomes furthermore simplifies analyses because recombination is either 

totally absent or very rare (Barr et al., 2005; Lin and Danforth, 2004). The relatively high 

evolutionary rate of mitogenomes generating relative large genetic differences makes 

mitogenomic DNA sequence data furthermore suitable for studies at the genus or species 

level investigating population genetic or and phylogeographic patterns (Ballard and Whitlock, 

2004; Krebes and Bastrop, 2012; Tang et al., 2020; Li et al., 2019a). The inclusion of whole 

mitogenomes has resulted in phylogenies with better statistical supports (Haran et al., 2013; 

López-López and Vogler, 2017) and clearer phylogeographic patterns (Keis et al., 2013). 

Moreover, despite the highly conserved gene content of the mitogenome, gene order has 

been found to be variable and can provide additional data for reconstructing phylogenetic 

relationships and evolutionary histories (Cormier et al., 2018; Krebes and Bastrop, 2012; 

Zhang et al., 2020).  

Amphipods are widely distributed crustaceans inhabiting a range of different habitats (Väinölä 

et al., 2008; Li et al., 2019b). In Antarctica, amphipods are among the most diverse 

components of the benthic community (Gallardo, 1987) and show high levels of endemism 

(Knox and Lowry, 1977) making them ideal model organisms to study evolutionary patterns 

and divergences based on mitogenomes. Currently, there is only one published complete 

mitogenome of an Antarctic amphipod, namely of Gondogeneia antarctica Chevreux, 1905 

(Shin et al., 2012), and no mitogenomes are yet available for abundant amphipods of the 

genera Eusirus Krøyer, 1845 and Charcotia Chevreux, 1905.  

In this paper, we have assembled and analyzed complete mitogenomes of three Antarctic 

amphipods from two morphospecies (Charcotia amundseni d’Udekem d’Acoz, Schön and 

Robert, 2018 and Eusirus giganteus Lörz and Brandt, 2002) and two genetic clades of the latter 
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species. Our aims are to (1) provide full mitogenomic data of selected amphipod species for 

future research and (2) compare gene content and order with published amphipod 

mitogenomes to unravel shared and unique patterns of mitogenome evolution in amphipods. 

 

Materials and methods 

Sample collection 

Specimens of two species of Antarctic amphipods, Charcotia amundseni d'Udekem d'Acoz, 

Schön and Robert, 2018 and two genetic clades of Eusirus giganteus Andres, Lörz and Brandt, 

2002 (G1 and G2; which might resemble different genetic species (Verheye and D’Udekem 

D’Acoz, 2021) have been collected during different Antarctic expeditions (Table 1) and are 

curated in the collections of the Royal Belgian Institute of Natural Sciences, Brussels, Belgium.  

 
Table 1. Sampling details of specimens analysed in this study, including the date of sample, expedition, 

locality, geographical coordinates, voucher ID provided by Royal Belgian Institute of Natural Sciences 

(RBINS), and gear used during sampling. Eusirus cf. giganteus (G1) and E. cf. giganteus (G2) are 

taxonomically undescribed putative species that belong to E. giganteus complexes as verified 

genetically by Baird et al. (2011) and Verheye and D’Udekem D’Acoz (2021). 

Species  Date collected Expedition Locality, coordinates Voucher ID Gear 

Eusirus cf. giganteus (G1) 23/02/2013 PS81, ANT-

XXIX-3 

Bransfield Strait,  

62° 43.73’ S 57° 29.04’ 

W 

 INV. 122797 

spec. C 

Agassiz trawl 

Eusirus cf. giganteus (G2) 15/01/2008 CEAMARC Adélie Coast, 

 66°10'14.3"S 

139°21'11.3"E 

 

MNHN-IU-

2019-3365 

Beam trawl  

Charcotia amundseni 23/12/2008 BELARE 08-

09 

Crown Bay, 70°S 23°E INV.180000 Baited trap 

 

Eusirus amphipods belong to the superfamily Eusiroidea Stebbing, 1888. Eusirus cf. giganteus 

has previously been confused with Eusirus perdentatus Chevreux, 1912 due to small 

morphological differences (Andres et al., 2002). The genetic study of Baird et al. (2011) reveals 

cryptic diversity of Eusirus giganteus including the so-called clades G1- G4, and the existence 

of a species complex is supported by Verheye and D’Udekem D’Acoz (2021). The same authors 

report that potential Eusirus giganteus species that still need to be formally described showed 

at least minor morphological differences and different color morphs but that a thorough 

morphological analysis of the putative genetic species is still required. Given the possibility of 

http://www.marinespecies.org/aphia.php?p=taxdetails&id=1287836
http://www.marinespecies.org/aphia.php?p=taxdetails&id=1287836
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multiple cryptic species, we follow here the suggestion of Greco et al. (2021) to use the name 

Eusirus cf. giganteus in our study. Our other target species, Charcotia amundseni, belongs to 

the superfamily Lysianassoidea Dana, 1849. The genus Charcotia has formerly been known as 

Waldeckia (Chevreux, 1906) but recently has undergone a change in nomenclature 

(D’Udekem D’Acoz et al., 2018) which we follow here.  

Mitochondrial genome sequencing, assembly, annotation and analyses  

DNA has been extracted from a pleopod of each specimen using the DNeasy Blood & Tissue 

Kit (Qiagen, Germany) for both Eusirus cf. giganteus clades and the Qiamp DNA Minikit 

(Qiagen, Germany) for Charcotia amundseni following the manufacturer’s protocol. DNA 

concentration and quality have been checked with a Nanodrop ND-1000 Spectrophotometer 

(ThermoFisher Scientific, USA) and a Qubit 2.0 fluorometer (Life Technologies, USA).  

A low coverage skimming sequencing approach has been applied at the Genomics Core at the 

KU Leuven (Leuven, Belgium) using an Illumina HiSeq2500 sequencing platform in the 2x125 

bp mode. Samples were indexed separately as unique libraries. Reads have been quality-

checked using FASTQC (Andrews, 2010) and pre-processed with Geneious Prime 2019 v1.8.0 

(https://www.geneious.com) by merging paired reads, removing duplicates and trimming of 

low-quality ends using the BBDuk trimmer in Geneious with the minimum quality set to 20. 

These pre-processed reads have then been used for de novo assemblies in MITObim v1.9.1 

(Hahn et al., 2013) with the MIRA 4.0.2 (Chevreux et al., 1999) assembler with default settings 

(kmer size=31) and an iteration limit of 100. The Onisimus nanseni G.O. Sars, 1900 

mitogenome (GenBank accession number FJ555185.1) which belongs to the same superfamily 

as Charcotia and a partial 16S to COI sequence of Eusirus perdentatus have been used as seed 

references. The longest resulting contigs from the de novo assembly have been imported into 

Geneious and further assembled with the “map to reference” approach with medium-low 

sensitivity and 50 iterations. Identity of the resulting consensus sequences have been verified 

with BLAST searches (Altschul et al., 1997). Automatic annotation has subsequently been 

conducted with the MITOS web server, versions 1 and 2 (Bernt et al., 2013). The identity of 

the rrnL region of both Eusirus species has been confirmed by BLAST searches only, since it 

has not been annotated by MITOS. The resulting annotations have been viewed and gene 

boundaries manually corrected in Geneious. The boundaries of the 13 protein coding genes 

https://www.geneious.com/
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and 2 rRNA genes have been identified by comparing alignments of the novel assemblies with 

mitochondrial genes of other amphipod species. Protein coding genes boundaries have been 

further corrected by avoiding any overlap with the subsequent tRNA gene and by noticing any 

partial stop codons (T or TA). Such partial stop codons are atypical features of mitochondrial 

protein coding genes (Cameron, 2014). Transfer RNA (tRNA) genes and their secondary 

structures have been predicted with MitFI (Jühling et al., 2012) in the MITOS pipeline and 

further verified with ARWEN 1.2.3 (Laslett and Canbäck, 2008). Potential control regions (CRs) 

have been identified from their typical features such as high AT content, poly-T stretches and 

hairpin structures (Zhang and Hewitt, 1997). 

Gene orders of the novel mitogenome assemblies were compared to the putative 

pancrustacean ground pattern which is derived from both Crustacea and Hexapoda (often 

referred to as pancrustacea) as they share the same ground pattern in terms of their 

mitochondrial gene order (Kilpert and Podsiadlowski, 2006; Boore et al., 1998). Possible gene 

rearrangements have been analyzed with the CREx web service (Bernt et al., 2007). CREx 

utilizes a strong common interval tree to heuristically deduce the plausible rearrangement 

scenarios to change one gene order to another (Bernt et al., 2007). AT and GC-skew have 

been calculated using the formulas of Perna and Kocher (1995): AT skew = [A - T]/[A + T] and 

GC skew = [G - C]/[G + C]. Only other amphipod species with complete and published 

mitogenomes have been analysed for their AT and GC skew (Supplementary table 1). 

Nucleotide diversity (π) has been computed for each protein coding gene with DnaSP v6.12.03 

(Rozas et al., 2017).  

To verify the phylogenetic position of the studied species, the three novel and assembled 

mitogenomes were supplemented with data from other amphipod species for phylogenetic 

reconstructions. Published amino acid sequences of 13 protein coding genes were obtained 

from GenBank and aligned separately for each gene using MAFFT v7.0 online (Katoh et al., 

2019), together with the amino acid sequences of the current study. The resulting alignments 

were concatenated with Geneious Prime 2019 v1.8.0 (https://www.geneious.com) and 

trimmed with Bioedit v7.2.5 (Hall, 1999) with additional checking by eye. The MtArt+G+F  was 

chosen as the best fitting model of molecular evolution as identified with ModelGenerator 

v0.85 (Keane et al., 2006) using four discrete categories for gamma distribution. Phylogenetic 

analyses based on maximum likelihood methods were carried out using PhyML v3.0 (Guindon 

and Gascuel, 2003) with 1000 bootstrap replications. Bayesian inference was conducted with 
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MrBayes v3.2.7 (Ronquist  and Huelsenbeck, 2003) with 1 million generations, tree sampling 

every 1000th generation and 10% of the initial trees being discarded as burn-in. 

 

Results 

Mitogenome organization 

The total length of the obtained complete mitochondrial genomes of Eusirus cf. giganteus (G1), 

Eusirus cf. giganteus (G2), and Charcotia amundseni is 15,558, 15,534, and 15,619 bp, 

respectively (Genbank accession nos. OK489458, OK489459, OK489457, respectively) which 

is within the range of complete mitogenomes from other amphipods (13,517-18,424 bp) 

(Table 2). The three newly assembled mitogenomes are each composed of 13 protein coding 

genes, 22 tRNAs and 2 rRNAs. For E. cf. giganteus, 23 genes are encoded on the positive (+) 

strand and 14 on the negative (–) strand while 17 genes are encoded on the + strand and 20 

on the – strand in C. amundseni (Figure 1a and b, Supplementary table 2). A putative control 

region (CR) has also been identified in all three mitogenomes and is located between trnS2 

and rrnL in Eusirus and between trnF and nad5 in C. amundseni. The mitogenome also 

contains 20 intergenic regions for E. cf. giganteus and 18 intergenic regions for C. amundseni. 

The whole mitogenomes of the two species show AT-richness of 61.9% for E. cf. giganteus and 

68.7% for C. amundseni, respectively, which contributes to the positive AT skew (0.008 to 

0.092) and negative GC skew (-0.317 to -0.201) values observed in the three mitogenomes 

(Table 2). A relatively high AT content is also observed in the complete mitogenomes of other 

amphipod species varying from 61.09 to 77% (Table 2). 
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Figure 1. Structural organisation of the complete mitochondrial genome of a Eusirus cf. giganteus (G1) and Eusirus cf. giganteus (G2) b Charcotia amundseni. Protein coding genes are indicated 
in green, ribosomal RNAs (rRNAs) in red, transfer RNAs (tRNAs) in pink, and the putative control region (CR) in yellow. Direction of transcription is indicated by the arrowheads. 
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Table 2. Gene lengths, AT content, and AT and GC skews of E. cf. giganteus (G1), E. cf. giganteus (G2) and C. amundseni and 40 other amphipod species with 

complete, published mitogenomes (for details of the analysed species, see supplementary table 1). Target species of the current study are indicated in bold. 

  Whole mitogenome Protein-coding genes tRNA genes rRNA genes 

Species Length A+T% AT skew GC skew A+T% AT skew GC skew A+T% AT skew GC skew A+T% AT skew GC skew 

Eusirus cf. giganteus (G1) 15,558 61.90 0.008 -0.201 59.60 -0.003 -0.207 66.20 0.063 -0.096 69.70 0.020 -0.260 
Eusirus cf. giganteus (G2) 15,534 61.90 0.012 -0.201 59.60 -0.007 -0.208 66.20 0.066 -0.098 69.70 0.021 -0.261 
Charcotia amundseni 15,619 68.70 0.092 -0.317 67.30 0.115 -0.312 69.90 0.058 -0.220 70.80 0.057 -0.310 
Alicella gigantea 16,851 68.44 0.071 -0.301 66.12 -0.122 0.007 65.52 0.027 0.106 69.59 -0.135 0.335 
Ampithoe lacertosa 14,607 77.00 0.066 -0.153 72.10 0.071 -0.157 75.55 0.092 -0.071 80.17 0.073 -0.216 
Bahadzia jaraguensis 14,657 69.67 0.037 -0.431 68.48 0.040 -0.454 71.85 0.018 -0.184 72.43 0.076 -0.477 
Brachyuropus grewingkii 17,118 62.24 0.003 -0.307 60.20 -0.015 -0.295 65.41 0.025 -0.157 66.36 0.074 -0.383 
Caprella mutica 15,427 68.00 -0.020 -0.170 67.70 -0.140 -0.110 72.00 0.010 -0.112 72.40 -0.050 -0.170 
Caprella scaura 15,079 66.43 -0.015 -0.134 64.24 -0.028 -0.136 71.09 0.025 -0.139 71.77 0.024 -0.149 
Epimeria cornigera 14,391 68.11 0.034 -0.357 66.92 0.039 -0.373 69.72 0.031 -0.140 73.54 0.019 -0.384 
Eulimnogammarus cyaneus 14,370 67.59 -0.019 -0.251 66.78 -0.040 -0.246 66.69 0.017 -0.132 71.81 0.095 -0.377 
Eulimnogammarus verrucosus 15,314 68.96 -0.007 -0.238 66.63 -0.023 -0.249 67.42 0.022 -0.090 69.54 0.072 -0.348 
Eulimnogammarus vittatus 15,534 67.42 -0.014 -0.222 65.59 -0.033 -0.226 67.30 0.013 -0.122 71.30 0.072 -0.341 
Eurythenes magellanicus 14,988 61.15 0.044 -0.388 59.26 0.040 -0.399 64.70 0.042 -0.202 64.65 0.074 -0.443 
Eurythenes maldoror  14,976 61.53 0.067 -0.430 59.81 -0.152 -0.065 64.65 0.042 0.077 64.86 -0.073 0.459 
Gammarus duebeni 15,651 64.00 -0.016 -0.223 61.00 -0.038 -0.229 64.00 0.031 -0.121 65.00 0.037 -0.345 
Gammarus fossarum 15,989 65.14 0.018 -0.261 62.56 0.011 -0.268 66.28 0.027 -0.175 72.46 0.022 -0.269 
Gammarus lacustris 15,333 64.30 0.014 -0.263 62.09 -0.027 -0.272 65.20 0.021 -0.132 68.50 0.013 -0.305 
Gammarus pisinnus 15,907 70.00 -0.068 -0.310 68.01 -0.090 -0.332 68.88 0.023 -0.120 73.55 -0.051 -0.322 
Gammarus roeselii 16,073 66.80 0.016 -0.259 64.38 0.012 -0.266 65.82 0.048 -0.151 69.93 0.087 -0.362 
Gmelinoides fasciatus 18,114 65.87 -0.027 -0.223 63.29 -0.020 -0.296 66.47 0.058 -0.137 69.00 0.031 -0.332 
Gondogeneia antarctica 18,424 70.10 -0.006 -0.290 67.00 -0.016 -0.314 69.65 0.021 -0.116 70.25 -0.007 -0.261 
Grandidierella fasciata 14,656 67.56 0.058 -0.189 65.32 0.060 -0.179 71.26 0.169 -0.184 74.88 0.070 -0.329 
Grandidierella japonica 14,930 66.91 0.097 -0.189 64.94 0.098 -0.184 70.73 0.088 -0.161 72.30 0.136 -0.263 
Grandidierella osakaensis 14,658 70.90 0.037 -0.182 69.30 0.042 -0.172 75.75 0.057 -0.093 75.79 0.029 -0.325 
Grandidierella rubroantennata 14,469 74.14 0.056 -0.232 73.28 0.059 -0.234 76.25 0.065 -0.102 77.00 0.062 -0.344 
Haploginglymus sp. 15,000 68.53 0.041 -0.396 66.61 0.037 -0.413 71.06 0.021 -0.212 74.26 0.096 -0.450 
Hyalella azteca 15,991 61.09 -0.066 0.052 59.59 -0.102 0.086 65.83 0.013 0.049 64.33 0.053 0.041 
Metacrangonyx boveei  15,012 72.59 -0.009 0.005 70.28 -0.017 0.036 75.58 0.036 0.022 75.27 0.024 -0.252 
Metacrangonyx longipes 14,113 76.03 -0.020 -0.040 75.33 -0.170 0.080 78.01 0.050 0.180 78.70 0.028 -0.271 
Metacrangonyx nicoleae tamri 13,517 74.02 -0.049 0.111 73.92 -0.083 0.163 76.75 0.004 0.043 78.25 0.015 -0.139 
Metacrangonyx repens 14,355 76.88 -0.025 -0.014 76.00 -0.038 0.020 78.91 0.007 -0.007 79.22 0.022 -0.280 
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Metacrangonyx spinicaudatus 15,037 74.79 0.010 -0.139 73.25 0.010 -0.126 78.17 0.031 -0.056 77.42 0.013 -0.352 
Onisimus nanseni 14,734 70.30 -0.004 -0.198 68.60 -0.011 -0.189 73.07 0.004 -0.112 76.25 0.009 -0.286 
Pallaseopsis kesslerii 15,759 63.10 0.010 -0.182 61.13 -0.018 -0.184 67.52 0.063 -0.069 64.87 0.071 -0.241 
Platorchestia japonica 14,780 72.58 0.015 -0.237 70.61 0.002 -0.237 76.68 0.055 -0.131 75.40 0.069 -0.338 
Platorchestia parapacifica 14,787 74.80 0.011 -0.253 73.18 -0.002 -0.253 76.69 0.035 -0.110 77.19 0.066 -0.330 
Pleonexes koreana  14,645 73.20 0.071 -0.206 70.20 0.078 -0.221 74.70 0.083 -0.044 79.00 0.072 -0.263 
Pseudocrangonyx daejeonensis 15,069 68.00 0.003 -0.350 66.31 -0.006 -0.350 69.37 0.038 -0.223 73.27 0.034 -0.441 
Pseudoniphargus daviui 15,157 68.70 -0.002 -0.314 66.40 -0.024 -0.317 70.40 0.015 -0.168 73.80 0.076 -0.433 
Stygobromus indentatus 14,638 69.00 0.016 -0.270 67.40 0.007 -0.275 71.60 -0.009 -0.173 74.50 0.081 -0.356 
Stygobromus tenuis potomacus 14,915 69.00 0.020 -0.275 67.20 0.012 -0.284 71.00 0.008 -0.156 73.20 0.095 -0.383 
Trinorchestia longiramus 15,401 71.20 0.039 -0.277 68.60 0.030 -0.291 74.00 0.067 -0.112 73.90 0.101 -0.325 
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Gene order and rearrangements 

A translocation of nad1 gene in E. cf. giganteus is observed while cytb and nad6 are 

translocated in C. amundseni as compared to the pancrustacean ground pattern (Figure 2). 

We furthermore also find shifts in the position of tRNAs and the control region in E. cf. 

giganteus and C. amundseni as compared to the pancrustacean ground pattern (Figure 2). 

While also trnG has been translocated in the three species investigated here, we find other 

tRNA gene strings consisting of trnA, trnS1, trnR, trnN, and trnE for E. cf. giganteus and trnS1, 

trnN, trnE, and trnF for C. amunseni (Figure 2). Similar with the pancrustacean ground pattern, 

the trnV is located between the rrnL and rrnA genes in E. cf. giganteus while trnC and trnV are 

inserted between these genes in C. amundseni (Figure 2). 

Results of the CREx analyses indicate that E. cf. giganteus and C. amundseni have undergone 

multiple transpositions and rearrangements relative to the pancrustacean ground pattern 

(Supplementary figures 1a and b).  
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Figure 2. Organization of mitochondrial genomes of the three Antarctic amphipod species in this study in comparison to the putative pancrustacean ground pattern. Grey-colored genes indicate 
changes of gene order relative to the putative pancrustacean ground pattern. Genes on the (+) strand are found above the line while genes on the (-) strand are found below the line. tRNA 
genes are labeled using their single-letter amino acid code: G - Glycine, P - Proline, A - Alanine, V - Valine, L1 - Leucine1, L2 - Leucine2 , I - Isoleucine, M - Methionine, C - Cysteine, F - Phenylalanine, 
Y - Tyrosine, W - Tryptophan, H - Histidine, K - Lysine, R - Arginine, Q - Glutamine, N - Asparagine, E - Glutamic Acid, D - Aspartic Acid, S1 - Serine 1, S2 - Serine2, T - Threonine.
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Protein coding genes  

The most frequent start codon in E. cf. giganteus and C. amundseni is ATG (Supplementary 

table 2). Defining the protein coding gene boundaries following a tRNA results in a few partial 

or incomplete stop codons (T or TA). The AT content of the protein coding genes of the three 

amphipod mitogenomes is estimated as 59.6% for E. cf. giganteus (G1 and G2) and 67.3% for 

C. amundseni (Table 2). Mitochondrial genomes of the two species in this study have negative 

GC skew values in the protein coding genes encoded on both strands (Table 3).  

 
Table 3. AT and GC skews of the protein-coding genes of E. cf. giganteus (G1), E. cf. giganteus (G2) and 

C. amundseni  encoded in the positive and negative strands  

Species + - 
AT skew GC skew AT skew GC skew 

Eusirus cf. giganteus (G1) -0.144 -0.143 0.220 -0.315 
Eusirus cf. giganteus (G2) -0.147 -0.144 0.215 -0.315 
Charcotia amundseni -0.052 -0.244 0.253 -0.38 

 

The highest AT content is found in the third codon position of C. amundseni and the second 

codon position of E. cf. giganteus while the lowest AT content is observed in the first codon 

position in all three species. (Table 4).  

 
Table 4. AT content (%) in three codon positions of the mitochondrial protein coding genes in E. cf.  

giganteus (G1 and G2) and C. amundseni 

Species First codon position Second codon position Third codon position 

Eusirus cf. giganteus (G1) 57.91 61.18 59.88 

Eusirus cf. giganteus (G2) 57.89 61.12 59.87 

Charcotia amundseni 64.08 65.19 72.61 

 

Ribosomal RNA  

The two ribosomal RNA (rrnS and rrnL) genes in the three mitogenomes are located on the 

negative (-) strand. In the two Eusirus species, the length of both RNAs is 681 bp and 871 bp, 

respectively (Supplementary table 2). Unlike in E. cf. giganteus, the two mitochondrial rRNAs 

of C. amundseni are shorter (529 bp and 739 bp) (Supplementary table 2). The mitochondrial 

rRNA genes of the two amphipod species in this study also show a high AT content with 69.7% 

for E. cf. giganteus (G1 and G2) and 70.8% for C. amundseni. 
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Transfer RNA  

In the three mitogenomes of this study, 22 tRNAs are present with a length ranging from 52 

to 67 base pairs (Supplementary table 2). The AT content of tRNAs of E. cf. giganteus is 66.2% 

and 69.9% for C. amundseni (Table 2). In E. cf. giganteus, 14 tRNAs are encoded in the + strand 

and 8 in the - strand. In C. amundseni 10 tRNAs are encoded in the + and 12 in the - strand. 

Typical clover leaf secondary structures are observed in most predicted tRNAs although some 

tRNAs show wobble base pairs, atypical pairing or the DHU and TΨC arm are missing 

(Supplementary figure 2a-2c). More specifically, the DHU arm is missing in trnS1, trnS2 and 

trnV of E. cf. giganteus (Supplementary figures 2a and b) and trnS1, trnS2, and trnI of C. 

amundseni (Supplementary figure 2c). We also find that the TΨC loop is absent in trnK, trnD, 

trnN, trnM, trnS2, trnI and trnQ of E. cf. giganteus (Supplementary figures 2a and b) and in 

trnD, trnH, trnL1, trnC, trnV, trnQ, trnK, trnM of C. amundseni (Supplementary figure 2c).  

Nucleotide diversity 

When estimating nucleotide diversity (π) between the two Eusirus genetic clades, we observe 

high values for nad6 (0.013), nad5 (0.012), and nad1 (0.011) (Figure 3a) and low ones for nad4 

(0.002), nad3 (0.003), nad2 (0.004), and cox1 (0.005) with nad4 (0.002) being the least 

variable. We also find high variability in nad6 (0.569), atp8 (0.566), and nad2 (0.515) between 

C. amundseni and E. cf. giganteus (G1) and low variability in cox1 (0.279), cytb (0.328), and 

cox3 (0.342) (Figure 3b). Moreover, between C. amundseni and E. cf. giganteus (G2), high 

variability is observed in nad6 (0.567), atp8 (0.560), and nad2 (0.515) while the lowest 

variability is found in cox1 (0.28), cytb (0.327), and cox3 (0.343) (Figure 3b).  
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Figure 3. Nucleotide diversity (𝜋) for the mitochondrial protein coding genes estimated a between Eusirus cf. giganteus G1 
and G2; b between Charcotia amundseni and Eusirus cf. giganteus G1 (green) and Charcotia amundseni and Eusirus cf. 
giganteus G2 (orange). 

 

Phylogenetic analysis 

Phylogenetic analysis revealed that the phylogenetic grouping follows the superfamily identity 

and fall under different family groups (Figure 4). The two genetic clades of Eusirus cf. giganteus 

G1 and G2 under family Eusiridae, cluster together. They belong to the superfamily Eusiroidea 

and are found to be closely related to both Epimeria frankei Beermann and Raupach, 2018 in 

Beerman, Westbury, Hofreiter, Hilgers, Deister, Neumann and Raupach, 2018 and Epimeria 

cornigera Fabricius, 1779 (family Epimeriidae Boeck, 1871) from the Iphimedioidea Boeck, 

1871 superfamily. Similarly, Charcotia amundseni from family Lysianassidae Dana, 1849 is 



Chapter 2 
 

65 
 

clustering together with Eurythenes magellanicus H. Milne Edwards, 1848 and Eurythenes 

maldoror d'Udekem d'Acoz and Havermans, 2015 (family Eurytheneidae Stoddart and Lowry, 

2004), Hirondellea gigas Birstein and Vinogradov, 1955 (family Hirondelleidae Lowry and 

Stoddart, 2010), and Onisimus nanseni  G.O. Sars, 1900 (family Uristidae Hurley, 1963) and all 

belonging to the superfamily Lysianassoidea. 

 

 

Figure 4. Phylogenetic tree based on the concatenated 13 protein-coding genes amino acid alignment using maximum 
likelihood and Bayesian methods. Only bootstrap values of ≥50 (above the nodes) and posterior probabilities >0.80 (below 
the nodes) are shown. Scale bar corresponds to the number of substitutions per site. Target species of the current study are 
indicated in bold. The Genbank accession numbers for the mitochondrial genomes are shown in the parenthesis. 

 

Discussion 

In the current study, we have assembled and annotated novel complete mitogenomes from 

two Antarctic amphipod species with a low coverage skimming sequencing approach. We have 

obtained very low percentages of ambiguities (<0.01%) illustrating that this cost efficient 

approach is very successful. Besides our study, only two complete mitogenomes from 

amphipods of the polar regions are currently available, namely from Gondogeneia  antarctica 

Chevreux, 1905 from Antarctica (Shin et al., 2012) and Onisimus nanseni G.O. Sars, 1900 from 

the Arctic (Ki et al., 2010). Our study thus provides important novel genomic data for further 

research and the first complete mitogenomes of the widely spread amphipod genera Eusirus 
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and Charcotia. Our  comparisons of mitogenomes between two genetic clades, possibly 

resembling two different genetic species of E. cf. giganteus illustrate that mitogenomic 

features such as length, gene order, AT content and tRNA structure are similar at the 

intraspecific level (Table 2, Figure 2, Figure 2, Table 4, Supplementary figure 2a and b). 

All three newly obtained mitogenomes are with 15,534 and 15,619 bp at the middle range of 

reported lengths of published amphipod mitogenomes (14,113 bp to 18,424 bp) (Romanova 

et al., 2016; Li et al., 2019b). The observed AT-richness of the mitogenomes of the current 

study (61.9% and 68.7%) is slightly lower than in other studies based on complete (Table 2) 

and incomplete amphipod mitogenomes where AT range between 69.79% and 74.35% (Li et 

al., 2019a). However our data are in line with Wilson et al. (2000) reporting such an AT-rich 

bias as typical for arthropods.  

The negative GC- skews on both strands of the protein coding genes of the two species in this 

study differ from the so far known common Malacostraca pattern where genes encoded on 

the + strand usually exhibit negative and genes encoded on the - strand positive GC-skews 

(Hassanin, 2006). The strand bias in nucleotide composition of metazoan mitogenomes is 

attributed to varying mutational pressure during replication or transcription (Pons et al., 2014; 

Hassanin et al., 2005). Future research will need to test if these factors are responsible for the 

different GC patterns observed in the two Antarctic amphipod species of the current study. 

Gene order and rearrangements 

The translocations of trnG and a commonly derived pattern of a gene string consisting of trnA, 

trnS1, trnN, trnE, and trnR are presumed to be apomorphic features of certain amphipods 

(Kilpert and Podsiadlowski, 2010; Krebes and Bastrop, 2012; Li et al., 2019a). The two studied 

species exhibit the translocation of trnG relative to the pancrustacean ground pattern. 

However, the altered tRNA gene order of the two species results in a unique tRNA string that 

is dissimilar to the apomorphic gene string of trnA, trnS1, trnN, trnE, and trnR. Moreover, the 

observed rrnL-trnV-rrnS pattern of E. cf. giganteus is known to be common in most 

Malacostraca (Ki et al, 2010) and is also observed in the pancrustacean ground pattern. This 

is however not the case for C. amundseni with the trnC being present. In addition, the large-

scale gene reversals that have been found in three species have also been observed in Halice 

sp. Boeck, 1871 (Li et al., 2019a). It may be attributed to intramitochondrial recombination 
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allowing breaking and rejoining of the mitochondrial genome (Dowton and Austin, 1999, Li et 

al., 2019a) 

rRNA genes 

The shortest complete rrnL in amphipods of 577 bp is currently known from Hirondellea gigas 

Birstein and Vinogradov, 1955 (Lan et al., 2016), which is much shorter than the rrnL that has 

been found in the species of the current study. On the other hand, the rrnS of C. amundseni 

has with 529 bp the same length as Alicella gigantea (Li et al., 2019b) which has so far been 

the shortest reported rrnS length in amphipods. Also, the shortest total length of rrnL and rrnS 

together has been described from the amphipod Hirondellea gigas Birstein and Vinogradov, 

1955 (Lan et al., 2016) with 1120 bp, and we find that the total length of the two rRNAs in C. 

amundseni is with 1268 bp rather similar. Short rRNA genes have also been observed in 

Gammarus duebeni  Lilljeborg, 1852 (Krebes and Bastrop, 2012) where they have been 

attributed to a minimization strategy of the mitogenome.  

tRNA secondary structures 

Aberrant tRNA structures as we find them in the three novel mitogenomes are common. 

Jühling et al. (2012) have described a loss of a D-domain in trnS1 in almost all metazoan while 

the D-domain in trnS2 has only been lacking in Lophotrochozoa and Ecdysozoa. Mitogenome 

studies of other amphipod species also report the lack of the DHU arm in trnS1 and trnS2 in 

Epimeria cornigera Fabricius, 1779, Epimeria frankei Beermann and Raupach, 2018 in 

Beerman, Westbury, Hofreiter, Hilgers, Deister, Neumann and Raupach, 2018 (Beermann et 

al., 2018), Caprella scaura Templeton, 1836 (Ito et al., 2010) and “Metacrangonyx boveii” 

(Pons et al., 2014) and in trnV in Brachyuropus grewingkii Dybowsky, 1874, Acanthogammarus 

victorii Dybowsky, 1874, Eulimnogammarus cyaneus Dybowsky, 1874, and Garjajewia 

cabanisii Dybowsky, 1874 (Romanova et al., 2016), Halice sp. Boeck, 1871 (Li et al., 2019a) and 

“Metacrangonyx boveii” (Pons et al., 2014). The absence of the TΨC loop is another aberrant 

and common structure in amphipods that has also been observed in trnC, trnE, and trnT of 

Caprella mutica Schurin, 1935 (Kilpert and Podsiadlowski, 2010), trnQ and trnV of Gammarus 

duebeni Lilljeborg, 1852 (Krebes and Bastrop, 2012), and trnC, trnQ, trnK, and trnF  of Onisimus 

nanseni G.O. Sars, 1900 (Ki et al, 2010). The pressure for minimization of the mitogenome has 

been put forward as one of the explanations for these aberrant tRNA structures (Yamazaki et 
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al., 1997). Other explanations could be replication slippage resulting in sequence deletions or 

insertions (Macey et al., 1997). Despite these aberrant structures in tRNAs, these are most 

likely still functional (Watanabe et al., 2014).  

Nucleotide diversity 

Information on nucleotide diversity can be helpful for the design of new molecular markers 

(Romanova et al., 2016; Zhang et al., 2018). Here, we have shown that the most variable 

mitogenes of Eusirus for intraspecific comparisons between genetic clades are nad6, nad5, 

and nad1 while for comparisons between Eusirus and Charcotia, atp8, nad6 and nad2 are 

most variable, which could be suitable for future phylogeographic and population genetic 

studies. Contrary, the least variable mitogenes for Eusirus are nad4, nad3, nad2, and cox1 and 

for interspecies comparisons between Eusirus and Charcotia cox1, cytb, and cox3 could be 

more suitable for future deep phylogeny investigations. Surprisingly, despite its wide use in 

DNA barcoding initiatives (Witt et al., 2006; Hebert et al., 2003), the cox1 gene appears to 

have relatively low nucleotide diversities between closely and distantly related amphipods. 

Consistent with our results, also Romanova et al. (2016) describe the mitogenes atp8, nad2, 

nad4l, nad5, nad6 as most variable in Baikalian amphipods and cox genes to be less variable, 

with cox1 having the lowest nucleotide diversity. 

Phylogenetic analysis 

Our evolutionary tree (Figure 4) constructed from mitochondrial protein coding genes is well 

supported and shows phylogenetic clades according to amphipod superfamily identity. 

Moreover, our results are congruent to the current taxonomic classification where the species 

were categorized into their respective family and superfamily (Horton et al., 2021). Previous 

classification have placed Eusirus in the same Eusiroidea superfamily as Epimeria (Bousfield, 

1978) while the recent classification have placed Eusirus under superfamily Eusiroidea and 

Epimeria under Iphimedioidea (Lowry and Myers, 2017). Phylogenetic evidence using 18S 

rDNA have shown that Eusirus has a close relationship with Epimeria which showed a well-

supported clade of Eusiridae, Calliopiidae, Astyridae, Iphimediidae, Epimeriidae and 

Pleustidae families (Englisch, 2001). Phylogenetic evidence using 13-protein coding genes 

further corroborates these close relationships (Figure 4). 
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Our grouping of Charcotia amundseni with other species from the superfamily Lysianassoidea 

(Figure 4) is supported with the morphological phylogeny of Lowry and Myers (2017), which 

characterized this superfamily as often having a type 3 lysianassoid calceolus and a cleft telson. 

Molecular phylogenetic analyses using concatenated 16S-COX1-18S data in Ritchie et al. 

(2015) show clustering of families and superfamilies similar to our study which further backs 

up our results. The phylogenetic grouping of the two morphospecies invested here based on 

the three novel mitogenomes thus follow the expected patterns according to taxonomic 

relationships. 

 

Conclusions 

The current study provides three additional novel complete mitogenomes of Antarctic 

amphipod species and the first complete mitogenomes of the abundant amphipod genera 

Eusirus and Charcotia. In comparison to other published amphipod mitogenomes, the novel 

mitogenomes show distinct features such as a lower AT-richness in their whole mitogenomes, 

negative GC- skews on both strands of the protein coding genes, and unique gene 

rearrangements. The novel mitogenomes also share characteristics with other amphipod 

mitogenomes including aberrant tRNA and short rRNA genes, which could be linked to 

minimalization of mitogenomes. Moreover, the estimation of the nucleotide diversity (π) 

provides information to choose mitogenes as most suitable markers for future phylogenetic 

studies of amphipods. The novel mitogenomes are certainly useful for future phylogenetic 

analyses as it put the investigated species into phylogenetic positions  matching superfamily 

and family identity.  
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Abstract 

Amphipods are malacostracan crustaceans that occupy a wide range of mostly marine and 

freshwater habitats, and can live under extreme conditions such as in the Arctic, Antarctic or 

the deep sea. Although this makes them good model organisms to study the molecular 

features of thermal adaptations, transcriptomic data or good quality genomes of this 

crustacean group are still rare, and even more so for species from extreme environments. 

Given the increasing availability of mitogenomes, also from amphipods, mitogenomic data 

can be used instead to examine potential thermal adaptations since mitochondrial genes are 

involved in the oxidative phosphorylation process for energy production. In this study, we 

analysed published mitogenomes of amphipods from cold, temperate, and warm regions to 

test for cold-adaptations by comparing different mitogenome features and by constructing 

phylogenies. We featured molecular patterns for cold adaptations in mitogenomes of 

amphipods. On one hand, we observed significantly lower proportions of charged amino acids 

in amphipods from cold regions and evidence for purifying selection in all amphipod 

mitogenomes. Additionally, a higher average non-synonymous/synonymous substitutions (ω) 

was observed in the amphipods from the cold regions. On the other hand, no grouping of 

species from cold regions was observed in the reconstructed phylogeny nor did we find any 

general patterns of gene translocations that could be linked to cold adaptation. We show that 

mitogenomes can be used as an alternative to study cold adaptations in species for which 

high quality genomic data are not yet available. Additional data from other taxa occurring in 

cold regions could strengthen our conclusions for molecular signatures of cold adaptations in 

mitogenomes.   

 

Introduction 

Mitochondria are involved in a wide range of cellular processes (Harada et al., 2019) including 

genes that are engaged in oxidative phosphorylation. This process occurs through the electron 

transport chain’s (ETC) creation of a trans-membrane proton gradient which generates 

adenosine triphosphate (ATP) (Silva et al., 2014). Consequently, mitochondria play a key role 

in energy production (Vakifahmetoglu-Norberg et al., 2017). The formation of ETC involves 

protein complexes that are encoded in both nuclear DNA and mitochondrial DNA (Ballard & 

Whitlock, 2004; Fontanillas et al., 2005; Silva et al., 2014). In general, mitochondrial genomes 
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(mitogenomes) contain 13 protein coding genes all involved in electron transport, two rRNAs, 

22 mitochondrial-specific tRNAs, and a non-coding region that regulates transcription and 

replication (Ballard & Whitlock, 2004; Fontanillas et al., 2005; Carapelli et al., 2013). The 

adaptive evolution of the mitochondrial genes that are involved in oxidative phosphorylation 

has been linked to different environmental conditions including heat and cold stress, which 

could possibly indicate thermal adaptations (Doi et al., 1999; Sebastian et al., 2020). Positive 

selection in genes that are involved in oxidative phosphorylation has been reported, as for 

example in nad1, nad3, and nad4 mitochondrial genes in Atlantic salmon (Consuegra, et al., 

2015) and the cytb gene in European anchovy (Silva et al., 2014). The positive selection in 

these genes has been suggested to be linked to the need for higher metabolic efficiency and 

ATP production, or the production of a thermogenic mechanism in order to thrive at low 

temperatures (Consuegra, et al., 2015; Carapelli et al., 2019).  

Amphipods are  malacostracan crustaceans that occupy a wide range of mostly marine 

habitats although they are also found in freshwater and terrestrial habitats (Väinölä, et al., 

2007). They can live under extreme environmental conditions as in the Arctic (Gradinger, 

2001) and Antarctic (Gradinger, 2001; Lowry et al., 2007) or the deep sea (Lan et al., 2016; Li 

et al., 2019a; Li et al., 2019b), making them good model organisms to study thermal 

adaptations. For Amphipoda in general, few high quality genomes or transcriptomes are yet 

available, and with one exception (Kang et al. 2015), these genomic resources are still lacking 

for taxa from extreme environments. Given the increasing availability of mitogenomes, also 

from amphipods, such mitogenomic data can be used instead to examine potential thermal 

adaptation. Two studies have already demonstrated specific thermal adaptations including 

positive selection in the membrane and substrate-level ATP synthases subunits  of the 

amphipods from the stenotherm lake Baikal (Naumenko et al. 2017) and the translocation of 

ND6 in Antarctic nototheniid fish (Mark  et  al.  2012). Thermal adaptations can also be derived 

from specific amino acid compositions in mitogenomes as has been demonstrated for the 

deep sea amphipod Alicella gigantea, with less frequent charged amino acids (Li et al., 2019b), 

and mitogenomes of Antarctic notothenioid fish favoring the amino acids methionine, serine 

and isoleucine (Berthelot et al., 2019). In this study, we aim to test for signatures of cold 

adaptations in mitogenomes of amphipods from cold regions by reconstructing phylogenies 

and comparing molecular features of amphipod mitogenomes from regions with cold, 



Chapter 3 

78 
 

temperate and warm temperatures. Based on other mitogenome studies on animals from low 

temperature habitats, we expect that similar cold adaptations in amphipods led to (1) specific 

patterns of mitochondrial amino acid content and polarity; (2) positive selection in 

mitochondrial protein coding genes of amphipods from cold regions; and (3) certain 

mitochondrial gene translocations. 

 

Materials and Methods 

Amphipod mitogenome data 

Amino acid and DNA sequence data from a total of 59 published amphipod mitogenome were 

downloaded from GenBank (For an overview of accession numbers see Table 1) for further 

analyses. All 59 mitogenomes contained the 13 protein coding genes but only 46 were 

complete. The sampling location of each species was used to categorize the species’ 

ecoregions based on Spalding et al. (2007) and Abell et al. (2008). These ecoregions were then 

used to classify amphipods into species from cold, temperate, and warm regions (Table 1) for 

further comparisons. When a species did not classify into any ecoregion because its sampling 

location was not classified into any ecoregions, the published information of the sampling 

location was used.  
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Table 1. Species list of mitogenomes used for analysis including the eco-region, category, mitogenome coverage, and the GenBank accession number. 

Species Eco-region Category Mitogenome Genbank 

Acanthogammarus victorii Lake Baikal Cold Partial KX341962 

Alicella gigantea Mariana Islands Cold Complete MK215211 

Ampithoe lacertosa Sea of Japan Temperate Complete MK215645 

Bahadzia jaraguensis Hispaniola Warm Complete FR872382 

Brachyuropus grewingkii Lake Baikal Cold Complete KP161875 

Caprella mutica North Sea Temperate Complete GU130250 

Caprella scaura Central Kuroshio Current Temperate Complete AB539699 

Charcotia amundseni East Antarctic Dronning Maud Land Cold Complete OK489457 

Epimeria cornigera North Sea Temperate Complete MF361127 

Epimeria frankei North Sea Temperate Partial MF361126 

Eulimnogammarus cyaneus Lake Baikal Cold Complete KX341964 

Eulimnogammarus verrucosus Lake Baikal Cold Complete KF690638 

Eulimnogammarus vittatus Lake Baikal Cold Complete KM287572 

Eurythenes magellanicus Gulf of Tonkin Cold Complete MN688221 

Eusirus cf. giganteus clade G1 South Shetland Islands Cold Complete OK489458 

Eusirus cf. giganteus clade G2 East Antarctic Wilkes Land Cold Complete OK489459 

Gammarus duebeni Iceland–Jan Mayen Cold Complete JN704067 

Gammarus fossarum Central and Western Europe Temperate Complete KY197961 

Gammarus lacustris Upper Brahmaputra Warm Complete MK354235 

Gammarus pisinnus Lower Huang He Temperate Complete MK354236 

Gammarus roeselii Central and Western Europe Temperate Complete MG779536 

Garjajewia cabanisii Lake Baikal Cold Partial KX341965 

Gmelinoides fasciatus Lake Baikal Cold Complete KX341966 

Gondogeneia antarctica South Shetland Islands Cold Complete JN827386 

Grandidierella fasciata Central Kuroshio Current Temperate Complete LC500464 

Grandidierella osakaensis Central Kuroshio Current Temperate Complete LC546828 

Grandidierella rubroantennata Central Kuroshio Current Temperate Complete LC500463 

Halice sp. Mariana Islands Cold Partial MH294484 

Hirondellea gigas Mariana Islands Cold Partial KU558991 & KU558990 

Hyalella lucifugax Lake Titicaca Temperate Partial LT594767 

"Longipodacrangonyx stocki" Atlantic Northwest Africa Temperate Partial HE860496 

"Metacrangonyx boutini boutini" Atlantic Northwest Africa Temperate Partial HE860497 
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"Metacrangonyx boveei" Atlantic Northwest Africa Temperate Complete HE860498 

Metacrangonyx dominicanus Hispaniola Warm Complete HE860499 

Metacrangonyx goulmimensis Atlantic Northwest Africa Temperate Complete HE860501 

Metacrangonyx ilvanus Italian Peninsula & Islands Temperate Complete HE860503 

Metacrangonyx longicaudus Atlantic Northwest Africa Temperate Complete HE860509 

Metacrangonyx longipes Eastern Iberia Temperate Complete AM944817 

"Metacrangonyx nicoleae tamri" Atlantic Northwest Africa Temperate Complete HE860504 

"Metacrangonyx notenboomi" Atlantic Northwest Africa Temperate Complete HE860513 

Metacrangonyx panousei Atlantic Northwest Africa Temperate Complete HE860510 

"Metacrangonyx paurosexualis" Atlantic Northwest Africa Temperate Partial HE860507 

Metacrangonyx remyi Atlantic Northwest Africa Temperate Complete HE860512 

Metacrangonyx repens NO ECOREGION* Warm Complete HE860495 

Metacrangonyx samanensis Hispaniola Warm Partial HE860505 

Metacrangonyx spinicaudatus Atlantic Northwest Africa Temperate Complete HE860506 

Onisimus nanseni Arctic Cold Complete FJ555185 

Pallaseopsis kessleri Lake Baikal Cold Complete KX341968 

Platorchestia japonica Eastern Yellow Sea Drainages Temperate Complete MG010370 

Platorchestia parapacifica Eastern Yellow Sea Drainages Temperate Complete MG010371 

Pleonexes koreana Sea of Japan Temperate Complete MK265245 

Pseudocrangonyx daejeonensis Eastern Yellow Sea Drainages Temperate Complete MH229998 

Pseudoniphargus daviui Eastern Iberia Temperate Complete FR872383 

Pseudoniphargus gorbeanus Eastern Iberia Temperate Partial LN871176 

Pseudoniphargus sorbasiensis Southern Iberia Temperate Partial LN871175 

Stygobromus foliatus Chesapeake Bay Temperate Partial KU869713 

Stygobromus indentatus Chesapeake Bay Temperate Complete KU869711 

Stygobromus tenuis potomacus Chesapeake Bay Temperate Complete KU869712 

Trinorchestia longiramus Sea of Japan Temperate Complete MH542431 

* Groundwater mean value is 24.6°C (Herrera & Custodio, 2014) 

Species names in quotes and not in italics denote taxa not formally described yet (Bauzà-Ribot et al., 2012). 
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Codon usage 

To analyse the codon usage, the 13 protein coding gene DNA sequences were used except for 

the data of Epimeria frankei (GenBank accession nr. MF361126) which were excluded due to 

a high number of ambiguities; this left 58 amphipod mitochondrial DNA sequences for 

analysis. Codon usage was analysed with the Sequence Manipulation Suite (Stothard, 2000) 

which determines the frequencies of codons that code for the same amino acid and will assess 

the sequence preference for selected amino acids. From these frequencies, the amino acid 

proportions were calculated for each individual amino acid and the amino acid groups with 

different properties (i.e. nonpolar, polar-uncharged and charged amino acids) (Reece et al., 

2013). The amino acid proportions for each individual amino acid and the amino acid groups 

with different properties were statistically compared among the three groups of amphipod 

species from cold, temperate, warm regions with a one-way ANOVA followed by a post hoc 

Tukey HSD tests for multiple comparison of means in R version 3.61 (R Core Team, 2019). 

Testing for signals of selection at the molecular level  

The DNA sequences of the 13 mitochondrial protein coding gene were aligned separately per 

gene with MUSCLE in MEGA X (Kumar et al., 2018). The alignments were concatenated with 

Geneious Prime 2019 v1.8.0. and used for further analysis in EasyCodeML version 1.4 (Gao et 

al., 2019) together with the phylogenetic tree. Estimating the ratio of the non-

synonymous/synonymous substitutions (ω) allows to investigate the patterns of selection 

acting on the protein coding genes with ω = 1 indicate a neutral evolution while ω < 1 indicate 

a negative or purifying selection, and ω > 1 indicate positive (adaptive or diversifying) selection 

(Garvin et al., 2011; Jeffares et al., 2015; Sun et al., 2020). Two branch models, the one-ratio 

model (M0) and the free-ratio model (M1) were compared to test whether the dn/ds ratio (ω) 

differed among the branches of the tree.  The one-ratio model (M0) assumes that all branches 

have the same dn/ds ratio (ω) while independent dn/ds ratios (ω) for each branch are 

assumed for the free-ratio model (M1). To assess the  significant difference between the two 

models, a likelihood ratio test (LRT) was conducted. Average ω for amphipods from the cold, 

temperate, and warm regions were statistically compared with one-way ANOVA followed by 

a post hoc Tukey HSD tests for multiple comparison of means in R software. 
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Phylogenetic analyses  

Phylogenetic reconstructions were based on the amino acid sequences of 13 protein coding 

genes and gene boundaries from defined according to the information in GenBank. Limnoria 

quadripunctata (Genbank no. KF704000), Ligia oceanica (Genbank no. DQ442914), and 

Trachelipus rathkii (Genbank no. KR013001) are the three Isopoda species that were used as 

outgroups. All amino acid sequences were aligned separately for each gene using MUSCLE 

(Edgar, 2004) in MEGA X (Kumar et al., 2018) and concatenated with Geneious Prime 2019 

v1.8. The best fitting model of molecular evolution for each partition was identified with 

PartitionFinder v2.1. (Lanfear et al., 2016). Phylogenetic analyses based on maximum 

likelihood were carried out with RAxML v8 (Stamatakis, 2014) implemented in the CIPRES web 

portal (Miller et al., 2010) with 1000 bootstrap replications. Trees based on Bayesian inference 

were constructed with MrBayes v3.2 (Ronquist et al., 2012) in the CIPRES web portal with 10 

million generations, sampling every 5000 generations and discarding 10% of the initial trees 

as burnin. The convergence of parameters and effective sample size were examined  with 

Tracer version 1.7.1 (Rambaut et al., 2018). Resulting trees were viewed and edited in FigTree 

v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) and with Inkscape v1.0.1 

(https://inkscape.org).   

Rearrangements of mitogenome gene order 

CREx (Bernt et al., 2007) was used to examine complete mitogenomes for possible gene 

rearrangements by comparing them to the pancrustacean ground pattern. In the CREx 

program, species with incomplete genes are excluded from the analysis as this hampers 

pairwise comparisons. For comparing the gene orders, CREx creates a distance matrix with 

the number of common intervals. A higher common interval value indicates a more similar 

gene order with the highest resulting value of 1400 when the gene orders are identical. For 

further comparisons, the mean of the common intervals in comparison to the  pancrustacean 

ground pattern was calculated for the three amphipod groups and statistically compared with 

a one-way ANOVA  in R version 3.61. 

 

 

http://tree.bio.ed.ac.uk/software/figtree/
https://inkscape.org/
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Results 

Codon usage 

No significant differences among amphipods from cold, temperate, and warm regions were 

found when comparing preferences for individual amino acids (one-way ANOVA, p-value = 1) 

(Figure 1). Figure 2c illustrates the significantly lower proportion of charged amino acids in 

amphipods from cold regions (10.24 ± 0.21%) than from temperate regions (10.51 ± 0.29) 

(Tukey HSD test, p-value= 0.01). The amino acid proportions of non-polar (one-way ANOVA, 

p-value=0.35) and polar-uncharged (one-way ANOVA, p-value=0.72) amino acids did not differ 

significantly among the three groups (Figure 2a, b).  

 

 

Figure 1. Proportions of individual amino acids of amphipod species from cold (blue), temperate (yellow), and warm (red) 

regions. Amino acid identities are indicated by single letter codes:  G - Glycine, P - Proline, A - Alanine, V - Valine, L - Leucine, 

I - Isoleucine, M - Methionine, C - Cysteine, F - Phenylalanine, Y - Tyrosine, W - Tryptophan, H - Histidine, K - Lysine, R - 

Arginine, Q - Glutamine, N - Asparagine, E - Glutamic Acid, D - Aspartic Acid, S - Serine, T - Threonine. Amphipods from cold, 

temperate, and warm regions did not differ significantly in the proportions of individual amino acids (one-way ANOVA, p-

value = 1). 
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Figure 2. The proportions of a) non-polar and b) polar-uncharged c) charged amino acids of amphipod species from cold 

(blue), temperate (yellow), and warm (red) regions. No significant differences were found among the species from cold, 

temperate, and warm regions for non-polar (p=0.35) and polar-uncharged (p=0.72). Significant differences were only 

observed in the proportions of charged amino acids between amphipods from cold and temperate regions (p= 0.01). 

Significant differences are indicated by *. 
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Signals of selection at the molecular level  

A likelihood ratio test (Table 2) revealed a significant difference between the one-ratio model 

(M0) and free-ratio model (M1)  (p-value < 0.001) indicating different dn/ds ratios (ω) among 

different branches of the phylogenetic tree. All ω values were smaller than one (Figure 3) 

indicating that these branches are under negative or purifying selection. Amphipods from cold 

regions had an average ω of 0.051 which was significantly higher than that of amphipods from 

temperate regions, which showed an average ω of 0.032 (Tukey HSD test, p-value < 0.001). 

Amphipods from warm regions had an average ω of 0.037, a value between these two other 

means. These differences as compared to the average ω of amphipods from cold (Tukey HSD 

test, p-value= 0.17) and temperate (Tukey HSD test, p-value= 0.79) regions was not significant.  

 

Table 2. Results of the likelihood ratio test  between the one-ratio model (M0) and free-ratio model 

(M1) estimating ω for branches of the phylogenetic tree 

Model np LnL ω Model 
comparison 

LRT P-value 

One‐ratio model 

(M0) 

124 -408149.161419 0.05334 Model 0 vs. M1 < 0.001 

Free-ratio model (M1) 245 -405034.579461  
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Figure 3. Phylogenetic tree with different dn/ds ratio (ω) displayed on top of each branch. Amphipods from cold regions are 
indicated in blue, from temperate regions in yellow, and from warm regions in red. 
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Phylogenetic analyses 

Phylogenetic reconstructions of the relationships of the analysed amphipods species based 

on the amino acids alignment of 13 concatenated protein-coding genes showed no clear 

phylogenetic clustering of amphipods from cold regions regardless which phylogenetic 

method was used (Figures 3 & 4). Indeed, some species from temperate regions and one 

species from warm environments were grouped with the clade of species living in cold 

environments. 

Mitochondrial gene order and rearrangements 

Translocations of the mitochondrial genes trnG, trnC, and trnY are observed in all amphipods 

regardless from which region they originate (Supplementary figure 3). No specific pattern of 

gene translocations can been detected from amphipods from cold regions only. 

The gene order of Eulimnogammarus cyaneus, Eulimnogammarus verrucosus, Gammarus 

duebeni, Gammarus fossarum, Gammarus lacustris, and Gammarus pisinnus showed the 

highest similarity to the pancrustacean ground pattern with 464 common intervals 

(Supplementary figure 4). 

The mean common interval was also calculated for each of the three groups (i.e. amphipods 

from cold, temperate, and warm regions) in comparison to the pancrustacean ground pattern. 

No significant differences were observed among the three amphipod groups (Kruskal-Wallis 

rank sum test, p-value = 0.388) (Figure 5). 
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Figure 4. Phylogenetic tree based on the concatenated amino acid alignment of the 13 mitochondrial protein coding genes 
using ML and BI methods. Only bootstrap values of ≥50 (above the nodes) and posterior probabilities >0.80 (below the nodes) 
are shown. The scale bar corresponds to the number of substitutions per site. Amphipod species from cold regions are 
indicated in blue, from temperate regions in yellow, and from warm regions in red.  
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Figure 5. Mean common interval of mitochondrial gene arrangements as compared to the pancrustacean pattern for 

amphipod from cold, temperate, and warm regions. 

 

 

Discussion 

Codon usage 

Amino acid usage and properties have been identified to affect protein function (Metpally et 

al., 2009; Berthelot et al., 2019) and can thus provide information on adaptations to certain 

environmental conditions (Venev & Zeldovich, 2018). There was no significant difference in 

the preference of individual amino acid among amphipods from cold, temperate, and warm 

regions. Regarding amino acid properties, a significantly lower proportions of charged amino 

acids was found for amphipods from cold regions (Figure 2), which could be regarded as a 

signal for cold-adaptation in amphipods. Similarly, lower proportions of charged amino acids 

were also reported by Li et al. (2019a) for non-hadal and hadal amphipods as well as by Li et 

al. (2019b) for both abyssal and hadal amphipods as compared to species from shallow waters. 

Additional studies on psychrophiles or organisms that thrive in cold environments showed less 

preference for charged amino acids (Gianese et al., 2001; Methé et al., 2005; Goldstein, 2007; 

Metpally et al., 2009). Taken together, our results and these studies highly suggest that lower 

proportions of charged amino acids could be related to cold adaptations. Charged amino acids 

are involved in electrostatic interactions for ion pairs and H bonds that are necessary for 

protein stabilization, especially at high temperatures  (Kumar et al., 2000; Gianese et al., 2001). 
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Thus, reducing the number and strength of these electrostatic interactions should increase 

protein flexibility which is required for cold adaptations (Gianese et al., 2001). 

Synonymous and non-synonymous substitution rates 

Estimated ω values of <1 for all branches in the tree indicate that these branches are under 

negative or purifying selection and that there is minimal accumulation of non-synonymous 

substitutions (Jeffares et al., 2015). Similar patterns of purifying selection have been reported 

for mitogenomes of the amphipods Gammarus pisinnus and Gammarus lacustris (Sun et al., 

2020) and other invertebrates (Du et al., 2017; Vanhove et al., 2018; Sun et al., 2019). 

Synonymous substitutions exceeding the non-synonymous substitutions is a common pattern 

(Choudhuri, 2014) with purifying selection being suggested as the major force shaping 

molecular evolution of mitogenomes (Sun et al., 2020) to maintain vital mitochondrial gene 

functions (Ballard & Whitlock, 2004; Castellana et al., 2011). Our results thus confirm this 

general expectation. On the other hand, despite the <1 average ω values observed, 

amphipods from the cold regions still showed higher average ω compared to the amphipods 

from the temperate and warm regions. This higher average ω could be attributed to the lower 

average synonymous substitutions (ds) (Parker et al., 2018). This could also indicate relatively 

weaker degree of purifying selection (Jeffares et al., 2015) acting on the genes of the 

amphipods from the cold regions compared to the amphipods from the temperate and warm 

regions. Similar case of lower average synonymous substitutions (ds) was also observed in the 

cold-tolerant species of Drosophila (Parker et al., 2018) which could indicate signatures of 

cold-adaptation.  

Phylogenetic analyses 

We expected that species with similar environmental adaptations would cluster together in 

the phylogeny, reflecting their close evolutionary relationships influenced by similar ecological 

pressures. This pattern was however, not observed in our results. The absence of any obvious 

pattern of the species from the cold regions also indicates that no signal for cold adaptation 

was detected in the amino acid sequences. However, amino acid composition might still be 

functionally important as lower preference for charged amino acid was observed. Moreover, 

other factors might have driven these evolutionary relationships other than environmental 

conditions such as ecological convergence of parallel adaptation which might further obscure 
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the expected clustering pattern as species may develop similarities in ecology in response to 

similar environmental pressures (Hibbitts & Fitzgerald, 2005; Derome & Bernatchez, 2006).  

Mitochondrial gene order and rearrangements 

No apparent pattern of gene translocations was observed for amphipods from the three 

different groups. These results did not support the hypothesis that closely related species tend 

to have similar gene rearrangements. This could be attributed differences in the evolutionary 

history of the species (Hurst et al., 2004; Lajoie et al., 2010). Moreover, the lack of any 

differences in gene translocations for amphipods from regions with cold or warm 

temperatures could at least partly also be explained by the small number of species studied 

here: mitogenomes were only available for 18 amphipod species from the cold and five from 

warm regions as compared to 36 species from temperate regions.  The results of our study 

should be treated with some caution and for further in-depth examinations of additional 

amphipod mitogenomes are required to confirm our results on possible signals for cold 

adaptations in amphipod mitogenomes. 

 

Conclusions 

Our results provide evidence for certain molecular signatures of cold adaptations in amphipod 

mitogenomes such as low proportions of charged amino acids and a high average non-

synonymous/synonymous substitutions (ω). We proved also evidence for negative or purifying 

selection. Increasing the number of mitogenomes for amphipod species from cold and warm 

regions could improve the strengths of statistical analyses for possible signals of thermal 

adaptations and provide a more balanced dataset for comparisons. Despite these limitations, 

this study illustrates that mitogenomes are a suitable resource to test for thermal adaptations, 

especially for species for which full genomic data are not yet available.   
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Abstract 

The polar oceans harbor a rich faunal diversity, which is composed of lineages from multiple 

origins. The evolution of this fauna is possibly linked to the tectonic, climatic, and glacial 

history of these polar oceans. The genus Eusirus amphipods has a global distribution with 

species occurring in both polar oceans. This distribution together with its low dispersal 

capacity makes Eusirus a good model organism to provide novel insights into the origin and 

the diversification of benthos from both polar oceans. To do so, phylogenetic reconstructions 

of Eusirus were produced by using DNA sequence data from ribosomal 18S and 28S together 

with the mitochondrial COI and COII genes. The obtained phylogenies support the monophyly 

of the Antarctic Eusirus clade and show polyphyly for the group of Arctic species. Interestingly, 

the time-calibrated phylogeny indicates that the Arctic Eusirus are older than their Antarctic 

congeners. The origin of the Antarctic clade around the Oligocene coincides with the opening 

of the Drake passage and the formation of the Antarctic circumpolar current (ACC). In contrast, 

Arctic Eusirus species show a varied history of lineage splitting and appear to have originated 

prior to the glacial/interglacial periods. Finally, the detected high rates of lineage 

diversification in the Antarctic clade could be attributed to the vicariant events and ecological 

opportunities brought about by the climatic and geological changes in the Antarctic. 

 

Introduction 

The polar oceans harbor a diverse marine fauna which is probably shaped by their tectonic, 

climatic, and glacial history (Sirenko, 2009; Clarke & Crame, 2010; Hardy et al., 2011; 

Legezyñska et al., 2020; Rabosky, 2022). However, Antarctica has higher endemism compared 

to the Arctic which is attributed to its older geological age and its long history of geographic 

isolation (Eastman, 2005; Piepenburg, 2005; Sirenko, 2009; Baird et al., 2011; Legezyñska et 

al., 2020; Rabosky, 2022). The Antarctic marine fauna has been considered to have evolved in 

situ since the late Mesozoic or even earlier (Clarke & Crame, 1989; Arntz et al., 1995; Knox, 

2006). Some Antarctic lineages were found to be of Gondwanan origins and probably emerged 

through vicariance when Gondwana went through subsequent fragmentations (Knox & Lowry, 

1977; Clarke & Crame, 1989; Clarke & Johnston, 2003; Williams et al., 2003; Sirenko, 2009; 

Clarke & Crame, 2010; Legezyñska et al., 2020). Thermal isolation of the Antarctic following 
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the Drake passage opening and the formation of the Antarctic circumpolar current (ACC) 

around the Eocene to Oligocene led to vicariant speciation in some marine lineages (Rogers, 

2007; Thornhill et al., 2008). However, dispersal of organisms with planktonic larvae may still 

have been possible (Beu et al., 1997; Crame, 1999; Barnes et al., 2006) and even taxa that do 

not have this type of planktonic larvae may still have been able to disperse through kelp-

rafting (Helmuth et al., 1994; Smith, 2002; Waters, 2008). Some taxa could migrate from the 

Magellan region to Antarctica through the Scotia Arc prior to the thermal isolation of 

Antarctica (Knox & Lowry, 1977; Legezyñska et al., 2020). The decreasing temperatures around 

the Eocene-Oligocene caused extinctions in certain lineages and provided new opportunities 

for speciation in others (Brandt, 1999; Rogers, 2007; Verheye et al., 2017). During the repeated 

ice expansions and retreats, it was suggested that some benthic organisms had undergone 

polar emergences (the colonization of the Antarctic shelf from the deep sea) through the 

Circumpolar Deep Water while others went through polar submergences (the colonization of 

the deep sea from the shelf) through the Antarctic Bottom Water (Thatje et al., 2005; 2008; 

Strugnell et al., 2008; Strugnell et al., 2011; Verheye et al., 2017). The pre-adaptation to low 

temperature tolerance of deep sea species also facilitated the movement to the shelf (Knox & 

Lowry, 1977). Some taxa also migrated from one isolated shelter in the shelf to another during 

diachronous ice advances and retreats (Thatje et al., 2005). Moreover, these repeated 

glaciation events could have driven allopatric speciation in the Antarctic taxa acting as a 

taxonomic diversity pump (Clarke & Crame, 1989; Knox, 2006; Rogers, 2007).  

The native fauna of the Arctic Ocean evolved during preglacial periods and eventually adapted 

to lower temperatures during the Ice ages (Zenkevitch, 1963; Knox & Lowry, 1977). The 

formation of the Fram strait and the declining temperatures around the Eocene (Serreze & 

Barry, 2005) permitted the exchange of fauna between the North Atlantic Ocean and the Arctic 

Ocean (Wilce, 1990; Dunton, 1992; Hardy et al., 2011; Kuklinski et al., 2013) while the opening 

of the Bering Strait in the late Miocene (Marincovich & Gladenkov, 1999; Serreze & Barry, 

2005) allowed the fauna from the North Pacific Ocean to enter the Arctic and the North 

Atlantic oceans (Wilce, 1990; Dunton, 1992; Hardy et al., 2011). Dispersal and colonization of 

these taxa were possible with the aid of ocean currents, with some of the sessile or sedentary 

marine fauna with planktonic larval forms were also able to disperse resulting in genetic 

connectivity among Arctic, North Pacific, and North Atlantic faunas (Hardy et al., 2011). The 
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harsh conditions during the Quaternary glaciation/deglaciation events nearly eliminated the 

Arctic shelf faunal assemblages (Golikov & Scarlato, 1989; Dunton, 1992; Legezyñska et al., 

2020), with only few shelf taxa finding refuge in ice-free shelf sites, with some moving into 

deeper areas and later re-invading the Arctic shelves (Golikov & Scarlato, 1989; Dunton, 1992). 

The retreat of some taxa into isolated refugia during glaciations facilitated vicariant effects. 

During deglaciations, re-invasions allowed the interbreeding of some species while other 

divergent lineages remained distinct (Hardy et al., 2011). Overall, the fauna of both the 

Southern Ocean and the Arctic Ocean is thus comprised of a mixture of taxa from multiple 

origins (Zenkevitch, 1963; Knox & Lowry, 1977; Clarke & Crame, 1989; Dunton, 1992; Clarke & 

Crame, 2010; Hardy et al., 2011; Legezyñska et al., 2020). 

The amphipod genus Eusirus Krøyer, 1845 is comprised of thirty-one nominal species 

occurring worldwide (Verheye, 2011; Jung et al., 2016; Peña Othaitz & Sorbe, 2020; Wang et 

al., 2021) with ten described species from the Antarctic (Verheye, 2011; Jung et al., 2016; Peña 

Othaitz & Sorbe, 2020). The so far investigated Eusirus representatives of the Southern Ocean 

were found to be monophyletic (Verheye, 2011; Lecointre et al., 2013) and thus fulfill the 

criteria of a species flock — a group of closely related species that arose and diversified in a 

specific region, in this case the Southern Ocean (Lecointre et al., 2013). By using COI and 28S 

sequence data, Verheye (2011) found two putative genetic species of the Eusirus perdentatus 

complex and three putative genetic species of the Eusirus giganteus complex. These were later 

confirmed by using COI, CytB, and ITS2 DNA sequence data which revealed three putative 

genetic species of the Eusirus perdentatus complex and four or five putative genetic species 

of Eusirus giganteus complex suggesting that the species richness of this genus is still 

underestimated (Baird et al., 2011; Verheye & D’Udekem D’Acoz, 2020). The number of Arctic 

species varies depending on the authors: four species are found in the Arctic Register of 

Marine Species (ARMS, https://www.marinespecies.org/arms) (Sirenko et al., 2022) while 

nine species are mentioned by Thurston (2009) and Palerud & Vader (1991). Eusirus species 

are generally benthic to bentho-pelagic, and their brooding behaviour limits dispersal capacity 

(Baird et al., 2011). The global distribution of the genus Eusirus, with representative species 

found in the Southern and Arctic Oceans, along with its low dispersal capacity makes the genus 

a good model to study the origin and diversification of benthos in the two polar oceans. 
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In this study, we focus on the origin and the diversification of the genus Eusirus in the polar 

regions. We reconstructed a phylogeny of Eusirus using DNA sequence data from the complete 

mitochondrial COI and COII genes and from the nuclear ribosomal 18S and 28S regions for 

specimens from the Arctic and the Antarctic as well as from non-polar Eusirus species. We 

utilized substitution rates as well as geological and secondary calibrations to date the 

phylogenetic tree and subsequently, we explored the tempo of lineage diversification. Our 

aims were to: 1) test if polar Eusirus are mono- or polyphyletic and 2) assess whether there 

are any diversification bursts in the historical patterns of the polar Eusirus diversifications, 

especially during the early history of the polar oceans and in connection with climate events. 

 

Materials and Methods 

Taxon Sampling 

Antarctic samples were collected from different localities in Antarctica (see Table 1 and 

supplementary table 3): the Amundsen Sea (JR179 expedition), Elephant Island and North of 

South Georgia and the South Sandwich Islands (JR144 (BIOPEARL I) expedition), Adelie Coast 

(CEAMARC expedition), North of Bouvet Island (ANT-XXII-3 (ANDEEP III) expedition), the 

Weddell Sea (PS118 expedition), North of the Antarctic Peninsula and Larsen B (ANT-XXIII/8 

expedition), Larsen A and East Weddell Sea (ANT-XXIV/2 (ANDEEP SYSTCO) and ANT-XXI/2 

(BENDEX), ANTXXVII/3 expeditions), Southern Weddell Sea (ANT-XXIX-9 expedition), 

Southeast of Clarence Island, Joinville Island, the Drake Passage (ANTXXIX-3 expedition), and 

South of South Georgia and the South Sandwich Islands (ANT-XIX/5 (LAMPOS) expedition). 

Arctic samples were collected from Resolute Bay, Canada and Malangen, and Kvalsund in 

Norway (no data on expeditions are available; Table 1 and supplementary table 3). 

Other samples were collected in the deep sea of the Northern Pacific Ocean (SO239-171, 

SO239-133, SO239-118, and SO239-20 expeditions) and Japan (TRV Toyoshio-maru, Hiroshima 

University) (Table 1 and supplementary table 3). The taxonomic identity of twelve specimens 

could not be determined at the species level. All specimens were preserved in 95-100% 

ethanol. Vouchers are available at the Royal Belgian Institute of Natural Sciences (RBINS, 

Brussels, Belgium), the Muséum National d'Histoire Naturelle (MNHN, Paris, France), the 
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Centre for Biodiversity Genomics (University of Guelph, Canada), and Hiroshima University 

(Japan) (see Table 1 and supplementary table 3 for details). 

Acknowledging that the information provided by ARMS does not necessarily reflect an 

approved consensus among taxonomists, I will follow the classification from Thurston (2009) 

and Palerud & Vader (1991) recognizing nine species in the Arctic. The study sample covers 

eight out of the ten (80%) described species from the Antarctic, and one undescribed Eusirus 

species while three out of the nine (33.3%) described species from the Arctic are included in 

the study. Additionally, five undescribed non-polar Eusirus species are sampled in this study.   
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Table 1. Overview of the number of sequenced Eusirus specimens per putative genetic species and information on the species’ locality. Detailed information 

of each specimen can be found in Supplementary Table 3. 

Species name Locality Number of sequenced pecimen 

Eusirus microps Antarctica 3 

Eusirus propeperdentatus Antarctica 3 

Eusirus laticarpus 1 Antarctica 6 

Eusirus laticarpus 2 Antarctica 3 

Eusirus perdentatus Antarctica 5 

Eusirus pontomedon Antarctica 3 

Eusirus antarcticus Antarctica 5 

Eusirus bouvieri 1 Antarctica 4 

Eusirus bouvieri 2 Antarctica 6 

Eusirus giganteus G1 Antarctica 6 

Eusirus giganteus G2 Antarctica 4 

Eusirus giganteus G3 Antarctica 2 

Eusirus giganteus G4a Antarctica 5 

Eusirus giganteus G4b Antarctica 4 

Eusirus sp. 1 Antarctica 4 

Eusirus cuspidatus Arctic 4 

Eusirus propinqvus Arctic 3 

Eusirus minutus Arctic 5 

Eusirus sp. 3 Non-polar 1 

Eusirus sp. 5 Non-polar 1 

Eusirus sp. 4 Non-polar 1 

Eusirus sp. 7 Non-polar 1 

Eusirus sp.6 Non-polar 1 

Rhachotropis schellenbergi (outgroup) Antarctica 2 

Rhachotropis antarctica (outgroup) Antarctica 2 
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DNA extraction, PCR amplification, and sequencing 

DNA was extracted from a pleopod of each specimen using the DNeasy Blood & Tissue Kit 

(Qiagen, Germany) following the manufacturer’s protocol. DNA concentration and quality 

were checked with a Nanodrop ND-1000 Spectrophotometer (ThermoFisher Scientific, USA) 

and a Qubit 2.0 fluorometer (Life Technologies, USA). The entire mitochondrial cytochrome 

oxidase subunit I (COI, ~1537 bp) and cytochrome oxidase subunit II (COII, ~678 bp) genes as 

well as two partial nuclear ribosomal DNA 28S (~1400 bp) and 18S (~2200 bp) segments were 

amplified by Polymerase chain reaction (PCR). Each 20 µL PCR reaction contained 10 µL of 2X 

Phusion Flash PCR Master Mix, 0.6 µL of MgCl2, 1 µL of each primer, and 1-7 µL of DNA extracts. 

All PCRs were performed in a T personal Thermoblock (Biometra).  

The COI to COII fragment was amplified using the primers CrustCOIF (Teske et al., 2006) and 

the newly designed Eusirus-specific primer COX2_R 5’-TCAKARRATAGGGGCTATTTGAGG-3’. 

PCR amplification conditions included an initial denaturation for 10 seconds at 98°C, followed 

by 40 cycles of denaturation for 1 second at 98°C, annealing at 55°C for 5 seconds, extension 

at 72 °C for 1 minute and 15 seconds, and a final extension at 72°C for 1 minute. The 28S rDNA 

fragment was amplified using the 28S amphipod-specific primers 5’-

GGGACTACCCGCTGAACTTAAGCAT-3’ and 5’-GTCTTTCGCCCCTATGCCCAACTG-3’ (Verheye et al., 

2016), and the 18S rDNA fragment using the 18S-Universal/Reverse primers from Englisch 

(2001). The PCR amplification conditions for 28S rDNA and 18S rDNA were similar to those of 

COI and COII except for a higher annealing temperature of 50°C for 28S rDNA. To ensure the 

absence of contamination, a negative control was included in each PCR reaction. Amplicons 

were visualized in Midori Green-stained (Nippon Genetics) 1% agarose gels to assess the 

success of the PCR and the length of the amplicons. Amplicons were sent to the National 

Museum of Natural History (MNHN) in Paris, France for sequencing with a Miseq 2x250 

standard V2. 

Sequence assembly and alignment 

The obtained raw DNA sequences were processed using Geneious Prime 2019 v1.8.0 

(https://www.geneious.com) with the settings “paired reads, merging paired reads, trimming 

of low quality ends with the minimum quality set to 20” using the BBDuk trimmer in Geneious. 

The “map to reference” approach was used to assemble the sequences using the medium-low 

https://www.geneious.com/


Chapter 4 
 

104 
 

sensitivity parameters with the maximum of mismatches per read set to 5% with 25 iterations. 

The COI to COII segment from the complete mitogenomes of two Eusirus cf. giganteus G1 and 

G2 (GenBank accession nrs. OK489458 and OK489459, respectively) was used as a reference 

sequence to assemble the mitochondrial COI to COII fragment. The complete 18S sequences 

of Eusirus cf. microps and Eusirus perdentatus (GenBank accession nrs. DQ378011 and 

DQ378012, respectively) were used for the 18S sequence assembly while the 28S partial 

sequence of Eusirus giganteus (GenBank accession nr. KT808714) was used for the 28S 

sequence assembly. The assembled COI to COII fragment was sent to MITOS web server 

version 2 (Donath et al., 2019) for automatic annotations. Additional annotations were 

conducted using the ‘annotate from database’ option in Geneious and compared with the 

annotations from MITOS. The COI and COII annotated sequences were also subjected to 

BLASTN searches (Altschul et al., 1997) to verify the identity of the sequences. Similarly, the 

18S and 28S assembled sequences were subjected to BLASTN searches (Altschul et al., 1997) 

to check for annotations and to verify the identity of the sequence data. The annotated COI 

to COII fragments were further verified through BLASTP searches.  

Sequences for each gene were subsequently aligned separately with the outgroups 

Rhachotropis schellenbergi and Rhachotropis antarctica. Rhachotropis sequences for 18S and 

28S were retrieved from GenBank. The 18S sequences of R. schellenbergi and R. antarctica 

have GenBank accession nrs. KT808758 and KT808757, respectively while the 28S sequences 

have GenBank accession nrs. KT808739 and KT808738, respectively. COI sequences of R. 

schellenbergi and R. antarctica were retrieved from Verheye (2011). COI and COII sequences 

were aligned separately with MUSCLE (Edgar, 2004) in MEGA X (Kumar et al., 2018) and 

translated into amino acids to check for premature stop codons which could indicate 

pseudogenes. The 18S and 28S sequences were aligned with MAFFT version 7 (Katoh & 

Standley, 2013) (online server: http://mafft.cbrc.jp/alignment/server/) using the default 

settings. Aliscore version 2.0 (Misof & Misof, 2009) was used to identify poorly aligned regions 

and Alicut version 2.3 was used to remove any identified poorly aligned regions.  

Phylogenetic reconstruction 

The Xia et al. (2003) test implemented in DAMBE version 7.3.11 (Xia, 2018) was used to test 

for substitution saturation in the alignments of each gene using unambiguous sites only. 
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Sequences have experienced substitution saturation if the observed index of substitution 

saturation (Iss) is significantly higher than the critical index of substitution saturation (Iss.c) 

suggesting that they should not be utilized in phylogenetic reconstructions (Xia et al., 2003). 

Preliminary phylogenetic trees were constructed using Bayesian inference (BI) and Maximum 

likelihood (ML) methods for each dataset to evaluate the congruence between genes. Only 

sequences with complete 18S, 28S, COI, and COII sequences were used for these analyses. 

Three trees were constructed: from the 1) 18S dataset, 2) 28S dataset, and 3) a concatenated 

COI and COII dataset. COI and COII were concatenated using Geneious. Best-fitting 

evolutionary models were selected using the Bayesian Information Criterion (BIC) 

implemented in the jModelTest 2.1.7 (Darriba et al., 2012) for the 18S and 28S dataset. For 

the concatenated COI and COII dataset, BIC from Partitionfinder 2.1.1 (Lanfear et al., 2016) 

was used.  The model selected for the 18S dataset was TIM3+G while K80+G was the best 

model for the 28S dataset. The SYM+I+G model was selected for codon position 1; the 

TRN+I+G model for codon position 2; and the GTR+G model for codon position 3 of the COI 

and COII data set.  

Since the topologies of individual gene trees appeared to be congruent, DNA sequence data 

of the four molecular markers were concatenated to produce the best supported and resolved 

phylogeny using Bayesian inference (BI) and Maximum likelihood (ML) methods. Best-fitting 

evolutionary models were selected using the Bayesian Information Criterion (BIC) 

implemented in Partitionfinder.  

ML trees were constructed using PhyML 3.0 (Guindon & Gascuel, 2003) with 1000 bootstrap 

replications for the 18S and 28S dataset and the model of molecular evolution identified by 

jModelTest. RAxML 8.2.12 (Stamatakis, 2014) in the CIPRES portal (Miller et al., 2010) was 

used for concatenated COI and COII dataset with the model identified with Partitionfinder and 

1000 bootstrap replicates. RAxML was also used for the concatenated dataset consisting of 

four markers and using the model identified by Partitionfinder and 1000 bootstrap replicates. 

Nodes with bootstrap values (BV) ≥70 were regarded as well supported.  

BI trees were constructed with MrBayes 3.2.7 (Ronquist & Huelsenbeck, 2003) in the CIPRES 

portal with 10 million generations. Trees were sampled every 1000th generation and 10% of 

the initial trees were discarded as burn-in. The convergence of parameters and effective 

sample size was examined with Tracer version 1.7.1 (Rambaut et al., 2018). Resulting trees 
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were viewed with FigTree version 1.4.4 (available at 

http://tree.bio.ed.ac.uk/software/figtree/0). Nodes were regarded as statistically supported 

if they had a posterior probability (PP) ≥ 0.95. 

Molecular dating 

Molecular dating was performed in BEAST version 2.6.7 (Bouckaert et al., 2014). A reduced 

dataset of one individual per phylogenetic clade with the most complete DNA sequence data 

concerning the number of markers each was used to improve computing efficiency and 

accuracy, similar to Copilaş-Ciocianu & Petrusek (2017) and Copilaş-Ciocianu et al. (2019). 

Cryptic diversity is known in polar Eusirus amphipods therefore, the phylogenetic clades were 

treated as putative genetic species. However, this was not statistically checked  as this is 

beyond the scope of the thesis.  

Each marker was treated as a separate partition with an unlinked site and clock model. The 

bModelTest version 1.2.1 package implemented in BEAST2 was used to estimate the 

parameters of the site model (including the substitution model defining the relative rates of 

different classes of substitutions, a model of rate heterogeneity across sites and/or a 

proportion of invariable sites). bModelTest uses a reversible jump Markov chain Monte Carlo 

(MCMC) that lets the Markov chain switch between substitution models in Bayesian MCMC 

inference. This allows the integration of all sampled substitution models while estimating the 

phylogeny and other model parameters (Bouckaert & Drummond, 2017).  

The strict clock and uncorrelated relaxed clock models were used to investigate the clock-

likeness of the data. The strict clock model assumes the same evolutionary rate for each 

branch in a phylogenetic tree. The uncorrelated relaxed molecular clock models assumes that 

each branch of the phylogenetic tree has its own independent rate drawn from a single shared 

parametric rate distribution (Drummond & Bouckaert, 2015). Both the uncorrelated log-

normal relaxed molecular clock (UCLN) and uncorrelated exponential (UCED) models were 

implemented together with the Yule and Birth Death models as tree priors. The MCMC chain 

was run for 100 million generations, with a sampling frequency of 4000. Convergence of 

parameters and effective sample size was checked in Tracer version 1.7.1 (Rambaut et al., 

2014). The maximum clade credibility tree with mean nodal height was produced with 10% of 

the trees discarded as burn-in in TreeAnnotator version 2.6.3.  
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A path-sampling analysis was used to select the best clock and tree models (Gelman & Meng, 

1998; Lartillot & Philippe, 2006; Drummond & Bouckaert, 2015). The path-sampling analysis 

estimating the marginal likelihood (MLE) is implemented in the MODEL_SELECTION version 

1.5.3 package in BEAST2 (Drummond & Bouckaert, 2015). For each path sampling analysis, 

100 steps with a chain length of 1 million and a preburn-in of 100,000 were set. The relative 

support of the two models was assessed based on the log Bayes Factor (BF), calculated by 

taking the difference between the log marginal likelihoods of the two models expressed as 

logeBF (M0 , M1) = logeP(X|M0) - logeP(X|M1), where logeP(X|Mi) is the marginal loge-likelihood 

estimate for the model Mi. According to the interpretation of Bayes Factors by Kass & Raftery 

(1995), the strength of support for a given model was determined based on the 2*loge(BF) 

and B10 values (see table 2 for details).  

 

Table 2. Interpretation of Bayes Factors as indicated by Kass & Raftery (1995) 

2loge(BF) B10 Evidence against the null model (M0) 

0 to 2 1 to 3 Barely worth a mention 

2 to 6 3 to 20 Positive 

6 to 10 20 to 150 Strong 

>10 >150 Very strong 

 

There are very few records of fossil amphipods (Zaddach, 1864; Lucks, 1927; Just, 1974; 

Karaman, 1984; Mukai & Takeda, 1987; Bousfield & Poinar, 1994; 1995; Jażdżewski & Kulicka, 

2000; 2002; Coleman & Myers, 2001; Coleman & Ruffo, 2002; Weitschat et al., 2002; Coleman, 

2004; 2006; Jażdżewski & Kupryjanowicz, 2010; McMenamin et al., 2013; Jażdżewski et al., 

2014; Hegna et al., 2020; Jarzembowski et al., 2020) limiting the applicability of fossil data for 

molecular dating (Verheye et al., 2017). This scarcity can be attributed to their thin cuticle 

making amphipods difficult to fossilize well (Verheye et al., 2017; Jarzembowski et al., 2020). 

Moreover, most of the recorded aquatic amphipod fossils are from freshwater environments 

(Zaddach, 1864; Lucks, 1927; Just, 1974; Karaman, 1984; Coleman & Myers, 2001; Coleman & 

Ruffo, 2002; Jażdżewski & Kulicka, 2002; Jażdżewski et al., 2014; Arfianti et al., 2018) and are 

phylogenetically distant to Eusirus (Verheye et al., 2016; Copilaş-Ciocianu et al., 2020). In the 

absence of fossil data, geological events and dating results from other studies were used 

together with available substitution rates from existing publications. To account for 
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uncertainty, a normal distribution calibration prior was specified. The first calibration was 

placed at the node of the most recent common ancestor (MRCA) of the Antarctic clade; this 

was based on the opening of the Drake passage and the onset of the Antarctic Circumpolar 

Current (ACC) around 34-26 Ma. This geological event likely caused a marine biological barrier 

that prevented gene flow (Thornhill et al., 2008), which is a requirement for vicariance and 

subsequent allopatric speciation. The second calibration was set at the root where the Eusirus 

and Rhachotropis diverged. The age when the sister genera of Eusirus and Rhachotropis split 

was estimated as 66.9 Ma (HPD interval 37.2-99.7 Ma) by Copilaş-Ciocianu et al. (2020). The 

third calibration was based on the substitution rates of COI, 28S, and 18S as inferred for 

amphipods from the Crangonyctidae family in the study of Copilaş-Ciocianu et al. (2019). A 

normal distribution and a mean of 0.01773 substitutions/site/Ma (± 0.00441) was applied for 

the prior rate of COI, and a mean of 0.00161 substitutions/site/Ma (± 0.00036) and a normal 

distribution was set for the 28S prior. The prior rate for the 18S was set as a normal distribution 

with a mean of 0.00068 substitutions/site/Ma (± 0.00016). The same rate with a mean of  

0.01773 substitutions/site/Ma (± 0.00441) and a normal distribution as for COI was also used 

for the COII rate prior since to our knowledge, no estimates of COII rates are currently available 

for amphipods.  

Diversification rates analyses 

Intraspecific polymorphisms have a significant impact on the diversification rate as they can 

cause a false increase in diversification rates during the most recent history of a clade (Mamos 

et al., 2016; Verheye et al., 2017). Consequently, a reduced dataset including only one 

individual per phylogenetic clade was used to explore the tempo of lineage diversification in 

Eusirus.  

First, a lineage through time (LTT) plot was constructed by using the R-package phytools 

(Revell, 2012) to visualize the pattern of lineage accumulation during the evolutionary history 

of Eusirus. Then, speciation rate (λ) and extinction rates (μ) were estimated by fitting the 

empirical Eusirus phylogeny to the pure-birth and birth-death models, taking into account the 

incomplete sampling fraction. The estimates were then used to simulate 100 trees under the 

pure-birth and birth-death models and the mean LTT of these simulated trees were plotted 

with a 95% confidence interval along with the LTT plot of the empirical Eusirus phylogeny. 
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To test for deviations from a pure-birth model, the gamma (γ) statistic was computed and 

assessed using the Monte Carlo constant rates (MCCR) test, taking incomplete sampling into 

account (Pybus and Harvey 2000) by using the LASER R-package (Rabosky, 2006). A 

phylogeny’s internal nodes are closer to its tips than would be expected under the pure birth 

process when gamma is positive, while a negative gamma value indicates that the internal 

nodes are closer to the root than expected by the pure birth model. The latter would support 

a deceleration in diversification rate through time, suggesting an early burst of diversification 

(Pybus and Harvey 2000;  Fordyce, 2010).  

Then, the fit of the four models for lineage accumulation was compared with the R-package 

LASER. The two constant-rate models consisted of pure-birth (PB) with a constant speciation 

rate (λ) and no extinction, and the birth-death (BD) model with a constant speciation rate (λ) 

and extinction rate (μ). Also, two density-dependent models were applied and compared: the 

density-dependent exponential (DDX) and density-dependent logistic (DDL) models. These 

density-dependent models predict declines in the diversification rates; in the DDX model, the 

divergence rate is influenced by the initial speciation rate, the number of lineages at a given 

time and the magnitude of rate change while in the DDL model, the divergence rate is 

influenced by the initial speciation, the number of lineages at a given time, and the carry 

capacity (Rabosky, 2006; Rabosky  & Lovette, 2008). The Akaike Information Criterion (AIC) 

was used to compare the fit of these models (Burnham & Anderson, 2002). The delta AIC 

(dAIC) and the Aikaike weights (wAIC) were also calculated to check for the relative likelihood 

of each model. 

Additionally, the fit of different models with time-varying rates and potentially missing extant 

species was performed following the method of Morlon et al. (2011) in the R package RPANDA 

(Morlon et al., 2016). Birth is denoted by B and death is denoted by D. The models compared 

were: 1) B constant: has constant speciation λ and no extinction μ (= PB model) ; 2) BD 

constant: both λ and μ  are constant (= BD model); 3) B variable: exponential variation in λ 

through time and no μ; 4) B variable, D constant: constant μ  and exponential variation in λ; 

5) B constant, D variable: constant λ and exponential variation in μ; 6) BD variable: exponential 

variation in both λ and μ. These six models were also compared using AIC scores and weights.  

Finally, the Bayesian Analysis of Macroevolutionary Mixtures (BAMM) program (Rabosky, 

2014) was applied to check if there was a more complex variation in the tempo of speciation 

during the evolution of Eusirus. Priors were generated with the BAMMtools R-package 
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(Rabosky et al., 2014) and the MCMC analysis was run for 10 million generations, sampling 

every 5000 generations. Convergence of the MCMC analysis was assessed after discarding 

10% of the samples as burn-in, by checking the effective sample sizes (ESS) and the number 

of shifts in each sample using the R package CODA (Plummer et al., 2006). The outputs from 

BAMM analysis were used in BAMMtools.  

 

Results 

Data overview 

The concatenated DNA sequences including the 18S and 28S ribosomal DNA and the 

mitochondrial genes COI and COII had a total length of 7,202 bp which. The length of each 

gene partition, the number of variable sites, and the best-fitting evolutionary model per gene 

partition and per codon position for the mitochondrial COI and COII genes are provided in 

Table 3. 

 

Table 3. Length of each gene, number of variable sites, and the best-fitting evolutionary model for each 

gene partition with the coding genes COI and COII partitioned by codon position. 

Gene Partition Length (bp) Variable sites Model 

18S 3421 1013 GTR+G 

28S 1543 782 K80+G 

COI_pos1  

1539 

 HKY+I+G 

COI_pos2 822 TRN+G 

COI_pos3  HKY+I+G 

COII_pos1  

699 

 TRN+G 

COII_pos2 360 TRN+G 

COII_pos3  TRN+G 

 

Phylogenetic reconstruction 

No significant saturation was detected for all four markers (P<0.0001) (Supplementary table 

4). Since the topologies of individual gene trees were congruent, the four markers were 

concatenated to reconstruct the phylogeny of Eusirus.   
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The BI and ML analyses based on the concatenated datasets both supported the monophyly 

of the Antarctic clade (posterior probability (PP) = 1; bootstrap value (BV) = 100) (Figure 1). 

The Arctic taxonomic group showed polyphyly with Eusirus minutus appearing as a sister 

lineage to a clade grouping non-polar species and the Arctic species Eusirus propinqvuus and 

Eusirus cuspidatus (Figure 1). The polyphyly of the Arctic Eusirus is consistently well supported 

by both BI and ML analyses (Figure 1).  
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Figure 1. Phylogenetic tree obtained from the concatenated 18S, 28S, COI, and COII sequences using MrBayes and RAxML. 

Only bootstrap values of ≥50 (above the nodes) and posterior probabilities >0.80 (below the nodes) are shown. The scale bar 

corresponds to the number of substitutions per site. The maps show the geographical origins of the specimens which are 

also shown in the phylogenetic tree next to the names of the species. Antarctica: Peninsula (P); Amundsen Sea (AS); Adelie 

Coast (AC); East Weddell Sea (EWS); Southern Weddell Sea (SWS). Sub-Antarctic: Bouvet Island (BI). Arctic:  Resolute Bay 

(RB); Norwegian Sea (NS). Non-Polar: Japan (J); North Pacific (NP).  
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Within the monophyletic Antarctic clade, the Eusirus giganteus complex, Eusirus perdentatus, 

Eusirus pontomedon, and Eusirus propeperdentatus formed a well-supported monophyletic 

clade (PP = 1; BV = 98) (Figure 1). Moreover, the presence of five putative species identified 

within the Eusirus giganteus complex is strongly supported by both ML and BI methods. The 

support for each putative species are as follows: Eusirus giganteus G4B (PP = 0.99; BV = 99); 

Eusirus giganteus G4A (PP = 1; BV = 100); Eusirus giganteus G3 (PP = 1 ; BV = 100); Eusirus 

giganteus G2 (PP = 1; BV = 99); and Eusirus giganteus G1 (PP = 1; BV = 100) (Figure 1). Two 

phylogenetic groups within the morphospecies Eusirus bouvieri and Eusirus laticarpus were 

also identified: Eusirus bouvieri 1 (PP = 1; BV = 100); Eusirus bouvieri 2 (PP = 1; BV = 100); 

Eusirus bouvieri 1 (PP = 1; BV = 99); Eusirus laticarpus 1 (PP = 1; BV = 99); Eusirus laticarpus 

2(PP = 1; BV = 100) (Figure 1).   

Molecular dating 

Maximum likelihood estimates (MLE) from the path-sampling analysis and the log BF are 

provided in Table 4. Based on the BF, there is a very strong support for the uncorrelated 

lognormal clock (UCLN) as compared to the strict and uncorrelated exponential clock (UCED). 

For the two tree models: Birth-Death and Yule, there is a very strong support for the Yule 

model.  

Table 4. Maximum likelihood estimates (MLE) retrieved from the path-sampling analysis and the log 

Bayes Factor (BF). The support for the three clock models (Strict, UCLN, and UCED) and the two tree 

models (Yule and Birth-death) was analysed by comparing the pairwise differences between the log 

marginal likelihoods of two models each (M1-M2). In the table, the alternative Model 2 (M2) for each 

comparison is given inside the brackets. A positive BF indicates support for Model 1 (M1) while a 

negative BF indicates support for Model 2 (M2). Interpretation of the strength of support for a given 

model is provided in Table 2.  

 MLE BF 

Strict (UCLN) -39312,0203 -5,70908823 

UCLN (UCED) -39306,3113 785,9727652 
UCED (Strict) -40092,284 -780,263677 

Birth-death (Yule) -39458,9592 -152,6479282 

 

The mean age of the Antarctic clade was estimated at 29.51 million years (Ma) around the 

Oligocene (95% HPD: 25.78-33.29 Ma) (Figure 2). The divergence between the Antarctic clade 

and the Arctic Eusirus propinqvuus occurred during the Eocene at a mean 48.72 Ma (95% HPD: 

35.71-62.9 Ma). Divergence between the two Arctic lineage, Eusirus minutus and Eusirus 
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cuspidatus was estimated at 63.47 Ma (95% HPD: 43.63-81.54 Ma), roughly during the 

Paleocene, even if this divergence is not strongly supported with a posterior probability being 

below 0.95. The polyphyly of the Arctic Eusirus observed in the time-calibrated tree (Figure 2) 

is consistent with the phylogenetic tree obtained by BI and ML analyses (Figure 1). The mean 

age of the speciation event between the non-polar Eusirus clade and the Arctic Eusirus 

minutus and Eusirus cuspidatus is estimated at 71.83 Ma (95% HPD: 55.69-88.99 Ma) around 

the late Cretaceous.  
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Figure 2. Maximum clade credibility chronogram generated from the BEAST analysis based on the full concatenated dataset (18S, 28S, COI, and COII) data set. The timescale is in million years 
(Ma). The posterior probabilities are shown on the nodes. Blue bars indicate the 95% HPD intervals. Mean nodes ages are indicated before the blue bars in red.  
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Diversification rates analyses 

The lineage through time plot obtained from the empirical Eusirus phylogeny showed no 

deviations from the trees simulated under the pure-birth and birth-death models (Figure 3). 

We did not find any support for a deceleration or a burst of diversification in the Eusirus 

phylogeny with a positive gamma statistic (γ = 0.61), the null hypothesis of a constant rate of 

speciation was not rejected by the MCCR test (MCCR test: p-value= 0.89).   

 

 

Figure 3. Lineage through time (LTT) plot obtained with the empirical Eusirus phylogeny (red line). Mean LTT plot (black line) 
and 95% confidence interval (gray shaded area) for 100 trees simulated under a) pure-birth and b) birth-death models.  

 

Comparing lineage diversification models did not support a high rate of speciation early in the 

history of Eusirus followed by a decreasing speciation rate (Tables 5 & 6). Instead, the best 

fitting models were the ones considering a constant rate of speciation (PB in Laser and B 

constant in RPANDA). The dAIC between these best models and the others was not higher 

than four, indicating that more complex models including extinction cannot be rejected. 

 

Table 5. Results of fitting diversification-process models using LASER. The best-fitting model is indicated 

in bold. The models compared were: pure-birth (PB), birth-death (BD), density-dependent exponential 

(DDX), and density-dependent logistic (DDL) models. The AIC of each model was calculated. dAIC is the 

delta AIC while the wAIC is the Aikaike weight. LHmax is the log-likelihood at the maximum. Parameters 

are abbreviated as: r1= the speciation rate, r= net diversification rate, a= extinction fraction, r0= initial 

speciation rate, xp= x parameter in the DDX model, and the kp= K parameter in the DDL model. 

Model AIC dAIC wAIC LHmax Parameters 

PB 102.058 0 0.45 -50.03 r1=0.03 
BD 103.575 1.52 0.21 -49.79 r=0.02; a=0.42 

DDX 104.022 1.96 0.17 -50.01 r0=0.04; xp=0.07 
DDL 104.058 2.00 0.17 -50.03 r0=0.029; kp=407768.3 
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Table 6. Results of fitting diversification-process models using RPANDA. The best-fitting model is 

indicated in bold. The models compared were: B constant: constant speciation rate and no extinction;  

BD constant: both speciation and extinction rates are constant; B variable: exponential variation in 

speciation rate through time and no extinction; B variable, D constant: constant extinction and 

exponential variation in speciation rate; B constant, D variable: constant speciation rate and 

exponential variation in extinction rate; 6) BD variable: exponential variation in both speciation and 

extinction rates. The AIC of each model was calculated. dAIC is the delta AIC while the wAIC is the 

Aikaike weight.  LHmax is the log-likelihood at the maximum. Parameters are abbreviated as: λ= 

speciation rate when constant or the initial speciation rate when variable, μ= extinction rate when 

constant or the initial extinction rate when variable, α= rate of change parameter for the exponential 

variation of the speciation rate over time; β = rate of change parameter for the exponential variation 

of the extinction rate. 

Model AICc dAICc wAICc LHmax Parameters 

B constant 213.07 0 0.32 -105.45 λ=0.035 

BD constant 213.69 0.63 0.23 -104.57 λ=0.06; μ= 0.04 

B variable 214.62 1.56 0.15 -105.04 λ=0.04; α= -0.01 

B variable, D constant 214.58 1.52 0.15 -103.72 λ=0.08; α= 0.01; μ=0.11 

B constant, D variable 215.07 2.00 0.12 -103.96        λ=0.08; μ=0.11; β= -0.02 

BD variable 217.13 4.06 0.04 -103.56    λ=0.07; α=0.03; μ=0.10; β=0.02 

 

Besides these results indicating a constant rate of speciation in Eusirus, BAMM allowed the 

refinement of our conclusions. Indeed, the results of BAMM analysis suggested the presence 

of speciation rate shifts along the time-calibrated phylogeny of Eusirus (Figure 4). The one rate 

shift model showed the highest probability (PP= 0.62) as compared to the others. Additional 

support for one rate shift as the best model was also obtained from the Bayes Factor (Table 

7). 

 

 
Figure 4. Posterior probability distribution of the number of rate shifts in the Eusirus data.  

 



Chapter 4 
 

118 
 

Table 7. Bayes factors (BF) of pairwise model comparisons. The best model is indicated in bold. 

Numerators are given as columns and the denominator model as rows. There is higher support for the 

numerator model if the BF is >1 while a BF <1 indicates higher support for the denominator model. 

Interpretation of the strength of support for a given model is provided in Table 2.  

  1 shift 2 shifts 3 shifts 4 shifts 5 shifts 

0 shift  7.49 3.99 2.27 0.54 0.76 

 

The 95% credible sets from BAMM indicated that the Antarctic lineages did not follow the 

same pattern of speciation rates as the Artic and non-polar lineages. Indeed, Figures 5a, c & d 

show that 62% of the samples in the posterior can be assigned to a single shift configuration 

where an accelerated rate of diversification event is observed at the branch leading to the 

Antarctic clades. Specifically, 46% of the samples in the posterior had a core shift on the branch 

leading to the Antarctic clade diversification (Figure 5a) while 12% had one core shift on the 

branch leading to the diversification of Eusirus giganteus and Eusirus perdentatus complexes 

(Figure 5c) as well as to Eusirus propeperdentatus and 4.3% had a core shift on the branch 

which is proximate to the MRCA node of the Antarctic clade (Figure 5d). On the other hand, 

34% of the samples in the posterior had zero core shifts (Figure 5b).  
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Figure 5. Phylorate plots (i.e. plots that show the instantaneous rates of diversification along the branches of the tree) for each shift configurations with the posterior probability indicated above 
each plot. Warmer colors indicate high rates of diversification while colder colors indicate low rates of diversification. Circles imply the location of rate shifts while the size of the circle is 
proportional to the overall marginal probability of the shift. 
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Discussion 

The monophyly of the Antarctic component of the Eusirus genus has been previously 

suggested by Verheye (2011) based on DNA sequence data from COI and 28S. Our new 

phylogenies based on a much larger data set including the full COI and COII genes together 

with the 18S and 28S genes still support the monophyly of the (sub)-Antarctic clade (Figure 1). 

Our data demonstrate that Eusirus species occurring in the Arctic are a non-monophyletic 

group.  Conversely to the scenario observed in Antarctic, Eusirus thus colonized the Arctic 

Ocean multiple times during its evolutionary history. A constant speciation rate model would 

explain the diversity of Eusirus at the largest phylogenetic scale. However, different regimes 

of speciation rate were detected with a burst of lineage diversification on the Antarctic clade 

and lower diversification rates on the Arctic and non-polar lineages (Figure 5). 

Origin of the Polar Eusirus 

Verheye (2011) suggested that Antarctic Eusirus diverged around 4-13.7 Ma setting the COI 

gene substitution rates to a minimum value of 1.4% and a maximum of 4.8%. Our dated 

phylogeny using three different calibrations as well as uncorrelated lognormal clock (UCLN) 

and the Yule models provided a much older age estimate of 29.51 Ma [95% HPD: 25.78-33.29 

Ma] (Figure 2). The timing of Antarctic clade diversification coincides with the opening of the 

Drake passage around the late Eocene to Oligocene (34-26 Ma) after the separation of South 

America and Antarctica which subsequently caused the formation of the Antarctic circumpolar 

current (ACC) during the Oligocene (31-26 Ma) (Latimer & Filippelli, 2002; Lawver & Gahagan, 

2003; Hodel et al., 2021; Vincze et al., 2021). The Eocene-Oligocene transition was also 

characterized by decreasing temperatures and increasing glaciation with the start of ice sheets 

expansion throughout the continent by the Oligocene around 34 Ma (Ingólfsson, 2004; Rogers, 

2007; Lurcock & Florindo, 2017). The decreasing temperatures during the Eocene-Oligocene 

transition caused significant extinctions with warm-adapted taxa being replaced by species 

with cold adaptations (Coxall & Pearson, 2007; Hutchinson et al., 2021).  Formerly occupied 

niches became available as a result of these extinctions and supplied surviving lineages with 

ecological opportunities (Brandt, 1999; Rogers, 2007; Verheye et al., 2017) which was 

assumed to have driven initial rapid lineage diversification (Rogers, 2007; Rabosky & Lovette, 

2008; Yoder et al., 2010; Stroud & Losos, 2016; Verheye et al., 2017). A major marine biological 



Chapter 4 
 

121 
 

barrier was also established as a result of the opening of the Drake passage and the 

subsequent formation of the ACC which was followed by vicariant and subsequent allopatric 

speciation (Rogers, 2007; Thornhill et al., 2008). As observed in our time-calibrated tree 

(Figure 2), the Eusirus species radiated in the Antarctic when the temperatures were 

decreasing and when the Antarctic was already isolated from the other continents that were 

once part of the Gondwanaland.  

The Arctic lineages followed different speciation events that took place at various times along 

the timeline, showing a varied history of lineage splitting with a mean age of 48.72 Ma [95% 

HPD: 35.71-62.9 Ma for Eusirus propinqvus (Figure 2). A mean age of around 63.47 Ma [95% 

HPD: 43.63-81.54 Ma] for the divergence between Eusirus minutus and Eusirus cuspidatus 

was observed (Figure 2). The varied origins suggest multiple adaptations to different ecological 

niches driven by dispersal events. During the late Cretaceous, a connection between the Arctic 

Ocean and two subtropical seaways was formed facilitating limited exchanges of species with 

evolutionary affinities to warm water along these seaways (Dunton, 1992; Dayton et al., 1994; 

Dayton, 2013). Around the end of the Cretaceous (80-100 Ma), the deep water connection of 

the North Pacific Ocean with the Arctic Ocean was closed (Marincovich et al., 1985; Dunton, 

1992). It was also around this time when the Western Interior Seaway closed (about  65.5-

70.6 ma), significantly isolating the Arctic Ocean (Marincovich et al., 1985; Dunton, 1992; 

Dayton et al., 1994; O'Regan et al., 2011; Dayton, 2013).  Abyssal and bathyal fauna exchanges 

between the North Pacific and the Arctic ended when this connection closed (Dunton, 1992). 

Around 70 Ma, the higher latitudes of the Arctic Ocean were still ice-free and temperatures 

started to decrease around 65.5 Ma (O'Regan et al., 2011). Widening of the North Atlantic into 

the Arctic Ocean occurred around late Paleocene (about 56 Ma) (Brozena et al., 2003; Clarke 

& Crame, 2010; O'Regan et al., 2011). Exchanges between the Atlantic and the Arctic oceans 

started around 40 Ma which allowed species with Atlantic affinities to dominate the Arctic 

Ocean at this time (Clarke & Crame, 2010). During this period, the Arctic Ocean experienced 

increased temperatures (Sluijs et al., 2006; Zachos et al., 2008; Sluijs et al., 2009; O'Regan et 

al., 2011) with the seasonal absence of ice being a common occurrence in the marginal and 

central Arctic Ocean (Cronin & Cronin, 2015). The beginning of declining temperature was 

recorded around 48-45 ma which coincided with the onset of the winter sea ice formation 

(O'Regan et al., 2011; Cronin & Cronin, 2015). Deep waters of the Atlantic and Arctic oceans 
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were connect by the formation of the Fram Strait around 35-27 Ma (Dunton, 1992; Serreze & 

Barry, 2005; Kuklinski et al., 2013; Legezyñska et al., 2020).  Cool temperate biota with origins 

from the Northern Atlantic thrived with declining temperatures (Wilce, 1990; Dunton, 1992). 

The differences in the timing suggest that distinct geological and climatic events have led to 

multiple diversification of the Arctic Eusirus species. The formation of these different 

connections provided various dispersal routes towards the Arctic Ocean as reflected by the 

varied origins of Arctic Eusirus. Moreover, the Arctic Eusirus species appear to have originated 

prior to the glacial/interglacial periods. However, there is no support in the node leading to 

the divergence of the Eusirus minutus and Eusirus cuspidatus indicating uncertainty in their 

divergence and similar age of origin. The non-polar Eusirus species seem to have originated 

earlier than the polar Eusirus species (Figure 2) with a mean age of 75.28 Ma [95% HPD: 58.82-

92.41 Ma]. The basal position of the non-polar species suggests a non-polar origin of the 

genus Eusirus prior to the radiation of the genus to the polar environments. However, the 

precise origin of the Eusirus ancestors cannot be determined as additional data would be 

needed. It is recommended to include more species from additional locations of the non-polar 

regions for future phylogenetic reconstructions. Moreover, the main focus was to test for the 

monophyly of polar Eusirus species and not the non-polar ones.  

Our results from Eusirus confirmed a general trend in the origin of the benthic fauna of 

Antarctica. Indeed, monophyly has also been observed in other Antarctic benthic taxa such as 

Antarctic Epimeria and Iphimediidae amphipods, isopods (Antarctic Serolidae), echinoderms 

(Antarctic Ctenocidarinae), decapods (Antarctic Notocangron), and fish (Antarctic 

Notothenioidei) (Held, 2000; David et al., 2005; Lockhart, 2006; Lecointre, 2012; Lecointre et 

al., 2013;  Verheye, 2017; Verheye et al., 2017). Similarly, the polyphyly noted in the Arctic 

assemblage of Eusirus has also been found in other taxa like fishes (Stichaeidae) (Hotaling et 

al., 2021).  

Diversification rates  

When considering the entire  dated tree, the tempo of speciation observed in Eusirus 

amphipods is constant but, in fact, quite heterogeneous among subclades. BAMM analyses 

allowed to identify different regimes of speciation rates; the Antarctic clade showed higher 

rates of speciation than the Arctic and the non-polar lineages. According to the observed burst 

of speciation, the evolution of the Antarctic clade seemed to follow a scenario of adaptive 
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radiation (Schluter, 2000). The initial diversification of Antarctic Eusirus clade occurred 29.51 

ma [95% HPD: 25.78-33.29 Ma] around the Oligocene. Thermal isolation of the Antarctic as a 

result of the opening of the Drake passage and the formation of the ACC was then followed 

by vicariant events of some Antarctic taxa such as sea urchins (Sterechinus neumayeri and 

clades within the Ctenocidarines) and krill (Euphausia superba and Euphausia 

crystallorophias) (Patarnello et al., 1996; Lee et al., 2004; Lockhart, 2006; Pearse et al., 2009). 

An increase in diversification could have been driven by the extinction of competitors and/or 

the evolution of key innovations as response to ecological opportunities (Yoder et al., 2010; 

Stroud & Losos, 2016). Extinction events such as that of the decapods during the decreasing 

temperatures in the Tertiary could possibly have opened up previously occupied niches and 

decreased predation pressure which aided in the diversification of isopods and amphipods 

(Brandt, 1999; 2000; Aronson et al., 2007; Legezyñska et al., 2020). Moreover, Antarctic 

Eusirus could probably have been able to exploit different food items. Despite being primarily 

predators, these species can shift to opportunistic scavenging and even necrophagy which is 

presumed to be a highly adaptive trophic strategy (Klages & Gutt 1990; Dauby et al. 2001; 

Graeve et al., 2001; Nyssen et al., 2002; Nyssen, 2005; Krapp et al., 2008;  Michel et al., 2020).  

The potential for niche expansion is higher for species that can shift their diets by taking 

advantage of the available resources (Stroud & Losos, 2016). Niche expansion occurring in 

reduced interspecific competitive pressures can lead to ecological release (Yoder et al., 2010; 

Stroud & Losos, 2016). Increased rates of lineage diversification may have been brought about 

by ecological opportunities through the ecological release mechanisms (Yoder et al., 2010).   

The North Atlantic and Pacific connections to the Arctic could be attributed to the low rate of 

speciation observed in the Arctic lineages as these permitted exchanges of biota between 

oceans resulting in high gene flow (Dunton, 1992; Kuklinski et al., 2013).  Indeed, molecular 

evidence showed high population connectivity between the Arctic and the North Atlantic and 

Pacific faunas sustaining high gene flow (Hardy et al., 2011). Higher gene flow could slow down 

speciation (Palumbi, 1994; Smadja & Butlin, 2011) which could be the case for the Arctic 

Eusirus lineages. The low diversification rates could also be explained by higher extinction 

rates, niche saturation, and maintenance of similar niches (Derryberry et al., 2011; Moen & 

Morlon, 2014; Schluter & Pennell, 2017) although these hypotheses should be explicitly tested.  
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Conclusions 

This study provided first insights into the origin and lineage diversification of the genus Eusirus. 

Our results significantly increased a previous age estimate of Antarctic Eusirus and surprisingly 

show that the mean age of Arctic Eusirus is older than Antarctic Eusirus despite the older 

existence and longer geographic isolation of Antarctica. Moreover, contrasting tempos of 

diversification were observed between Antarctic and the Arctic Eusirus. The high 

diversification rates in the Antarctic clade could be attributed to the vicariant events that 

occurred following the Drake passage opening and the formation of the ACC and ecological 

opportunities brought about by the climatic and geological changes in the Antarctic. On the 

other hand, the contrasting slow diversification rates observed in the Arctic lineages could be 

explained by higher gene flow, higher extinction rates or niche saturation.  
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Abstract 

Understanding the evolutionary processes that have shaped the current species diversity in 

the polar regions is essential to predict the possible responses of endemic taxa to future 

climate changes. The amphipod genus Eusirus can serve as a good model group for studying 

these eco-evolutionary processes due to its eco-morphological variability and worldwide 

distribution, including both polar oceans. By combining novel phylogenetic with ecological 

and trophic data generated by stable isotopes and morphological analyses, we aim to address 

the following questions: (1) Did the Eusirus species mainly originate through adaptive or non-

adaptive radiation? (2) Is the pattern of ecological diversification of Eusirus the same in the 

Arctic and the Antarctic? (3) Is there a striking convergence in the Arctic and Antarctic Eusirus 

species? Our results suggest different evolutionary scenarios for Arctic and Antarctic Eusirus. 

In the Antarctic, a scenario of non-adaptive radiation could explain why there is no rate shift 

for morphological diversification while a high rate of lineage diversification was observed. 

Based on these patterns, allopatric speciation is the most likely evolutionary process driving 

diversity of Eusirus in Antarctica. However, we cannot fully rule out that some ecological 

diversification also occurred which was perhaps not captured by the investigated traits. As for 

Arctic Eusirus, the higher morphological and ecological diversity probably accumulated 

through the longer evolutionary history. These high level of morphological and ecological 

diversity in Arctic Eusirus  are coupled with a relatively constant rate of lineage diversification 

and thus no speciation bursts. The highest level of eco-morphological diversity observed in 

the Arctic lineages could instead be linked to the polyphyletic origin of Arctic Eusirus and to 

the older age of these lineages. Allopatric speciation events and multiple extinction events 

could  further have contributed to the high level of eco-morphological diversity in the Arctic.  

 

Introduction 

Patterns of species diversity in the polar regions have been shaped by various evolutionary 

processes, which can at least partly be linked to past environmental changes (Brandt, 2005; 

Clarke & Crame, 2010; Verheye et al., 2017; Hardy et al., 2011; Legezyñska et al., 2020). 

Around the Cretaceous-Palaeogene (K–Pg) boundary, the polar regions experienced global 

warmth (Brozena et al., 2003; O'Regan et al., 2011; Renne et al., 2013; Petersen et al., 2016) 
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causing extinctions of certain polar species and allowing more adaptable species to thrive 

(Sluijs et al., 2006; Sluijs et al., 2009; O'Regan et al., 2011; Crame et al., 2014; Crame, 2018). 

Subsequent cooling during the Eocene-Oligocene transition resulted in the extinction of 

warm-adapted marine taxa, which were replaced by cold-adapted species (Dunton, 1992; 

Keller et al., 1992; Prothero, 1994; Serreze & Barry, 2005; Coxall & Pearson, 2007; Hutchinson 

et al., 2021). Repeated ice expansions and retreats during the Quaternary caused shelf fauna 

assemblages to be almost eliminated (Dunton, 1992; Convey et al., 2009; Kuklinski et al., 2013; 

Legezyñska et al., 2020). Some surviving fauna found refuge in the ice-free shelf sites while 

others retreated into deeper waters and later reinvaded the continental shelves (Golikov & 

Scarlato, 1989; Dunton, 1992; Thatje et al., 2005; 2008; Strugnell et al., 2008; Strugnell et al., 

2011; Dornburg et al., 2017; Legezyñska et al., 2020).  

Adaptive radiation is one of the processes that could explain how species diversity could have 

evolved in the polar regions (and elsewhere) as a response to climate change (Brandt, 1999; 

Matschiner et al., 2011; Near et al., 2012; Daane et al., 2019; Doenz et al., 2019). The most 

common view of adaptive radiation is a scenario defined by the rapid diversification of 

lineages from a common ancestor that occupy a variety of ecological niches and have different 

traits to exploit those ecological niches (Schluter, 2000; Ridley, 2003; Gavrilets & Losos, 2009; 

Rundell & Price; 2009; Saupe & Myers, 2021; Matsubayashi & Yamaguchi, 2022). Ecological 

opportunity caused by the colonization of new areas, the evolution of key innovations, and/or 

the extinction of competitors are assumed to be vital for adaptive radiations to occur (Simpson, 

1953; Ridley, 2003; Yoder et al., 2010; Stroud & Losos, 2016; Doenz et al., 2019). An alternative 

scenario to explain polar species diversity would be through non-adaptive radiation (Eastman, 

2005; Eastman & Eakin, 2022), where lineages diversify without significant ecological and trait 

differentiation (Gittenberger, 1991; Schluter, 2000; Rundell & Price, 2009). This scenario of 

lineage diversification would be mainly driven by the isolation of populations (allopatry, 

parapatry) due to climate and/or geographic barriers. Another possible evolutionary scenario 

would be repeated convergence (Parker et al., 2022), where lineages evolve in response to 

similar selective pressures in the environment and/or as a consequence of constraints that 

can arise from developmental processes, shared pleiotropic or epistatic effects, competition, 

and biases in phenotypic variation (Losos, 2011; Frédérich et al., 2013). Confronted now with 

fast-paced environmental changes such as global warming (Rogers, 2007; Turner & Overland, 
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2009; Near et al., 2012; Gutt et al., 2015), understanding the evolutionary processes that have 

shaped the current diversity in the polar regions is essential to predict their possible response 

to future climate change (Near et al., 2012; Parker et al., 2022). 

Amphipods are among the most diverse crustaceans in the polar regions (Sirenko, 2001; 

Węsławski  & Legeżyńska, 2002; Thomas et al., 2008; Sirenko, 2009; Bodil et al., 2011; 

Legezyñska et al., 2020; Arfianti & Costello, 2020) and have different trophic types (Dauby et 

al., 2001; Nyssen, 2005; Legeżyńska et al., 2012). Amphipods also show high abundance and 

endemicity at both poles (Thomas et al., 2008; Meltofte et al., 2013; Legezyñska et al., 2020; 

Arfianti & Costello, 2020). Brooding behaviour, the absence of a free-swimming larval stage, 

and extended parental care all limit dispersal of amphipods (Baird et al., 2011: Copilaş-

Ciocianu et al., 2020) resulting in reproductive isolation (Baird et al., 2011; Rogers, 2007; 

Legezyñska et al., 2020). As a result, populations can easily become genetically isolated, 

resulting in high species richness and recent distribution patterns that accurately depict past 

events (Copilaș-Ciocianu et al., 2019; Copilaş-Ciocianu et al., 2020).  

The worldwide distribution of the amphipod Eusirus, its occurrence in both the Southern and 

the Arctic Ocean, and its ecological and morphological variability make it an ideal group to 

study eco-evolutionary patterns of polar taxa.  The amphipod genus Eusirus, Krøyer, 1845 is 

composed of thirty-one described species (Verheye, 2011; Jung et al., 2016; Peña Othaitz & 

Sorbe, 2020; Wang et al., 2021) with ten described species from the Antarctic (Verheye, 2011; 

Jung et al., 2016; Peña Othaitz & Sorbe, 2020). The number of recognized Arctic species varies 

according to the authors. Here, the classification of Thurston (2009) and Palerud & Vader 

(1991) recognizing nine species will be followed. Eusirus occupies different habitats ranging 

from benthic to bentho-pelagic, with some being strictly pelagic (Weisshappel, 2000; Arndt & 

Swadling, 2006; De Broyer et al., 2007; Golovan et al., 2013; Peña Othaitz & Sorbe, 2020; 

Verheye & d’Udekem d’Acoz, 2020) and others being able to switch to a sympagic lifestyle 

(Arndt & Swadling, 2006; Macnaughton et al., 2007; Krapp et al., 2008; Kiko et al., 2008; 

Kosobokova et al., 2011; Peña Othaitz & Sorbe, 2020). Eusirus amphipods are mainly predators 

with different feeding habits ranging from deposit feeding, scavenging to necrophagous 

behaviour (Klages & Gutt, 1990; Dauby et al., 2001; Nyssen et al., 2002; Takeuchi et al., 2002; 

De Broyer et al., 2004; Nyssen, 2005; Michel et al., 2020).  
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The main objective of this study is to understand the eco-morphological diversification of the 

genus Eusirus by combining a novel, dated phylogeny with ecological information generated 

by stable isotope analyses and morphological data. The marine diversity of both polar regions 

has been shaped by their geological and climatic history; however, evolutionary history was 

found to differ between the two regions (Legezyñska et al., 2020). Hence, we hypothesize that 

the evolutionary scenario of the Eusirus would also be different in the Arctic and the Antarctic. 

We specifically aim to address the following issues: (1) Did the Eusirus species mainly originate 

through adaptive or non-adaptive radiation? (2) Is the pattern of ecological diversification of 

Eusirus the same in the Arctic and the Antarctic? (3) Is there a striking convergence in the 

Arctic and Antarctic Eusirus species? 

 

Materials and methods 

Taxon sampling 

Amphipods were collected from different localities in the Arctic, Antarctic, and non-polar 

regions (Table 1 and Supplementary table 5). 21 of the 31 (67.7%) described Eusirus species 

were included in this study, together with 12 other species being tentatively identified as 

undescribed and denoted as “Eusirus sp.”. The taxon sampling covered eight of the ten (80%) 

formally described species from the Antarctic and one undescribed Eusirus species, while all 

nine (100%) recognized species from the Arctic were also included here. Additionally, four of 

the twelve (33.3%) described non-polar Eusirus were analyzed in this study together with 

eleven undescribed non-polar Eusirus species. All specimens were preserved in 95-100% 

ethanol except for Eusirus bonnieri, which was fixed in formaldehyde. Vouchers were 

deposited at the Royal Belgian Institute of Natural Sciences (RBINS, Brussels, Belgium), 

Muséum National d'Histoire Naturelle (MNHN, Paris, France), Centre for Biodiversity 

Genomics (University of Guelph, Canada), The Civic Museum of Natural History of Verona 

(Italy), National Institute of Water and Atmospheric Research (NIWA, New Zealand), and 

Hiroshima University (Japan).  
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Morphological data 

Stack photography is a digital image processing technique that takes several photos at various 

focus distances and combines those into a single image with a higher field depth (Brecko et 

al., 2014). This technique was used to produce images of each Eusirus specimen with an 

Olympus EM10 III and lenses 30 mm 1: 3.5 macro ED (extra-low dispersion) MSC (movie & still 

compatible). A minimum of three specimens per species were analyzed to collect 

morphological data from stack photography. Dissections of amphipod appendages were 

generally not allowed by museum curators. Instead, appendages were manipulated with clay 

mold before taking stack photos to reduce errors. The stack photos were imported into the 

ImageJ 1.53e software (Rasband, 2014), with which morphological traits were measured. The 

measured 24 traits and their reference points are shown in figure 1; all measurements were 

recorded in centimeters (cm). Measurements of each trait were replicated three times to 

ensure accuracy and reduce errors. The mean of those three measurements was used as raw 

measurement data point. The sex of the analysed specimen was not determined because 

sexual dimorphism in Eusirus is weak, and sex determination risks damaging morphological 

traits because of the required physical manipulations (Verheye & D’Udekem D’Acoz, 2020). 
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Table 1. Overview of the number of individuals per putative genetic species with their geographic identity and number of analyzed samples for each data type. 

“NA” indicates that no data were available. Detailed information of each specimen can be found in Supplementary Table 5. 

Species name Locality Molecular data Morphological data δ13C data δ15N data 

Eusirus microps Antarctica 3 6 10 9 

Eusirus propeperdentatus Antarctica 3 5 17 17 

Eusirus laticarpus 1 Antarctica 6 2 4 4 

Eusirus laticarpus 2 Antarctica 3 3 3 NA 

Eusirus laticarpus Antarctica NA 2 3 2 

Eusirus perdentatus Antarctica 5 15 33 29 

Eusirus pontomedon Antarctica 3 12 16 16 

Eusirus antarcticus Antarctica 5 8 20 17 

Eusirus bouvieri 1 Antarctica 4 2 3 3 

Eusirus bouvieri 2 Antarctica 6 1 4 4 

Eusirus bouvieri Antarctica NA NA 12 12 

Eusirus giganteus G1 Antarctica 6 2 5 5 

Eusirus giganteus G2 Antarctica 4 3 5 5 

Eusirus giganteus G3 Antarctica 2 2 2 2 

Eusirus giganteus G4a Antarctica 5 3 4 4 

Eusirus giganteus G4b Antarctica 4 3 4 4 

Eusirus giganteus  Antarctica NA NA 21 21 

Eusirus sp. 1 Antarctica 4 3 NA NA 

Eusirus holmii Arctic NA 7 16 16 

Eusirus cuspidatus Arctic 4 7 11 11 

Eusirus propinqvus Arctic 3 4 4 3 

Eusirus minutus Arctic 5 3 4 4 

Eusirus longipes Arctic NA 7 22 4 

Eusirus abyssi Arctic NA 1 NA NA 

Eusirus biscayensis Arctic NA 5 9 NA 

Eusirus leptocarpus Arctic NA 3 2 1 
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Eusirus tjalfiensis Arctic NA 1 NA NA 

Eusirus sp. 10 Non-polar NA 1 1 NA 

Eusirus sp. 11 Non-polar NA NA 1 NA 

Eusirus sp. 3 Non-polar 1 1 1 NA 

Eusirus sp. 12 Non-polar NA 1 1 NA 

Eusirus sp. 13 Non-polar NA 1 1 NA 

Eusirus bonnieri Non-polar NA 6 6 6 

Eusirus nevandis Non-polar NA 1 NA NA 

Eusirus sp. 5 Non-polar 1 1 NA NA 

Eusirus sp. 14 Non-polar NA 1 NA NA 

Eusirus sp. 4 Non-polar 1 1 NA NA 

Eusirus sp. 15 Non-polar NA 1 NA NA 

Eusirus sp. 7 Non-polar 1 1 NA NA 

Eusirus sp.6 Non-polar 1 NA NA NA 

Eusirus bulbodigitus Non-polar NA 2 2 2 

Eusirus parvus Non-polar NA 4 3 NA 
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Figure 1. Analyzed morphological traits of Eusirus amphipods are abbreviated as: A1P1= peduncle 1 of antenna 1; A1P2= peduncle 2 of antenna 1; A1P3= peduncle 3 of antenna 1; A2P4= 

peduncle 4 of antenna 2; A2P5= peduncle 5 of antenna 2; COX4H= Height of coxa 4; COX4W= width of coxa 4; SEG4H= height of body segment 4; G1DL= gnathopod 1 dactylus length; G1PL= 

gnathopod 1 propodus length; G1CL= gnathopod 1 carpus length; G1ML= gnathopod 1 merus length; G1IL= gnathopod 1 ischium length; G2DL= gnathopod 2 dactylus length; G2PL= gnathopod 

2 propodus length; G2CL= gnathopod 2 carpus length; G2ML= gnathopod 2 merus length; G2IL= gnathopod 2 ischium length; 7LDL= 7th pereopod dactylus length; 7LPL= 7th  pereopod propodus 

length; 7LCL= 7th pereopod carpus length; 7LML= 7th pereopod merus length; 7LIL= 7th  pereopod ischium length; 7LBL= 7th  pereopod basis length. 
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Some morphological traits could not be measured due to damaged or missing appendages, 

resulting in missing data. Removal of missing data can decrease sample size and introduce 

bias, leading to erroneous conclusions (Penone et al., 2014). To address the missing data issue, 

imputations were performed on the raw measurement data using the missMDA R-package 

version 3.61 (R Core Team, 2019), which replaces missing values using a PCA model (Josse & 

Husson, 2016). To exclude the effect of size on morphological variation, we decided to produce 

43 ratios of morphological traits to quantify the general morphology of Eusirus species. All 

these ratios are listed in table 2. To compute these ratios, total body length (TBL), total length 

of Antenna 1 (A1TL), total length of Antenna 2 (A2TL), Head length (HL), and Pleon length 

(Pleon) were also calculated. Total body length is the sum of the head, pereon, and pleon 

length.  The total length of Antenna 1 is the sum of peduncles 1-3 of antenna 1, and the total 

length of Antenna 2 is the sum of peduncles 4-5. Head length is measured from the tip of the 

rostrum up to the edge of the first segment of the pereon. Pleon length is the sum of the 

lengths of both the pleosome and the urosome length. 

To analyze the morphological diversity of Eusirus, a principal component analysis (PCA) on the 

43 ratios was performed with the princomp function in the built-in R stats package (R Core 

Team, 2019). The R package factoextra (Kassambara & Mundt, 2017) was used to extract and 

visualize the results of PCA. PCA minimizes the dimensionality of a data set while retaining 

most of its variation and hence keeping most of the information (Jollife, 2002; Ringnér, 2008). 

The number of retained principal components is based on the cumulative explained variance, 

and usually, a common criterium is to retain the principal components that account for a 

cumulative variance of 70 to 90% (Jollife, 2002). To reduce the number of variables, the eight 

principal components that accounted for about 90% of the cumulative variance were retained 

here and used to identify the variables that contributed the highest variance to these 

components. This reduced data set, herewith referred to as the “reduced morphological 

dataset” contained 15 of the originally 43 calculated ratios.  
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Table 2. List of ratios/variables computed for morphological trait analyses. The 15 Ratios/variables that 
were retained based on the result from PCA in the “reduced morphological data set” are indicated in 
bold. 

Ratio Description 

Head/TBL Ratio of head length and total body length 

Pereon/TBL Ratio of pereon length and total body length 

Pleon/TBL Ratio of pleon length and total body length 

Pereon/Pleon Ratio of pereon length and pleon length 

Pereon/Pleosome Ratio of pereon length and pleosome length 

A1TL/HL Ratio of antenna 1 total length and head length 

A2TL/HL Ratio of antenna 2 total length and head length 

A1TL/A2TL Ratio of antenna 1 total length and antenna 2 total length 

A1P2/A1P1 Ratio of peduncle 2 of antenna 1 length and peduncle 1 of antenna 1 

A2P5/A2P4 Ratio of peduncle 5 of antenna 2 and peduncle 4 of antenna 2 

COX4H/COX4W Ratio of coxa 4 height and coxa 4 width 

COX4H/Pereon Ratio of coxa 4 height and pereon length 

COX4W/Pereon Ratio of coxa 4 width and pereon length  

SEG4H/COX4H Ratio of body segment 4 height and coxa 4 height 

G1DL/G1PL Ratio of dactylus length of gnathopod 1 and propodus length of gnathopod 1 

G1PL/G1CL Ratio of propodus length of gnathopod 1 and carpus length of gnathopod 1 

G1CL/G1ML Ratio of carpus length of gnathopod 1 and merus length of gnathopod 1 

G1ML/G1IL Ratio of merus length of gnathopod 1 and ischium length of gnathopod 1 

G2DL/G2PL Ratio of dactylus length of gnathopod 2 and propodus length of gnathopod 2 

G2PL/G2CL Ratio of propodus length of gnathopod 2 and carpus length of gnathopod 2 

G2CL/G2ML Ratio of carpus length of gnathopod 2 and merus length of gnathopod 2 

G2ML/G2IL Ratio of merus length of gnathopod 2 and ischium length of gnathopod 2 

G1DL/Pereon Ratio of dactylus length of gnathopod 1 and pereon length 

G1PL/Pereon Ratio of propodus length of gnathopod 1 and pereon length 

G1CL/Pereon Ratio of carpus length of gnathopod 1 and pereon length 

G1ML/Pereon Ratio of merus length of gnathopod 1 and pereon length 

G1IL/Pereon Ratio of ischium length of gnathopod 1 and pereon length 

G2DL/Pereon Ratio of dactylus length of gnathopod 2 and pereon length 

G2PL/Pereon Ratio of propodus length of gnathopod 2 and pereon length 

G2CL/Pereon Ratio of carpus length of gnathopod 2 and pereon length 

G2ML/Pereon Ratio of merus length of gnathopod 2 and pereon length 

G2IL/Pereon Ratio of ischium length of gnathopod 2 and pereon length 

7LDL/7LPL Ratio of dactylus length of the 7th pereopod and propodus length of the 7th pereopod 

7LPL/7LCL Ratio of propodus length of the 7th pereopod and carpus length of the 7th pereopod 

7LCL/7LML Ratio of carpus length of the 7th pereopod and merus length of the 7th pereopod 

7LML/7LIL Ratio of merus length of the 7th pereopod and ischium length of the 7th pereopod 

7LIL/7LBL Ratio of ischium length of the 7th pereopod and basis length of the 7th pereopod 

7LDL/Pereon Ratio of dactylus length of the 7th pereopod and pereon length 

7LPL/Pereon Ratio of propodus length of the 7th pereopod and pereon length 

7LCL/Pereon Ratio of carpus length of the 7th pereopod and pereon length 

7LML/Pereon Ratio of merus length of the 7th pereopod and pereon length 

7LIL/Pereon Ratio of ischium length of the 7th pereopod and pereon length 

7LBL/Pereon Ratio of basis length of the 7th pereopod and pereon length 
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Ecological data 

In addition, we aimed to characterize the trophic diversity of Eusirus species. To do so, stable 

isotopes data were collected for each specimen with a minimum of ten specimens per species, 

if possible. Stable isotopes analyses use the ratio of heavy to light isotopes (Rx) typically 

measured with mass spectrometry (Newton, 2016; Hershey et al., 2017). Analyses of stable 

isotopes, specifically of carbon and nitrogen, are of particular interest in ecological and trophic 

studies (Hobson, 1999; Post, 2002; Layman et al., 2011; Le Bourg, 2020). This kind of analysis 

is based on the “you are what you eat” principle. Stable isotope ratios vary among food webs, 

and an animal's diet influences the ratios integrated into its tissue (Hobson, 1999; Le Bourg, 

2020). These ratios provide long-term information on the organism’s diet of the assimilated 

food as compared to its short-term diet of recent ingestions, as shown, for example, by 

stomach content analysis (Hood-Nowotny & Knols, 2007; Davis et al., 2012).  

The 12C and 13C are the two stable isotopes of carbon commonly used in ecological and trophic 

studies (Newton, 2016). The carbon isotope ratio is typically used to identify the primary 

source of carbon in food webs or feeding areas since different carbon sources have different 

isotopic signatures (Post, 2002; Layman et al., 2011; Le Bourg, 2020). Between trophic levels, 

the carbon isotope ratios only slightly increase or become enriched, usually by 0-1‰ (Inger & 

Bearhop, 2008). The two isotopes of nitrogen commonly used in ecological and trophic studies 

are 14N and 15N (Newton, 2016).  The 15N goes through a stepwise increase of 2-4 ‰ with each 

trophic level, resulting in an increase in the heavy to light nitrogen isotope ratio (Layman et 

al., 2011; Hobson & Wassenaar, 2018). This increase is caused by the loss of the light 14N to 

nitrogenous waste products during the assimilation of dietary proteins, resulting in an 

enrichment of 15N in the organism’s tissue relative to its diet (Inger & Bearhop, 2008). This 

ratio of nitrogen isotopes can thus be used to identify a species' trophic level or position in 

the food web (Post, 2002; Inger & Bearhop, 2008; Layman et al., 2011; Le Bourg, 2020). 

Depending on the size, one or two pleopods of each amphipod specimen were dissected 

under a binocular microscope, stored in Eppendorf tubes, and oven-dried at 50°C for 48 hours.  

Samples were weighed in tin cups with a maximum of two mg and analyzed with an elemental 

analyzer (vario MICRO cube, Elementar Analysensysteme GMBH, Hanau, Germany) coupled 

to a continuous-flow IsoPrime100 isotope ratio mass spectrometer (Isoprime, Cheadle, United 

Kingdom). Isotope ratios of carbon and nitrogen were expressed as delta (δ) notations (δ13C 
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and δ15N, respectively), which are parts per thousand (‰) relative to their respective 

international standards (Peterson & Fry, 1987; Newton, 2016):  

 

𝛿𝑋 = (
𝑅𝑥

𝑅𝑠𝑡𝑑
− 1) × 1000          

 

where X is the sample name of the heavier isotope (13C and 15N, respectively) and R is the ratio 

of the heavy and light isotope (13C/12C and 15N/14N, respectively) of sample x (Rx) and an 

internationally agreed standard (Rstd). The internationally accepted stable isotope for the 

carbon isotope is the Vienna-PeeDee Belemnite (vPDB) standard and for the nitrogen isotope 

(the standard Atmospheric Air (AIR) (Newton, 2016). Analytical standards with known stable 

isotope ratio values were used to account for potential drifts and improve accuracy during 

stable isotopes analysis.  Procedural blanks, replicates (i.e., glycine, sea bass reference 

material), and certified reference material from the International Atomic Energy Agency (IAEA, 

Vienna, Austria): IAEA C-6 (sucrose; δ13C = –10.8 ± 0.5 ‰; mean ± SD) and IAEA-N1 

(ammonium sulphate; δ15N = 0.4 ± 0.2‰; mean ± SD) were used as primary standards for 

carbon and nitrogen analysis, respectively. Since preservation methods were found to affect 

δ13C values (Le Bourg et al., 2020), a correction factor of –0.6 ‰ was added to δ13C values of 

samples stored in ethanol and of +0.8 ‰ for samples stored in formaldehyde (Le Bourg et al., 

2020). Stable isotope ratio values were also standardized by comparing them to the values 

taken from isoscapes. Isoscapes are isotopic values across a landscape, can account for spatial 

variation and facilitate comparisons across different locations (Cheesman & Cernusak, 2016; 

Bowen, 2010; St John Glew et al., 2021; Espinasse et al., 2022). The isoscape values used to 

standardize the stable isotope ratio values of the Eusirus samples were collected from the 

available scientific literature. The corrected and standardized, stable isotope ratios were 

compiled and termed herewith as the “isotope dataset” containing the data of all Eusirus 

species with measured stable isotope ratios.  

 

Phylogenetic Information 

The time-calibrated phylogeny produced in Chapter 4 is used here. For phylogenetically-

informed analyses, a perfect match among datasets (i.e., phylogeny, morphology, and ecology) 
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was required. The time-tree was thus pruned accordingly to match the species included in the 

morphological and ecological datasets by using the drop.tip function in the R package ape. 

 

Datasets for analyses 

The different datasets used in the subsequent analyses below are described here.  

• The “reduced morphological dataset” contains 15 morphological ratios, which were 

reduced through PCA from the original 43 ratios. 

• The “isotope dataset” includes the corrected and standardized, stable isotope ratios of 

δ13C and δ15N. 

• The “mean morpho dataset” contains the mean value of each species which was 

calculated from the “reduced morphological dataset”. 

• The “mean isotope dataset” represents the mean isotope ratios of each species, which 

were calculated from the “isotope dataset”. 

• The “9sp dataset morpho” is the same as the “reduced morphological dataset” except 

that species were categorized into Antarctic, Arctic, and non-polar groups.  

• “The 9sp dataset SI” is the same as the “isotope dataset” except that species were 

categorized into Antarctic, Arctic, and non-polar groups. 

Taxonomic representation was optimized depending on the analysis. The highest number of 

species for which data were available was used for analyses exploring morphological traits.  

Only species being present in both datasets were used for analyses combining morphology 

and ecology. 

 

Morphological and ecological traits association 

To check for any possible links between morphology and ecology, the phylo.integration 

function and phylogenetic generalized least squares (PGLS) were used. Understanding this link 

is important because morphology can reflect the functional role of a species in an ecosystem 

(Sosiak & Barden, 2021). Moreover, in adaptive radiations, diversification is driven by niche 

specialization; hence, a strong correlation is expected between the species’ occupied 

environment and the morphological features utilized to exploit these available resources 

(Ronco et al., 2021). Such a link could also provide insights in how functional roles shaped the 
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Eusirus diversity in the polar regions (Wong et al., 2019) and will also enable us to determine 

if phenotypic evolution was adaptive.  

To check for a possible link between all morphological data and both stable isotopes, the 

function phylo.integration of the geomorph R-package, based on a permutation test of 9999 

iterations, was used. This function uses partial least squares and takes the phylogenetic 

information into account by assuming a Brownian motion model of evolution (Adams & Felice, 

2014). Brownian motion model characterizes the evolution of traits as a random walk along 

each lineage, using a normal distribution with a mean of 0 and a variance of β (or s2) for the 

change that happens in each unit of time (Ackerly, 2009; Revell & Harmon, 2022). Such a 

partial least squares analysis can be utilized to evaluate the patterns of covariation between 

the morphological dataset and environmental dataset without any a priori directional 

relationship being assumed between these datasets (Adams & Felice, 2014). For this analysis, 

the “mean morpho dataset” and the “mean isotope dataset” were used together with the 

pruned time-tree.  

To examine the same relationship by using a univariate framework  (i.e.  the coordinates of 

the observations on PC1 and PC2;  as well as the isotopic data  δ13C and δ15N) separately, a 

phylogenetic generalized least squares (PGLS) analysis was also performed. A PCA was 

performed on the “mean morpho dataset” to summarize the main axes of morphological 

variation using the function princomp in R. The PC scores of the PC1 and PC2 axes, together 

with the “mean isotope dataset” and the pruned dated tree, were used for the PGLS analysis.  

PGLS allowed us to explore possible correlations between morphological variation and their  

different PCs and trophic variables in four different models: model 1 (M1) tested the 

relationship between  morphological variation and δ13C, a possible correlation between 

morphological variation in PC1 and δ15N was tested in model 2 (M2), a possible link between 

morphological variation in PC2 and δ13C was assessed in model 3 (M3), and the link between 

morphological variation in PC2 and δ13C was explored in model 4 (M4). PGLS was performed 

using the R packages ape (Paradis et al., 2004) and nlme (Pinheiro et al., 2007). A PGLS allows 

the fit of a linear model using the generalized least squares (Revell & Harmon, 2022) to assess 

the impact of the predictor variable (i.e. δ13C and δ15N) on the response variable (i.e. 

morphological data or PC scores) while controlling for the non-independence of the residuals 

(Mundry, 2014).  

 



Chapter 5 

149 
 

Phylogenetic signal of traits and ancestral state reconstructions 

To explore how traits are dispersed across the phylogeny, ancestral states were reconstructed 

and tests of the phylogenetic signal were performed. These analyses provide insights into the 

distribution pattern of morphological variation across species and its association with the 

phylogeny (Adams, 2014). These analyses would also allow us to test for possible convergence 

in the polar regions and reveal the evolvability of morphological traits.  

The phylogenetic signal is the tendency of closely related species to have comparable traits 

due to common ancestry (Blomberg et al., 2003; Adams, 2014). The phylogenetic signal is 

measured using the multivariate version of Blomberg et al.’s K statistic as described by Adams 

(2014), which also estimates the strength of the phylogenetic signal relative to what is 

expected under a Brownian motion model of evolution (Adams, 2014).  The K values range 

from 0 to infinity and under Brownian motion, the expected K value is 1. Values of K<1 indicate 

less phylogenetic signal in the data than expected, while K>1 indicates more phylogenetic 

signal in the data than expected (Blomberg et al., 2003; Adams, 2014).  The significance of the 

K statistics was assessed by comparing it to the values obtained from permutations of tree 

tips (Blomberg et al., 2003; Adams, 2014). The phylogenetic signal  was analyzed using the 

physignal function in the R package geomorph with a permutation test of 9999 iterations. A 

PCA was conducted on the “mean morpho dataset” with the princomp function in R. The PC 

scores of all PC axes and the pruned time-tree were utilized for the analysis of the phylogenetic 

signal. 

Several approaches of ancestral reconstructions of the morphological traits were applied. 

Ancestral states were reconstructed under Brownian motion using the function fastAnc in the 

R package phytools, which estimates the ancestral states with a maximum likelihood approach 

based on  a Brownian motion model of evolution (Revell, 2013; Revell & Harmon, 2022). The 

“mean morpho dataset” was subjected to a PCA using the princomp function in R. Together 

with the pruned dated  phylogeny, the PCA scores of the PC1 and PC2 axes were then used 

separately in ancestral state reconstructions. Besides the scores along PC1 and PC2, additional 

ancestral state reconstructions were also performed on four separated traits (i.e., ratios of 

Pereon/TBL, G1PL/G1CL, G2DL/G2PL, 7LIL/7LBL) as being representative for morphological 

diversity of each amphipod appendage. These traits are ecologically and functionally relevant 

and are related to locomotion and predation (Kralj-Fišer et al., 2020; Balázs et al., 2021). 
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Rate shifts of morphological diversification  

The Bayesian Analysis of Macroevolutionary Mixtures (BAMM) tested for rate shifts in 

diversification of morphological trait. This method helps to reveal variations in the 

diversification rates through time (Rabosky, 2014). Under the scenario of adaptive radiation, 

organisms taking advantage of new ecological opportunities are predicted to go through rapid 

lineage and morphological diversification at the start of the radiation as they fill available 

adaptive zones (Schluter, 2000). In non-adaptive radiation, diversification is likely to occur in 

allopatric environments which results to insignificant ecological and morphological 

differentiation with consistent rate of speciation and morphological differentiation and no 

rapid morphological evolution (Schluter, 2000; Lambert et al., 2019). Exploring the 

evolutionary dynamics of morphological diversification of Eusirus will help reveal whether 

these amphipod species went through such adaptive radiations in both polar regions and 

whether the tempo of morphological evolution was similar in the Antarctic and the Arctic. 

The “mean morpho dataset” was subjected to a PCA, and scores of the PC1 and PC2 axes 

combined with the pruned dated phylogeny, were subsequently used to test for shifts of 

morphological diversification using BAMM (Rabosky, 2014). Priors were generated with the R 

package BAMMtools (Rabosky et al., 2014), and the MCMC analysis was run for 10 million 

generations, sampling every 5000 generations. Convergence of the MCMC analysis was 

assessed after discarding 10% of the samples as burnin by checking the effective sample sizes 

(ESS) and the number of shifts in each sample with the R package CODA (Plummer et al., 2006). 

The Bayes factor (BF) was also calculated with BAMMtools to assess the relative support of 

the two different models being compared. The strength of support for a given model was 

based on the interpretation of the Bayes Factor as suggested by Kass & Raftery (1995) and 

shown in table 3. 

 
Table 3. Interpretation of Bayes f=Factor as indicated by Kass & Raftery (1995) 

B10 Evidence as compared to the null model (M0) 

1 to 3 Barely worth a mention 

3 to 20 Positive 

20 to 150 Strong 

>150 Very strong 
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Morphological and ecological disparity 

Morphological disparity and ecological diversity were analyzed using the “9sp dataset morpho” 

and “9sp dataset SI” to check for the repetition of ecological and morphological diversity 

between Arctic and Antarctic regions. The “9sp dataset morpho” was subjected to a PCA using 

the princomp function in R to summarize the morphological variation in each group; the PCA 

was plotted using ggplot function in the R package ggplot2 (Wickham, 2016). To visualize the 

isotopic diversity of each group in the isospace, biplots of δ13C and δ15N were also done using 

the ggplot function in R and the “9sp dataset SI”. The position and the size of each group (i.e., 

Antarctic, Arctic, and non-polar species) in the morphospace (i.e., morphological space) and 

the isospace (i.e., isotope space) were compared. By size, we refer to the estimates of the 

volume occupied by the groups in the phylogenetic space, while position refers to the location 

of the group in the morphospace and isospace (Guillerme et al., 2020a).   

The level of disparity (i.e., size) was based on the Procrustes variance, a disparity metric, which 

is the relative sum of the diagonal elements of the covariance matrix of the ordination scores 

(Zelditch et al., 2012; Adams & Otárola-Castillo, 2013; Guillerme, 2018). Pairwise comparisons 

of disparity between groups were conducted with the morphol.disparity function in the 

geomorph R-package (Adams & Otárola-Castillo, 2013) with a permutation test of 9999 

iterations. The position of the groups in the morpho- and isospaces was compared with the 

procD.lm function in the geomorph package, which performs a Procrustes ANOVA and a 

permutation test of 9999 iterations.  

In parallel, the morphological and ecological diversity were also estimated and compared 

among the three groups using three indices: functional richness, functional evenness, and 

functional divergence. Functional richness calculates the volume occupied by a group in the 

functional trait space. Functional evenness estimates how evenly abundances are distributed 

in the functional trait space, and functional divergence approximates how abundance is 

spread along the range of the functional trait space (Villéger et al., 2008). Only eight of the 

original fifteen variables in the “9sp dataset morpho” were used to calculate the functional 

diversity indices because a hull volume of zero was returned when calculating the functional 

richness using all fifteen variables. The hull volume equals zero when species are distributed 

in a line (Villéger et al., 2008).  
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Disparity through time 

Disparity through time (DTT) analyses explore the evolution of morphological diversity 

through time (Harmon et al., 2003; Guillerme et al., 2020b). It is expected in groups that 

undergo adaptive radiation to diverge into a variety of morphologically and ecologically 

distinct species, occupying available niches; DTT will eventually slow down as these niches are 

filled (Gavrilets & Losos, 2009; Colombo et al., 2015). DTT analysis illustrates the tempo of 

morphological changes, providing insights into whether clades went through adaptive 

radiations (Colombo et al., 2015; Guillerme et al., 2020b). DTT plots were generated with the 

dtt function of the R package geiger (Pennell et al., 2014). In this kind of analysis, the average 

relative disparity per subclade of a trait is computed at each node in the phylogeny and plotted 

against the age of each node. DTT plots were only interpreted for the first 80% of the relative 

time to provide a more accurate estimate and reduce the impact of incomplete sampling, as 

this tends to mask a possible pattern of slowdown of morphological evolution (Harmon et al., 

2003). The morphological disparity index (MDI) was also determined to measure the 

difference between average observed relative disparity for each subclade through time as 

compared to the expected subclade disparity under the Brownian motion model (Harmon et 

al., 2003)  with 1000 simulations. Under a Brownian motion model (Revell, 2012; Frédérich et 

al., 2013) morphological disparity uniformly increases through time. Similar to DTT plots, MDI 

was calculated for only the first 80% of the relative timeline. Only four selected traits (i.e., 

Pereon/TBL, G1PL/G1CL, G2DL/G2PL, 7LIL/7LBL) were subjected to DTT analysis using the 

pruned dated tree. These traits are ecologically and functionally relevant and are related to 

locomotion and predation (Kralj-Fišer et al., 2020; Balázs et al., 2021). Moreover, preliminary 

examinations of these traits have shown variability among species. PC scores of the 

morphological traits were not used for the DTT analysis; this can cause biased inferences as 

the first few principal components of traits that evolved under a constant-rate Brownian 

motion of evolution will seem to have evolved through an "early burst" process (Uyeda et al., 

2015).  
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Results  

Morphological and ecological disparity 

In a PCA analysis based on the “9sp dataset morpho”, the smallest morphospace and thus 

amount of morphological variation is observed in the Antarctic Eusirus group compared to the 

Arctic and non-polar groups (Figure 2).  The first three PC axes explained 89.7% of the total 

variance. The first PC axis (PC1) explained 67.3% of the total variance and mainly described 

variation in the ratio of carpus length of gnathopod 1 and merus length of gnathopod 1 

(G1CL/G1ML) (Figure 2). The second axis (PC2) explained 12.9% of the total variance and 

expressed mainly variation of the ratio of merus length of gnathopod 1 and ischium length of 

gnathopod 1 (G1ML/G1IL) (Figure 2). The third axis (PC3) described the ratio of pereon length 

and pleosome length (Pereon/Pleosome), explaining 9.5% of the total variance 

(Supplementary figure 5).     

 

 

Figure 2. Principal component analysis (PCA) performed on the “9sp dataset morpho” showing PC1 (67.3%) and PC2 (12.9%). 
The three groups of Eusirus amphipods are indicated by colours with red for the Antarctic, green for the Arctic, and blue for 
the non-polar group. 

 

Both Arctic and Antarctic Eusirus showed large variation of δ13C . However, the Arctic group 

furthermore had a wider isotopic distribution in the isospace  for δ15N as compared to the 

Antarctic group (Figure 3).  
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Figure 3. δ13C versus δ15N biplot illustrating the distribution of Eusirus in the isospace with 95% standard ellipses. The three 
groups are indicated by colours with red for the Antarctic, green for the Arctic, and blue for the non-polar group. 

 

The level of disparity, i.e. the size of the subspace occupied by the group, was the highest for 

the Arctic group compared to the Antarctic and the non-polar groups (Figure 4a). This 

difference in the level of disparity was significant between the Antarctic and Arctic groups (p-

value=0.0003) (Figure 4a).  

Similarly, the Arctic group showed the highest level of isotopic diversity compared to the 

Antarctic and the non-polar groups (Figure 4b). Significant differences were observed between 

Antarctic and Arctic groups (p-value=0.0001), and between Eusirus from the Antarctic and 

non-polar regions (p-value=0.0439), as well as between Arctic and non-polar groups (p-

value=0.0416) (Figure 4b). 

 

 



Chapter 5 

155 
 

Figure 4. Procrustes variance of Antarctic, Arctic, and non-polar Eusirus groups based on a) the “9sp dataset morpho” (blue) 
and b) the “9sp dataset SI” (green). Significant differences (p<0.05) are indicated by *. 

In addition to size variation of subspace occupation in the morphospace and isotopic space, 

the Procrustes ANOVA revealed that the three groups occupied different positions in both 

spaces (Table 6). In other words, the mean values of each group varied significantly.  

 
Table 6. Comparison of the position of groups in the morphospace and the isospace based on the “9sp 
dataset morpho” and “9sp dataset SI”. Significant differences (p<0.05) among groups (i.e., Antarctic, 
Arctic, and non-polar) are indicated by *. SS is the sums of squares, MS is the mean square, Rsq is the 
R-squared, F is the F values for each model term, Z is the Z-scores, and Pr(>F) is the p-value. 

 SS MS Rsq F Z Pr(>F) 

“9sp dataset morpho” 
(group) 

7.174 3.5870 0.09021 6.0981 3.0277 0.0007* 

“9sp dataset SI” (group) 235.38 117.69 0.0923 10.016 4.3429 0.0001* 

 
 

Functional diversity 

Three different parameters were also analyzed to compare the functional diversity among the 

three Eusirus groups. Analyzing functional richness showed that the Arctic group occupied the 

largest functional trait space in morphology (1.9E-09) compared to the Antarctic (8.9E-10) and 

non-polar (4.9E-12) groups (Figure 5a). The Arctic group also had the largest occupancy in 

isospace (89.71) compared to Antarctic (67.11) and non-polar (10.33) Eusirus (Figure 5d). On 

the other hand, functional evenness for morphology was highest in the non-polar group (0.79), 

and the Antarctic group (0.73) showed a higher functional evenness than the Arctic group 

(0.67) (Figure 5b). Functional evenness for ecology was highest in the Antarctic group (0.63) 

compared to the Arctic (0.52) and the non-polar (0.59) groups (Figure 5e). Morphological 

functional divergence was higher in the non-polar group (0.68), while the same functional 

divergence value was observed for the two polar groups (0.67) (Figure 5c). For ecology, the 

highest functional divergence was found in Arctic Eusirus (0.79) compared to Antarctic (0.68) 

and non-polar (0.73) Eusirus (Figure 5f). 
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Figure 5. Values of functional richness, functional evenness, and functional divergence of morphological traits based on the 
“9sp dataset morpho” dataset (a-c; blue), and ecology using stable isotopes based on “9sp dataset SI”  dataset (d-f; green) of 
Antarctic, FigureArtic and non-polar groups. 

 

 

Association of morphological and ecological traits  

Our phylogenetic-informed two-block PLS analysis showed a significant positive relationship 

between morphology and isotopy (r-PLS= 0.8945; p-value = 0.0001). The results of PGLS are 

summarized in table 4 showing the coefficients of each model. The PGLS analysis revealed a 

significant negative relationship between morphological traits and δ15N based on the PC1 

scores (p-value = 0.0002). A significant negative correlation was also observed between 



Chapter 5 

157 
 

morphological traits and the stable isotopes δ13C (p-value = 0.0004) and δ15N (p-value = 

0.0001) based on the PC2 scores (Table 4).  

 

Table 4. Summary of PGLS results showing the coefficients of each model. Model 1 (M1) tested the 
relationship between morphological variation and δ13C, a possible correlation between morphological 
variation in PC1 and δ15N was represented in model 2 (M2), a possible link between morphological 
variation in PC2 and δ13C was tested in model 3 (M3), and the link between morphological variation 
in PC2 and δ13C was explored in model 4 (M4). Significance (p<0.05) is indicated by *.  

 Coefficients (M1) Coefficients (M2) Coefficients (M3) Coefficients (M4) 

Intercept -0.32 1.285 -0,696 0.788* 
δ13C -0.057  -0.118*  
δ15N  -0.184*  -0.108* 

 

 

Phylogenetic signal and ancestral state reconstructions of morphological traits 

Morphological traits showed a significant phylogenetic signal (p-value= 0.0197) and the low K 

value (K=0.4265) indicated larger morphological variation between sister species than 

expected under a Brownian motion model of evolution. 

The variation of the PC1 axis was mainly described by the ratio of carpus length of gnathopod 

1 and merus length of gnathopod 1 (G1CL/G1ML), explaining 88% of the total variance. 

Reconstructing the ancestral state revealed a collectively low variation along PC1 within the 

Antarctic clade, while the Arctic group showed more variation along this axis (Figure 6a). The 

variation of the PC2 axis explained 7.1% of the total variance and was mainly described by the 

ratio of merus length of gnathopod 1 and ischium length of gnathopod 1 (G1ML/G1IL). 

Ancestral state reconstructions showed different results along the PC2 axis for the Antarctic 

and the Arctic groups (Figure 6b). The ratio of pereon length and total body length 

(Pereon/TBL) varied for both the Arctic and the Antarctic species, ranging from intermediate 

to higher Pereon/TBL ratios (Figure 6c). A similar pattern of intermediate to high values was 

observed for the ratio of propodus length of gnathopod 1 and carpus length of gnathopod 1 

(G1PL/G1CL) (Figure 6d), and the ratio of dactylus length of gnathopod 2 and propodus length 

of gnathopod 2 (G2DL/G2PL) (Figure 6e). The ratio of ischium length of the 7th pereopod and 

basis length of the 7th pereopod (7LIL/7LBL) (Figure 6f) was low for the Arctic species Eusirus 

minutus and the Antarctic species Eusirus laticarpus 1 and Eusirus sp. 1. 
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Rate shifts of morphological diversification  

Using PC1 scores, model 0, which had no rate shift in morphological diversification, showed 

the highest posterior probability (0.26) compared to the other models (Figure 7a). In contrast, 

based on the Bayes Factor analysis, model 13 with 13 rate shifts was strongest supported 

(Table 5). For the PC2 scores, model 0 including no rate shifts had the highest posterior 

probability (0.38) (Figure 7b), while the Bayes Factor analysis provided strong support for 

model 15 with 15 rate shifts (Table 5). 

 

 
Figure 7. Distribution of posterior probability for the number of shifts of morphological diversification based on the a) PC1 

scores and b) PC2 scores of morphological traits.  

 

 

Table 5. Bayes factor (BF) of pairwise model comparisons using PC1 and PC2 scores. The best model is 

indicated in bold. Numerators are given as columns, and denominator models as rows. AThe numerator 

model is more supported if the Bayes factor is >1 while <1 indicates a higher support for the 

denominator model. The interpretation of the strength of support for a given model is based on table 

3.   

   Shifts 
  1 2 3 4 5 6 7 8 9 10 11 13 15 

PC1 0 1.74 3.18 4.3 4.47 5.68 5.14 4.6 3.79 4.33 4.33 8.66 17.32  

PC2 0 1.6 1.75 1.69 1.59 1.59 1.03 0.75 1.49  1.49   47.84 

 

 

The 95% credible set from the BAMM analysis identified five distinct shift configurations (i.e. 

a mapping of rate shifts to a certain phylogenetic topology illustrating positions of possible 

shifts in the tree) based on the PC1 scores (Figure 8a-e). The figure showed that 45% of the 

samples in the posterior had zero core shifts (Figure 8a), while 49.9% of the samples in the 

posterior can be assigned to a single shift configuration where an accelerated rate of 
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diversification events is observed at the phylogenetic branch leading to the Antarctic clades 

(Figure 8b-e). Specifically, 37% of the illustrating positions of possible shifts in the tree samples 

in the posterior showed a core shift on the branch leading to the diversification of Eusirus 

giganteus and Eusirus perdentatus complexes including Eusirus propeperdentatus (Figure 8b) 

and 5.5% had a core shift on the branch leading to the to the diversification of  Eusirus 

perdentatus complexes and two putative genetic species of Eusirus giganteus (Figure 8c). Also, 

3.8% had a core shift on the branch leading to the diversification of two putative genetic 

species of the Eusirus giganteus complexes (Figure 8d) while 3.6% had a core shift on the 

branch leading to the diversification of Eusirus perdentatus complexes, and three putative 

genetic species of the Eusirus giganteus, and Eusirus propeperdentatus (Figure 8e). 

 

Based on the scores of the PC2 axis, the 95% credible set from the BAMM analysis indicated 

three distinct shift configurations (Figure 8f-h). The figure illustrated that 74% of the samples 

in the posterior had zero core shifts (Figure 8f), while 25% of the samples in the posterior 

showed a single rate shift with an increased rate of diversification observed at the branch 

leading to the Antarctic phylogenetic clades (Figure 8g-h). In particular, 17% of the samples in 

the posterior had a core shift on the branch leading to the diversification of Eusirus giganteus 

and Eusirus perdentatus complexes including Eusirus propeperdentatus (Figure 8g) and 8% 

had a core shift on the branch which is proximate to the MRCA node of the Antarctic clade 

(Figure 8h).
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Figure 6. Left part: Ancestral state reconstructions and disparity through time (DTT) plots of morphological traits.  
Reconstructions of ancestral states were based on a)PC1 scores and b) PC2 scores of the morphological traits; c) Pereon/TBL 
ratio; d) G1PL/G1CL ratio; e) G2DL/G2PL ratio; f) 7LIL/7LBL ratio. Colours indicate the geographic origin of the different groups: 
Antarctic Eusirus are indicated in blue, Arctic Eusirus in aquamarine, and non-polar Eusirus in yellow. The color gradient 
indicates the estimated morphological trait values. The horizontal bars at each node indicate the 95% confidence intervals of 
each estimated state. The horizontal bars at the bottom left of each graph correspond to the colour gradient of each branch 
and also provide the scale for the branch lengths of the trees or the substitutions per site.  
Right part: Disparity through time (DTT) plots of g) Pereon/TBL ratio; h) G1PL/G1CL ratio; i) G2DL/G2PL ratio; j) 7LIL/7LBL 
ratio. The morphological disparity index (MDI) is also provided for each DTT plot. The mean relative disparity for each 
subclade from the simulated datasets following the Brownian model of evolution is shown by dashed lines, and the actual 
data from this study are indicated as solid lines. The grey-shaded areas show the 95% confidence intervals of the simulated 
data.  

 

 

Disparity through time 

The analyses of disparity through time showed no clear departure from the expectations 

based on an evolutionary model of Brownian motion (Figures 6g-j). Also, the relative subclade 

disparity values were close to zero, and positive morphological disparity indices (MDI) were 

observed with 0.391 for Pereon/TBL, 0.346 for G1PL/G1CL, 0.195 for G2DL/G2PL, and 0.276 

for 7LIL/7LBL, respectively.  (Figures 6g-j).  
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Figure 8. The 95% credibility set of rate shift configurations (i.e. a mapping of rate shifts to a certain phylogenetic topology illustrating positions of possible shifts in the tree) generated by the 
BAMM analyses is based on a-e) PC1 scores and f-h) PC2 scores of the morphological traits. The posterior probability is indicated above each plot. Warm colours indicate high diversification 
rates, while cold colours indicate low diversification rates. Circles show the locations of rate shifts, and the circle is sized according to the marginal probability of the shift.
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Discussion 

Isotopic diversity in Eusirus 

The isotopic data revealed a clear difference in the trophic ecology diversity between the 

Arctic and the Antarctic groups with a higher isotopic diversity in Arctic Eusirus (Figure 3). The 

observed diversity in the Arctic and the Antarctic groups in the isospace can be associated 

with variation in their overall trophic ecology encompassing variation in  feeding habits and 

locations. The wide range of δ13C values in both Arctic and Antarctic Eusirus  

suggests wide variation in the origins of the consumed food resources (Post, 2002; Layman et 

al., 2011; Le Bourg, 2020). On the other hand,  the Arctic group showed a larger variation along 

δ15N than the Antarctic Eusirus which suggests that Arctic Eusirus may occupy different trophic 

levels  than Antarctic relatives (Dauby et al., 2001; Post, 2002; Nyssen, 2005; Inger & Bearhop, 

2008; Layman et al., 2011; Le Bourg, 2020). 

 

Association of morphological and ecological traits  

Globally, the results of two-block PLS as well as PGLS demonstrated a proportion of 

morphological variation in Eusirus is related to variation in trophic ecology. Variation along 

both PC’s is mainly represented by change in the ratios of the gnathopod 1, an appendage 

used for feeding and capturing prey in Eusirus (Klages & Gutt 1990). Our results indicate that 

the morphology of gnathopods (especially size and shape) is informative about the trophic 

ecology of Eusirus. Analysis of the gut content of Eusirus amphipods revealed mainly 

crustaceans, mineral particles, unidentified organic matter, and polychaetes (Dauby et al., 

2001; Nyssen, 2005) indicating that these amphipods prey on organisms from various trophic 

levels; this is confirmed by the wide range of isotope values of investigated Eusirus (Nyssen et 

al., 2001; Nyssen, 2005; Michel et al., 2020). The same pattern is revealed in the current study 

for both Antarctic and Arctic Eusirus groups showing a wide range of δ13C. However, Arctic 

Eusirus showed larger variation of δ15N than Antarctic Eusirus (Figure 3). This difference 

suggests a trophic partitioning in Arctic Eusirus spanning different trophic levels. Eusirus 

amphipods were also found to have the ability to change their diet in response to food 

availability (Nyssen, 2005; Michel et al., 2020) which fits the wide range of isotopic distribution 

in the isospace found in the current study (Figure 3).  
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Phylogenetic signal and ancestral state reconstructions of morphological traits 

A significant but low phylogenetic signal (K < 1) indicates that the studied morphological traits 

are evolutionary labile at the genus level (Blomberg et al., 2003; Revell et al., 2008; Kamilar & 

Cooper, 2013; Adams, 2014). In other words, large morphological divergences can be 

observed between two sister-species. This result suggests that events of speciation is 

generally associated with morphological variation, a pattern probably driven by ecological 

radiation (Kamilar & Cooper, 2013). Species with evolutionary labile morphological traits 

could possibly adapt to new environmental conditions (Cano-Barbacil et al., 2022).  

Interestingly, the ancestral state reconstructions (Figure 6) and levels of disparity (Figure 4a) 

revealed that the morphological variance among subclades is not evenly distributed across 

Eusirus. Indeed, morphological variation within the Antarctic clade is relatively limited in 

comparison with Arctic Eusirus species (Figure 4). This lower variation could be attributed to 

allopatric speciation (Rogers, 2007; Thornhill et al., 2008) and/or a reduced competition in the 

Antarctic (Brandt, 1999; Verheye, 2017). Examination of each trait (Figures 6c-f), however, 

showed more diverse results, which could imply that these individual traits have changed with 

different evolutionary rates.  

 

Patterns of morphological diversification  

A significant partition of trait disparity among subclades would suggest a scenario of adaptive 

radiation as rates of phenotypic evolution are expected to slow down through time as niches 

become saturated (Schluter 2000; Harmon et al. 2003). The DTT plots did not support such a 

scenario. Instead, we found low levels of relative subclade disparity in the DTT plots with 

values close to zero (Figures 6g-j) indicating that morphological trait disparity is rather 

partitioned within than among subclades (Harmon et al., 2003; Near et al., 2012). In addition, 

our BAMM analyses did not support a scenario where the speciation of Arctic and Antarctic 

Eusirus has been driven by bursts of morphological diversification (Figure 8a and f). Instead, 

morphological variation observed among species has accumulated continuously across the 

various events of speciation (Stroud & Losos, 2016). Some  increase in the rate of lineage 

diversification was observed, particularly in the Antarctic clade (see chapter 4) and it appears 

that this high rate of speciation was obviously not associated with an increase in the rate of 

phenotypic evolution as expected for scenarios of adaptive radiation. One hypothesis to 

explain these results would be that the high rate of lineage diversification could be the result 
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of allopatric speciation, similar to the example of Plethodon salamanders, which showed a 

high rate of species diversification together with small changes in their ecological niches and 

morphology (Kozak et al., 2006). Allopatric speciation events could correspond with the 

diversification of the Antarctic Eusirus about 29.51 Ma [25.78-33.29 Ma] (chapter 4) which 

coincided with the opening of the Drake passage and the ACC formation, triggering vicariant 

events (Brandt, 1999; Verheye, 2017; Legezyñska et al., 2020). On the other hand, we cannot 

completely rule out the possibility that ecological diversification of Antarctic Eusirus was not 

captured by the studied traits. For example, we cannot reject the hypothesis that speciation 

event could be  associated with physiological or behavioural adaptations,  which would not be 

captured by our large morphological dataset. In contrary, higher level of morphological and 

isotopic variation despite the low rate of lineage diversification in the Arctic Eusirus could 

probably be related to the older phylogenetic origin of the Arctic Eusirus than the Antarctic 

Eusirus. Thus, it could be expected that they have accumulated more morphological 

divergence over time. The multiple origins of the Arctic lineages from 63.47 Ma [43.63-81.54 

Ma] to 48.72 Ma [35.71-62.9 Ma] could also be attributed to the higher morphological and 

isotopic variation in the Arctic Eusirus. Connections to the Arctic ocean (Clarke & Crame, 2010) 

may have permitted the multiple invasions of the Eusirus ancestors to the Arctic as reflected 

by their polyphyletic origins. The large morphological and isotopic variation observed in the 

Arctic group (Figure 4a &b) sustains the scenario made of ecological speciation events. Finally, 

the relatively low species number of extant lineages in the Arctic might be related to different 

extinction events. It is likely that the multiple past invasions in the Arctic would be associated 

with pulse of speciation associated with ecological diversification. The current large disparity 

level would be thus a signature of such a scenario. 

 

Conclusions 

Combining phylogenetic information, trophic data generated by stable isotope analyses, as 

well as morphological data, provided insights into the eco-morphological diversification of the 

genus Eusirus in the Antarctic and Arctic Oceans. Our results suggest different evolutionary 

scenarios for Arctic and Antarctic Eusirus. A scenario of non-adaptive radiation could explain 

why rate shifts of morphological diversification were absent despite a burst of lineage 
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diversification in Antarctic group. Allopatric speciation would be the most adequate 

evolutionary scenario driving diversity of Eusirus in Antarctica. However, we cannot fully rule 

out an ecological diversification which was not captured by the studied traits. As for Arctic 

Eusirus, the accumulation of morphological and ecological diversity was probably produced 

more constantly through time and along speciation events. Despite the highest level of 

morphological and ecological diversity observed in Arctic Eusirus, this variation is coupled with 

a relatively constant rate of lineage diversification. The highest level of eco-morphological 

diversity observed in Arctic lineages could be linked to the polyphyletic origin of this 

assemblage and to their older age. Allopatric speciation associated with multiple extinction 

events could be additional explanations for the high level of eco-morphological diversity in 

the Arctic.  
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Chapter 6: General discussions 

The present work  explored genetic adaptations (Chapters 2 and 3) and the tempo and mode 

of species diversification of the genus Eusirus in the Arctic and the Southern Oceans (Chapters 

4 and 5). For this purpose, I assembled and published novel mitochondrial genomes 

(mitogenomes) of two Eusirus and one Charcotia amphipod species from the Southern Ocean 

(Chapter 2). These mitogenomes together with additional mitogenomes of other amphipods 

were used to investigate signatures of cold adaptations (Chapter 3). I also reconstructed a 

time-calibrated phylogeny to test for monophyly of Arctic and Antarctic Eusirus clades as well 

as their evolutionary age (Chapter 4). This  time-calibrated phylogeny was utilized together 

with morphological and ecological data to test whether the genus Eusirus evolved through 

adaptive or non-adaptive radiations in the Arctic and Southern Ocean (Chapter 5).  

 

6.1. Characteristics of Antarctic amphipod mitogenomes  

The successfully assembled and annotated novel mitogenomes of Antarctic amphipods 

(Salabao et al. 2022) showed the same lengths as other mitogenomes from amphipods and 

contained the common metazoan gene composition of 13 protein-coding genes, 2 ribosomal 

RNA genes (rRNA), 22 transfer RNA genes (tRNA), and a non-coding control region (CR). 

Aberrant tRNA and short rRNA genes were found in these novel mitogenomes which is a 

common feature shared with other amphipod mitogenomes and possibly linked to the 

minimalization of mitogenomes in general (Yamazaki et al., 1997). Distinct features included 

a lower AT-richness in the entire mitogenomes, negative GC- skews on both strands of the 

protein coding genes and unique gene rearrangements. Moreover, the most variable protein 

coding genes were nad6 and atp8 while cox1 showed the least genetic variability among 

closely and more distantly related species; this might have important implications for the wide 

use of this gene for DNA barcoding (Hebert et al., 2003; Witt et al., 2006; Romanova et al., 

2016), also of amphipods. Amino-acid sequences of mitochondrial protein coding genes 

seemed to be suitable markers for phylogenetic reconstructions as amphipod species 

belonging to the same superfamilies clustered together in the phylogenetic tree based on 

mitochondrial amino-acids. With the development of next-generation sequencing, 

information of amphipod mitogenomes has been increasing in public databases (Pons et al., 

2014; Li et al., 2019b) with 89 mitogenomes currently available in the GenBank database as 
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of 2023. These mitogenomes are becoming a popular tool for research on population genetics, 

phylogenetics, adaptation, and evolution (Ballard & Whitlock, 2004; Fontanillas et al., 2005; 

Carapelli et al., 2019; Pons et al., 2014; Li et al., 2019b; Sun et al., 2020; Bauzà-Ribot et al., 

2012). Despite the increasing availability of amphipod mitogenomes, mitogenomic data of 

polar amphipod are still poorly represented with only one published mitogenome from the 

Antarctic (Shin et al., 2012) and one from the Arctic (Ki et al., 2010). The novel mitogenomes 

of the Antarctic amphipods presented in chapter 2 are thus valuable additions to the genetic 

resources of amphipods from the polar regions. Notably, the data of the novel mitogenomes 

were obtained through a cost-efficient low coverage skimming sequencing approach. Despite 

the lower depth of coverage, this approach produced complete mitogenomes with less than 

0.01% of ambiguities illustrating that this approach was successful and affordable. The novel 

and complete mitogenomes provided additional insights into the features of Antarctic 

amphipod mitogenomes and showed that they are suitable tools for the reconstruction of 

phylogenetic relationships with other amphipods.  

 

6.2. Signatures for cold adaptations from amphipod mitogenomes 

Evidence for purifying selection was observed in all analysed amphipod mitogenomes. 

Mitogenomes of amphipods from cold regions showed signatures of molecular adaptations 

to cold environments including significantly lower proportions of charged amino acid and 

higher average ratios of non-synonymous to synonymous substitutions (ω). In contrast, 

species from cold regions did not cluster together in the phylogenetic tree and did not share 

similar patterns of gene translocations. It is possible that these features of mitogenomes are 

not adaptive. The conducted analysis was based on a lower number of amphipod species from 

cold and warm regions as compared to species from temperate regions which could have 

reduced the statistical power. Hence, there is a need to include more representatives from 

these regions for more balanced comparisons in future research. 

The survival and success of organisms in different environments are greatly influenced by their 

molecular adaptations (Somero, 2010; Fox et al., 2019; Sebastian et al., 2020). Some of the 

most extreme environments are characterized by very low temperatures where organisms 

must survive (Peck, 2018; Peck, 2020). Cold adaptation is driven by several cellular processes 

and adjustments permitting survival (Lipaeva et al., 2021). Certain molecular adaptations 
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allow the maintenance of cellular processes and an optimized metabolic efficiency under cold 

stress (Ballard & Whitlock, 2004; Fontanillas et al., 2005; Stier et al., 2014; Consuegra et al., 

2015; Berthelot et al., 2019; Carapelli et al., 2019; Lipaeva et al., 2021). Understanding the 

molecular mechanisms driving these adaptations provides important insights into the 

fundamental processes that allow organisms to survive in the cold. Resources that have been 

used to study molecular adaptations in low temperatures are mitogenomes (Melo-Ferreira et 

al., 2014; Consuegra et al., 2015; Carapelli et al., 2019; Sokolova, 2023). Mitogenomes contain 

genes that are involved in energy production, and it is expected that selection on these genes 

may be driven by environmental factors (Melo-Ferreira et al., 2014; Consuegra et al., 2015; 

Sun et al., 2020). Moreover, fitness and metabolic processes of an organism may significantly 

be impacted by mutations in its mitogenome (Melo-Ferreira et al., 2014; Consuegra et al., 

2015; Carapelli et al., 2019). Mitogenomes of several taxa have already been utilized to test 

for molecular adaptations in cold temperatures including hexapods (Carapelli et al., 2019), 

fishes (Consuegra et al., 2015), and amphipods (chapter 3). Signatures of adaptations at low 

temperatures in amphipods were identified such as significantly lower proportions of charged 

amino acid and higher average ratios of non-synonymous to synonymous substitutions (ω) 

than what was observed in amphipods living in temperate or warm regions. These notable 

signatures of cold adaptations unraveled in chapter 3 provide more insights on how 

amphipods adapt to cold environments and highlight molecular mechanisms that allow 

amphipods to keep important mitochondrial gene functioning under low temperature stress 

(Ballard & Whitlock, 2004; Castellana et al., 2011; Carapelli et al., 2019). Lower proportions of 

charged amino acids increase protein flexibility which is necessary for cold adaptations 

(Gianese et al., 2001; Huang et al., 2023). The lower proportion of charged amino acid is in 

line with previous studies where abyssal and hadal amphipods, living in deep-sea habitats 

with low temperatures showed similar patterns (Li et al. 2019a and b). Another study showed 

the reduced abundance of charged amino acids in psychrophiles or organisms that can endure 

cold temperatures (Gianese et al., 2001; Methé et al., 2005; Goldstein, 2007; Metpally et al., 

2009). Interestingly, the current study is the first (chapter 3) to have recorded higher average 

ratios of non-synonymous to synonymous substitutions (ω) in amphipods from cold regions. 

The higher average ω could be due to lower average synonymous substitutions (ds) (Parker et 

al., 2018); this could possibly suggest that weaker  purifying selection (Jeffares et al., 2015) 
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acts on the mitochondrial genes of amphipods from cold regions as compared to the 

amphipods from temperate and warm regions. 

 

6.3. Origin and diversification patterns of the genus Eusirus in the polar regions 

The molecular phylogeny supported the monophyly of the Antarctic Eusirus clade while the 

Arctic clade was found to be polyphyletic. The time-calibrated phylogeny suggested that the 

diversification of the Antarctic clade coincided with the opening of the Drake passage and the 

formation of the Antarctic circumpolar current (ACC) as well as with lower temperatures and 

the onset of ice sheet expansions. There may have been a burst of diversification in the 

Antarctic clade, possibly as a result of vicariant events and ecological opportunities provided 

by the changes of Antarctic climate and geology. Arctic Eusirus species showed varying 

diversification ages which appeared to correspond to pre-glacial/interglacial periods. 

Moreover, the age variations imply that distinct geological and climatic events led to multiple 

diversification events of Arctic Eusirus species. The initial diversification of the Arctic Eusirus 

occurred prior to the diversification of the Antarctic clade; however, no evidence for an 

increase of diversification rates was observed in Arctic Eusirus.  

Understanding the origins of species and the diversification patterns that shaped their 

diversity are important topics in biodiversity and its conservation (Colombo, 2015; Panero & 

Crozier, 2016). The Arctic and the Antarctic regions serve as natural laboratories to study the 

diversification of species due to their long histories, the high abundance of endemic taxa 

(Hardy et al., 2011; Saucède et al., 2014) and the well-known past major climate changes that 

have shaped the current diversity (Aronson & Blake, 2001; Clarke & Crame, 2010; Near et al., 

2012). With the recent fast rise in temperatures experienced by the polar regions due to global 

warming (Turner & Overland, 2009; Turner & Marshall, 2011), it is highly relevant to 

understand the origins and diversification patterns of polar endemic species. The Arctic is 

thought to be evolutionary young, species-poor, and has fewer endemic species in comparison 

to the Antarctic (Gutt et al., 2004; Piepenburg, 2005; Hardy et al., 2011). Characterized by its 

connections with North Pacific and Atlantic Oceans (Thomas et al., 2008; Clarke and Crame, 

2010; Legezyñska et al., 2020), the current Arctic fauna is composed of a mixture of taxa from 

different origins, including faunas from the North Atlantic, North Pacific, deep sea 

cosmopolitans, and endemic species of native origin (Knox & Lowry, 1977; Sirenko, 2009; 
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Gradinger et al., 2010; Josefson & Mokievsky, 2013; Renaud et al., 2015; Legezyñska et al., 

2020). As suggested by the novel phylogenetic results (chapter 4), Arctic Eusirus amphipods 

seem to have undergone a varied evolutionary history of lineage splitting, which is reflected 

in the polyphyly of the group with origins prior to the glacial/interglacial periods. The mean 

ages of the Arctic lineages splitting ranged from 48.72 to 63.47 Ma [95% HPD: 35.71-81.54 

Ma] (chapter 4) coinciding with events that facilitated dispersal of ancestors into the Arctic 

and the other oceans (Dunton, 1992; Dayton, 2013). In the late Cretaceous, connections 

between the two subtropical seaways and the Arctic Ocean facilitated species exchanges. 

Abyssal and bathyal fauna exchanges also occurred through the connections between North 

Pacific and the Arctic oceans around this time while the Arctic Ocean later closed at the end 

of the Cretaceous (80-100 Ma) (Dunton, 1992; O'Regan et al., 2011). Around the middle 

Paleogene (about 40 Ma), connections between the Atlantic and the Arctic oceans permitted 

species to become exchanged  between these oceans (Clarke & Crame, 2010); exchange was 

further facilitated by the formation of the deep-water connections during the late Paleogene 

(about 35-27 Ma) through the Fram Strait (Serreze & Barry, 2005; Kuklinski et al., 2013; 

Legezyñska et al., 2020).  

In contrast, the Antarctic Southern Ocean is isolated from the South Pacific, Atlantic, and 

Indian oceans by the ACC (Thomas et al., 2008; Clarke and Crame, 2010; Legezyñska et al., 

2020). The marine Antarctic fauna is comprised of taxa from different origins (Knox & Lowry, 

1977; Brandt, 1999; Clarke, 2008; Sirenko, 2009; Clarke & Crame, 2010; Legezyñska et al., 

2020) with the Antarctic Eusirus clade (see chapter 4) most likely having originated in situ 

when Antarctica was already geographically isolated (Rogers, 2007; Thornhill et al., 2008) as 

exemplified by the monophyly of the Antarctic Eusirus group. Indeed, the mean age estimate 

of the Antarctic was 29.51 Ma [95% HPD: 25.78-33.29 Ma] coinciding with the opening of the 

Drake passage during the late Eocene to Oligocene (34-26 Ma) followed by the formation of 

the ACC around the Oligocene (31-26 Ma) (Hodel et al., 2021; Vincze et al., 2021). The opening 

of Drake passage and the formation of the ACC were followed by vicariant and subsequent 

allopatric speciation (Rogers, 2007; Thornhill et al., 2008). Extinctions also occurred around 

the Eocene-Oligocene transition creating ecological opportunities for surviving lineages which 

might have driven initial rapid lineage diversification (Stroud & Losos, 2016; Verheye, 2017); 

this could also  be the case for Antarctic Eusirus (chapter 4). Extinction of decapods in the 

Tertiary could possibly have opened up previously occupied niches and decreased predation 
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pressure aiding in the diversification of Antarctic amphipods (Brandt, 1999; Legezyñska et al., 

2020) including  Eusirus (chapter 4). 

 

6.4. Evolutionary diversification processes of the genus Eusirus in the polar regions 

The Antarctic and Arctic Eusirus species were found to follow different evolutionary patterns. 

The burst of lineage diversification in the Antarctic Eusirus was not coupled with a rate shift 

for the morphological diversification which could be attributed to non-adaptive radiation of 

the Antarctic Eusirus. Diversity of Antarctic Eusirus could be mainly driven by allopatric 

speciation but, as suggested by the eco-morphological diversity present in the Antarctic clade, 

ecological diversification has also operated. The tempo of morphological and ecological 

accumulation during speciation events of the Arctic Eusirus appeared as constant in BAMM 

analyses. Moreover, the constant rate of lineage diversification in Arctic Eusirus was coupled 

with high levels of morphological and ecological diversity. This pattern could be attributed to 

the polyphyletic origin and the older age of Arctic lineages. The high levels of morphological 

and ecological diversity in the Arctic group are signature of ecological radiation probably 

smoothed by multiple extinction events.  

The success of taxa that are morphologically and ecologically diverse is usually explained by 

adaptive radiations (Rutschmann et al., 2011; Matschiner et al., 2011; Colombo et al., 2015; 

Hu et al., 2016; Doenz et al., 2019). Adaptive radiation is driven by ecological opportunities 

which could originate through colonization of new habitats, key innovations, and extinction of 

competitors (Schluter, 2000; Stroud & Losos, 2016). These ecological opportunities could 

drive rapid lineage diversification coupled with morphological and ecological variation, 

occupying available niches (Schluter, 2000; Saupe & Myers, 2021) and adaptive radiation will 

eventually slow down as these niches are filled through time (Schluter, 2000; Gavrilets & Losos, 

2009; Colombo et al., 2015). However, these patterns were not observed in either Arctic or 

Antarctic Eusirus. In the Arctic region, adaptive radiations have only been recorded in 

freshwater fishes such as the Artic charr species (Doenz et al., 2019;  Østbye et al., 2020; Peris 

Tamayo et al., 2020) and whitefish (Kahilainen et al., 2011) with no evidence in marine taxa. 

On the other hand, in the Antarctic, adaptive radiations of several marine taxa have been 

described including gastropods of the families Buccinidae, Naticidae, and Turridae (Crame, 

1997) and the notothenioid fishes (Rutschmann et al., 2011; Near et al., 2012; Colombo et al., 
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2015; Daane et al., 2019). The documented adaptive radiations in the polar regions were 

attributed to ecological opportunities brought about by adaptations to different environments 

and key innovations like for example the antifreeze glycoproteins in fishes (Crame, 1997; 

Kahilainen et al., 2011; Rutschmann et al., 2011; Near et al., 2012; Colombo et al., 2015; Daane 

et al., 2019; Doenz et al., 2019; Østbye et al., 2020; Peris Tamayo et al., 2020). However, the 

diversification of the Antarctic icefish Pogonophryne was not accompanied with significant 

ecological differentiation suggesting non-adaptive radiation (Eastman, 2005). During non-

adaptive radiations, species typically evolve in allopatry or peripatry and exhibit minimal 

morphological variation and no clear niche differentiation (Gittenberger, 1991; 2004; Wilke et 

al., 2010). Habitat fragmentation during geological events and low dispersal ability can cause 

allopatric speciation resulting in non-adaptive radiation (Gittenberger, 1991; Wiens, 2004; 

Rundell & Price, 2009). Unlike adaptive radiations, a diversity-dependent lineage and eco-

morphological diversification in the most recent evolutionary history is not observed during 

non-adaptive radiations (Landeira et al., 2023). In Antarctic Eusirus, no rate shift of 

morphological evolution was observed although we found a burst of lineage diversification 

(chapter 5); this pattern support a scenario of non-adaptive radiation (Schluter, 2000; Rundell 

& Price, 2009; Ramirez-Reyes et al., 2022).  A high number of endemic Eusirus species is found 

in the Antarctic and this is coupled with  low morphological and isotopic diversity suggesting 

that evolution has been driven by allopatric speciation (Rundell & Price, 2009). It should, 

however, be noted that some speciation events might also be related to ecological 

diversification in the Antarctic as suggested by the morphological and isotopic diversity 

present in this group. The origin of the Antarctic Eusirus clade coincided with the opening of 

the Drake passage and the formation of the ACC which created a natural marine barrier 

preventing genetic exchange and consequently, providing opportunities for vicariant 

speciation events (Bargelloni et al., 2000; Lee et al., 2004). This was later followed by repeated 

glaciations and deglaciations, providing additional opportunities for allopatric speciation 

especially for less dispersive organisms such as brooding amphipods (Thatje et al., 2005; 

Rogers, 2007; Thornhill et al., 2008; Verheye, 2017; Legezyñska et al., 2020). Isolated habitats 

and low dispersal capabilities are conditions where genetic drift may play a significant role 

(Wilke et al., 2010) as populations in allopatry can speciate through genetic drift if they are 

isolated for a sufficiently long period (Coyne & Orr, 2004; Heinicke et al., 2017). In such 

examples of allopatric speciation, genetic drift can lead to divergence and potentially to 
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speciation without clear niche differentiation (Gittenberger, 2004) or significant 

morphological changes (Verheye, 2017).  

A different scenario could be observed for the evolution of Arctic Eusirus, where a relatively 

constant rate of lineage diversification (chapter 4) was coupled with high levels of 

morphological and ecological diversity (chapter 5). Moreover, accumulation of morphological 

and ecological diversity probably occurred more constantly along speciation events. The high 

morphological and ecological diversity in the Arctic Eusirus could be explained by their 

polyphyletic origin and their older age to the Antarctic Eusirus. Arctic Eusirus originated 63.47 

Ma [43.63-81.54 Ma] to 48.72 Ma [35.71-62.9 Ma] when connections between the Arctic and 

the other oceans permitted dispersal into the Arctic (Dayton, 2013).  Moreover, with its older 

origin, it could be expected that the Arctic Eusirus have accumulated more morphological 

divergence. Another explanation could be attributed to the events of speciation associated 

with niche partitioning which reflects the high morphological and ecological diversity in the 

Arctic Eusirus. The lower species diversity in the Arctic may be explained from multiple 

extinction events in the past and multiple invasions that triggered speciation and ecological 

diversification, leaving a signature of high morphological diversity.  

This study has unraveled evolutionary scenarios of speciation in the polar regions using the 

genus Eusirus amphipods as model organisms. To our knowledge, similar studies utilizing taxa 

with bipolar distributions to compare the evolutionary scenarios between both polar regions 

have not been conducted yet. Given that these polar species had different origins and took 

millions of years to evolve, these species may be at a high risk to become extinct because of 

climate change (Peck, 2005; Clarke & Crame, 2010; Gilg et al., 2012), even more so because 

they have evolved specific molecular mechanisms for cold adaptations. These adaptations 

makes these species more susceptible to temperature changes as they are more constricted 

to temperature boundaries compared to non-polar relatives (Peck et al., 2004; Cheung et al., 

2009). Consequently, these constricted temperature boundaries suggest that they are the 

least likely to be able to resist change and will have limited scope to escape unfavourable 

conditions (Peck et al., 2004; Peck, 2018). The long evolutionary history along with the specific 

cold adaptations of these species leading to restricted temperature boundaries may give these 

species insufficient time to evolve to new environmental conditions (Cheung et al., 2009; Peck, 

2018) resulting in their extinction (Constable et al., 2014).  
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6.5. Future perspectives 

With only one Antarctic amphipod mitogenome available prior to this thesis, the novel 

mitogenomes of Antarctic amphipods (chapter 2) contributed a significant addition to the 

database. These new molecular data also provided information on the distinct features of 

Antarctic amphipod mitogenomes. These mitogenomes can be used for future studies 

including primer design, reconstruction of phylogenetic relationships, population genetics, 

and unraveling phylogeographic patterns and evolutionary histories (Bauzà-Ribot et al., 2012; 

Keis et al., 2013; Meimberg et al., 2016; Romanova et al., 2016).  Moreover, genetic 

adaptations can also be successfully studied utilizing mitogenomes in other taxa (similar to 

the ones in chapter 3). For future studies, increasing the number of mitogenomes for 

amphipod species, especially from cold and warm regions could improve the strengths of 

statistical analyses for possible signals of thermal adaptations and provide a more balanced 

dataset for comparisons.  

Mitogenomic data (full length sequences of the mitochondrial COI and COII genes) together 

with nuclear ribosomal data generated a well-supported phylogeny and unraveled the origins 

and evolutionary diversification processes of Eusirus amphipods in the polar regions (as in 

chapter 4 and 5). Similar analyses could be conducted on other polar organisms for which 

large scale genomic data are not yet available. Origins and diversification processes of both 

polar regions were unraveled by using Eusirus amphipods as model organisms (chapters 4 and 

5). This is the first study that compared  evolutionary scenarios at both poles using taxa with 

bipolar distributions. In the future, utilizing the most recent third generation sequencing 

techniques which produce long reads (average sequencing reads of about 2–10 Kb) such as 

the “single-molecule real-time” sequencing techniques (SMRT-seq using Pacific Biosystems 

and Oxford Nanopore Technologies) would also be promising to use for studies of genetic 

adaptations and evolutionary processes. These sequencing methods have successfully 

generated genomes of Antarctic species such as Antarctic krill Euphausia superba and 

Antarctic blackfin icefish Chaenocephalus aceratus (Kelley et al., 2014; Kim et al., 2019; Shao 

et al., 2023). The application of similar methods to polar amphipods is currently still 

complicated by the large variation in genome size of amphipods, ranging from 3 to 64 pg (Rees 

et al. 2007). There are no data on genome sizes of Eusirus species but published chromosome-

level genomes of for example the red claw crayfish with a genome size of 5 Gb (Chen et al. 
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2023) indicate that it is becoming possible to assemble high quality genomes of polar 

amphipods in the future. Such complete genomic assemblies would provide more insights into 

adaptations to cold environments and extensive molecular data for phylogenetic 

reconstructions. Moreover, additional studies based on full taxon sampling of Eusirus species 

is advisable to identify the origin of the polar Eusirus. It would also be recommended to 

analyse additional phenotypic traits such as the  mouthparts (Michel et al., 2020) and link 

their variation to the ecology of Eusirus which might provide additional information to explain 

the successful diversification of Eusirus. The different subspace occupations of morphospace 

and isospace between Arctic and Antarctic group provide substantial evidence that the 

product of both radiations in polar regions is not strictly similar. Additional works should be 

achieved to check the amplitude and degree of phenotypic convergence in polar regions. It 

would be also be interesting to repeat our work in other biological systems with bipolar 

distributions and different biology or ecologies such as for example the fish family Liparidae 

which is one of the dominant taxa at both poles (Eastman, 1997; Di Prisco et al., 1998). This 

would allow us to test if similar evolutionary patterns and evolutionary age estimates as for 

Eusirus will be obtained.    
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a 
Family diagram for Pancrustacean ground pattern 

 
 

Family diagram for Eusirus giganteus (G1) and Eusirus giganteus (G2) 
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b 
Family diagram for Pancrustacean ground pattern 

 
 
Family diagram for Charcotia amundseni 
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Supplementary figure 1. Overview of the mitochondrial rearrangement scenarios of a Eusirus cf. giganteus (G1 and G2) and b Charcotia amundseni as deduced by CREx (see discussion for 
details). Colours indicate which genes undergo rearrangements. The orange color indicates genes with tandem duplications and subsequent random gene loss (tdrl) and transpositions. Blue 
indicates genes without rearrangements, green indicates gene reversals. 
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Supplementary figure 2. Putative secondary structures of the 22 tRNAs in a Eusirus cf. giganteus (G1) b Eusirus cf. giganteus (G2) c Charcotia amundseni mitogenomes. 
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Supplementary figure 3. Gene order of amphipods with complete mitogenomes in comparison to the putative pancrustacean 
ground pattern (Boore et al., 1998). Grey-colored genes indicate changes of gene order relative to the putative 
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pancrustacean ground pattern. Genes on the (+) strand are found above the line while genes on the (-) strand are found 
below the line. Species from the cold regions are indicated in blue while species from the temperate regions are indicated in 
black. Species names that are not in italics and are in quotes indicate taxa that are not formally described yet as specified by 
Bauzà-Ribot et al. (2012). Control region is indicated by CR. tRNA genes are labeled using their single-letter amino acid code: 
G - Glycine, P - Proline, A - Alanine, V - Valine, L1 - Leucine1, L2 - Leucine2 , I - Isoleucine, M - Methionine, C - Cysteine, F - 
Phenylalanine, Y - Tyrosine, W - Tryptophan, H - Histidine, K - Lysine, R - Arginine, Q - Glutamine, N - Asparagine, E - Glutamic 
Acid, D - Aspartic Acid, S1 - Serine 1, S2 - Serine2, T - Threonine.  
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Supplementary figure 4. Common interval matrix values inferred using gene orders of the analysed amphipod mitogenomes. A high number of common intervals or bright colour means similar 

gene orders while a high number of breakpoints or reversals, or dark colours, mean dissimilar gene orders. Identical gene orders result to a value of 1,400. The characters found in the on the 

header represent the first characters of the amphipod species names found in the first column. 

Pgp Ag Al Bj Bg Cm Cs Ca Ec Ec Ev Ev Em EgG EgG Gd Gf Gl Gp Gr Gf Ga Gf Go Gr Mb Md Mg Mi Ml Ml Mnt Mn Mp Mr Mr Ms On Pk Pj Pp Pk Pd Pd Si Stp Tl

Pancrustacean ground pattern 1400 118 216 462 342 152 110 58 144 464 464 392 116 150 150 464 464 464 464 426 140 208 198 154 162 190 192 192 192 192 144 190 192 192 192 190 190 170 362 70 70 342 100 212 456 456 68

Alicella gigantea 118 1326 158 354 174 332 212 142 348 380 380 392 322 258 258 380 380 380 380 380 176 332 296 232 234 334 334 334 334 334 214 334 334 334 334 334 334 508 334 54 54 276 114 348 304 304 54
Ampithoe lacertosa 216 158 1400 462 302 182 116 60 156 458 458 420 116 168 168 458 458 458 458 534 124 188 108 102 110 296 298 298 298 298 176 296 298 298 298 296 296 180 450 60 60 734 124 324 464 464 56
Bahadzia jaraguensis 462 354 462 1400 564 414 244 108 396 1062 1062 998 236 314 314 1062 1062 1062 1062 998 236 390 302 222 232 684 686 686 686 686 356 684 686 686 686 684 684 522 822 76 76 892 146 732 1124 1124 72
Brachyuropus grewingkii 342 174 302 564 1400 198 118 82 164 730 730 638 156 148 148 730 730 730 730 728 120 260 150 106 118 260 260 260 260 260 152 260 260 260 260 260 260 236 454 64 64 352 102 268 596 596 42
Caprella mutica 152 332 182 414 198 1326 812 100 356 396 396 388 220 264 264 396 396 396 396 396 184 308 304 222 226 380 382 382 382 382 228 380 382 382 382 380 380 446 362 70 70 338 120 370 434 434 70
Caprella scaura 110 212 116 244 118 812 1326 94 234 226 226 222 340 202 202 226 226 226 226 226 174 188 222 304 368 228 228 228 228 228 378 228 228 228 228 228 228 302 208 68 68 226 102 220 254 254 68
Charcotia amundseni 58 142 60 108 82 100 94 1400 142 90 90 94 114 78 78 90 90 90 90 98 82 92 106 102 102 86 86 86 86 86 80 86 86 86 86 86 86 158 86 30 30 92 44 88 80 80 30
Epimeria cornigera 144 348 156 396 164 356 234 142 1400 376 376 372 234 432 432 376 376 376 376 364 186 446 286 226 228 362 362 362 362 362 242 362 362 362 362 362 362 418 340 84 84 300 124 350 360 360 76
Eulimnogammarus cyaneus 464 380 458 1062 730 396 226 90 376 1400 1400 1256 280 312 312 1400 1400 1400 1400 1326 218 454 292 212 224 548 550 550 550 550 272 548 550 550 550 548 548 490 876 84 84 732 156 548 1062 1062 76
Eulimnogammarus verrucosus 464 380 458 1062 730 396 226 90 376 1400 1400 1256 280 312 312 1400 1400 1400 1400 1326 218 454 292 212 224 548 550 550 550 550 272 548 550 550 550 548 548 490 876 84 84 732 156 548 1062 1062 76
Eulimnogammarus vittatus 392 392 420 998 638 388 222 94 372 1256 1256 1326 276 296 296 1256 1256 1256 1256 1186 202 410 284 208 218 538 540 540 540 540 264 538 540 540 540 538 538 456 818 74 74 674 138 540 938 938 68
Eurythenes magellanicus 116 322 116 236 156 220 340 114 234 280 280 276 1400 204 204 280 280 280 280 288 162 246 212 272 304 220 220 220 220 220 340 220 220 220 220 220 220 288 240 68 68 218 104 222 196 196 56
Eusirus giganteus G1 150 258 168 314 148 264 202 78 432 312 312 296 204 1400 1400 312 312 312 312 310 184 490 278 214 206 290 294 294 294 294 206 290 294 294 294 290 290 256 300 66 66 306 144 290 284 284 68
Eusirus giganteus G2 150 258 168 314 148 264 202 78 432 312 312 296 204 1400 1400 312 312 312 312 310 184 490 278 214 206 290 294 294 294 294 206 290 294 294 294 290 290 256 300 66 66 306 144 290 284 284 68
Gammarus duebeni 464 380 458 1062 730 396 226 90 376 1400 1400 1256 280 312 312 1400 1400 1400 1400 1326 218 454 292 212 224 548 550 550 550 550 272 548 550 550 550 548 548 490 876 84 84 732 156 548 1062 1062 76
Gammarus fossarum 464 380 458 1062 730 396 226 90 376 1400 1400 1256 280 312 312 1400 1400 1400 1400 1326 218 454 292 212 224 548 550 550 550 550 272 548 550 550 550 548 548 490 876 84 84 732 156 548 1062 1062 76
Gammarus lacustris 464 380 458 1062 730 396 226 90 376 1400 1400 1256 280 312 312 1400 1400 1400 1400 1326 218 454 292 212 224 548 550 550 550 550 272 548 550 550 550 548 548 490 876 84 84 732 156 548 1062 1062 76
Gammarus pisinnus 464 380 458 1062 730 396 226 90 376 1400 1400 1256 280 312 312 1400 1400 1400 1400 1326 218 454 292 212 224 548 550 550 550 550 272 548 550 550 550 548 548 490 876 84 84 732 156 548 1062 1062 76
Gammarus roeselii 426 380 534 998 728 396 226 98 364 1326 1326 1186 288 310 310 1326 1326 1326 1326 1326 216 446 292 212 224 538 540 540 540 540 262 538 540 540 540 538 538 488 876 82 82 938 156 540 998 998 82
Gmelinoides fasciatus 140 176 124 236 120 184 174 82 186 218 218 202 162 184 184 218 218 218 218 216 1326 190 182 178 178 206 206 206 206 206 200 206 206 206 206 206 206 182 210 58 58 236 98 232 196 196 68
Gondogeneia antarctica 208 332 188 390 260 308 188 92 446 454 454 410 246 490 490 454 454 454 454 446 190 1400 274 210 220 308 308 308 308 308 196 308 308 308 308 308 308 302 378 54 54 300 142 324 374 374 52
Grandidierella fasciata 198 296 108 302 150 304 222 106 286 292 292 284 212 278 278 292 292 292 292 292 182 274 1326 644 618 280 284 284 284 284 214 280 284 284 284 280 280 266 264 74 74 234 120 272 266 266 74
Grandidierella osakaensis 154 232 102 222 106 222 304 102 226 212 212 208 272 214 214 212 212 212 212 212 178 210 644 1326 1254 212 214 214 214 214 278 212 214 214 214 212 212 206 200 72 72 212 102 212 190 190 72
Grandidierella rubroantennata 162 234 110 232 118 226 368 102 228 224 224 218 304 206 206 224 224 224 224 224 178 220 618 1254 1254 216 218 218 218 218 344 216 218 218 218 216 216 208 212 70 70 220 100 216 202 202 70
Metacrangonyx boveei 190 334 296 684 260 380 228 86 362 548 548 538 220 290 290 548 548 548 548 538 206 308 280 212 216 1400 1328 1328 1328 1328 656 1400 1328 1328 1328 1400 1400 334 512 80 80 588 120 672 550 550 74
Metacrangonyx dominicanus 192 334 298 686 260 382 228 86 362 550 550 540 220 294 294 550 550 550 550 540 206 308 284 214 218 1328 1400 1400 1400 1400 668 1328 1400 1400 1400 1328 1328 334 512 80 80 592 120 674 552 552 74
Metacrangonyx goulmimensis 192 334 298 686 260 382 228 86 362 550 550 540 220 294 294 550 550 550 550 540 206 308 284 214 218 1328 1400 1400 1400 1400 668 1328 1400 1400 1400 1328 1328 334 512 80 80 592 120 674 552 552 74
Metacrangonyx ilvanus 192 334 298 686 260 382 228 86 362 550 550 540 220 294 294 550 550 550 550 540 206 308 284 214 218 1328 1400 1400 1400 1400 668 1328 1400 1400 1400 1328 1328 334 512 80 80 592 120 674 552 552 74
Metacrangonyx longicaudus 192 334 298 686 260 382 228 86 362 550 550 540 220 294 294 550 550 550 550 540 206 308 284 214 218 1328 1400 1400 1400 1400 668 1328 1400 1400 1400 1328 1328 334 512 80 80 592 120 674 552 552 74
Metacrangonyx longipes 144 214 176 356 152 228 378 80 242 272 272 264 340 206 206 272 272 272 272 262 200 196 214 278 344 656 668 668 668 668 1326 656 668 668 668 656 656 214 242 78 78 348 102 346 272 272 72
Metacrangonyx nicoleae tamri 190 334 296 684 260 380 228 86 362 548 548 538 220 290 290 548 548 548 548 538 206 308 280 212 216 1400 1328 1328 1328 1328 656 1400 1328 1328 1328 1400 1400 334 512 80 80 588 120 672 550 550 74
Metacrangonyx notenboomi 192 334 298 686 260 382 228 86 362 550 550 540 220 294 294 550 550 550 550 540 206 308 284 214 218 1328 1400 1400 1400 1400 668 1328 1400 1400 1400 1328 1328 334 512 80 80 592 120 674 552 552 74
Metacrangonyx panousei 192 334 298 686 260 382 228 86 362 550 550 540 220 294 294 550 550 550 550 540 206 308 284 214 218 1328 1400 1400 1400 1400 668 1328 1400 1400 1400 1328 1328 334 512 80 80 592 120 674 552 552 74
Metacrangonyx remyi 192 334 298 686 260 382 228 86 362 550 550 540 220 294 294 550 550 550 550 540 206 308 284 214 218 1328 1400 1400 1400 1400 668 1328 1400 1400 1400 1328 1328 334 512 80 80 592 120 674 552 552 74
Metacrangonyx repens 190 334 296 684 260 380 228 86 362 548 548 538 220 290 290 548 548 548 548 538 206 308 280 212 216 1400 1328 1328 1328 1328 656 1400 1328 1328 1328 1400 1400 334 512 80 80 588 120 672 550 550 74
Metacrangonyx spinicaudatus 190 334 296 684 260 380 228 86 362 548 548 538 220 290 290 548 548 548 548 538 206 308 280 212 216 1400 1328 1328 1328 1328 656 1400 1328 1328 1328 1400 1400 334 512 80 80 588 120 672 550 550 74
Onisimus nanseni 170 508 180 522 236 446 302 158 418 490 490 456 288 256 256 490 490 490 490 488 182 302 266 206 208 334 334 334 334 334 214 334 334 334 334 334 334 1400 376 54 54 312 110 338 542 542 54
Pallaseopsis kesslerii 362 334 450 822 454 362 208 86 340 876 876 818 240 300 300 876 876 876 876 876 210 378 264 200 212 512 512 512 512 512 242 512 512 512 512 512 512 376 1400 54 54 716 142 624 822 822 54
Platorchestia japonica 70 54 60 76 64 70 68 30 84 84 84 74 68 66 66 84 84 84 84 82 58 54 74 72 70 80 80 80 80 80 78 80 80 80 80 80 80 54 54 1400 1400 74 72 64 70 70 1192
Platorchestia parapacifica 70 54 60 76 64 70 68 30 84 84 84 74 68 66 66 84 84 84 84 82 58 54 74 72 70 80 80 80 80 80 78 80 80 80 80 80 80 54 54 1400 1400 74 72 64 70 70 1192
Pleonexes koreana 342 276 734 892 352 338 226 92 300 732 732 674 218 306 306 732 732 732 732 938 236 300 234 212 220 588 592 592 592 592 348 588 592 592 592 588 588 312 716 74 74 1400 138 632 782 782 68
Pseudocrangonyx daejeonensis 100 114 124 146 102 120 102 44 124 156 156 138 104 144 144 156 156 156 156 156 98 142 120 102 100 120 120 120 120 120 102 120 120 120 120 120 120 110 142 72 72 138 1400 132 156 156 62
Pseudoniphargus daviui 212 348 324 732 268 370 220 88 350 548 548 540 222 290 290 548 548 548 548 540 232 324 272 212 216 672 674 674 674 674 346 672 674 674 674 672 672 338 624 64 64 632 132 1400 594 594 62
Stygobromus indentatus 456 304 464 1124 596 434 254 80 360 1062 1062 938 196 284 284 1062 1062 1062 1062 998 196 374 266 190 202 550 552 552 552 552 272 550 552 552 552 550 550 542 822 70 70 782 156 594 1400 1400 68
Stygobromus tenuis potomacus 456 304 464 1124 596 434 254 80 360 1062 1062 938 196 284 284 1062 1062 1062 1062 998 196 374 266 190 202 550 552 552 552 552 272 550 552 552 552 550 550 542 822 70 70 782 156 594 1400 1400 68
Trinorchestia longiramus 68 54 56 72 42 70 68 30 76 76 76 68 56 68 68 76 76 76 76 82 68 52 74 72 70 74 74 74 74 74 72 74 74 74 74 74 74 54 54 1192 1192 68 62 62 68 68 1400
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Supplementary figure 5. Principal component analysis (PCA) performed on the “9sp dataset morpho” showing PC1 and PC3. The three localities are indicated in colours with red for the Antarctic, 

green for the Arctic, and blue for the Non-polar.  



Supplementary Tables 

210 
 

Supplementary Tables 

 

Supplementary table 1. List of amphipod species species analysed for their AT and GC skew of 

mitogenomes. Target species of the current study are indicated in bold. 

Species Family Genbank No. Publication 

Eusirus cf. giganteus (G1) Eusiridae OK489458 This study 

Eusirus cf. giganteus (G2) Eusiridae  OK489459 This study 

Charcotia amundseni Lysianassidae OK489457 This study 

Alicella gigantea Alicellidae MK215211 Li et al., 2019 

Ampithoe lacertosa Ampithoidae MK215645 Lee et al, 2019 

Bahadzia jaraguensis Hadziidae FR872382 
Bauzà et al., 
2012 

Brachyuropus grewingkii Acanthogammaridae KP161875 
Romanova et 
al., 2016 

Caprella mutica Caprellidae GU130250 
Kilpert et al., 
2010 

Caprella scaura Caprellidae AB539699 Ito et al., 2010 

Epimeria cornigera 
Epimeriidae 

MF361127 
Beerman, et al, 
2018 

Eulimnogammarus cyaneus Eulimnogammaridae KX341964 
Romanova et 
al., 2016 

Eulimnogammarus verrucosus  
Eulimnogammaridae 

KF690638 
Rivarola-Duarte 
et al., 2014 

Eulimnogammarus vittatus Eulimnogammaridae KM287572 
Romanova et 
al., 2016 

Eurythenes magellanicus Eurytheneidae MN688221 Li et al., 2020 

Eurythenes maldoror Eurytheneidae NC036429 
Cheng et al., 
unpublished 

Gammarus duebeni Gammaridae NC_017760 
Krebes et al., 
2012 

Gammarus fossarum Gammaridae NC_034937 
Macher et al., 
2017 

Gammarus lacustris Gammaridae MK354235 Sun et al, 2020 

Gammarus pisinnus Gammaridae MK354236 Sun et al, 2020 

Gammarus roeselii Gammaridae MG779536 
Cormier et al, 
2018 

Gmelinoides fasciatus Micruropodidae NC_033361 
Romanova et 
al., 2016 

Gondogeneia antarctica Pontogeneiidae JN827386 Shin et al., 2012 

Grandidierella fasciata Aoridae LC500464 Hiki et al, 2020 
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Grandidierella japonica Aoridae LC500462  
Hiki et al, 
unpublished 

Grandidierella osakaensis Aoridae LC546828 Hiki et al., 2020 

Grandidierella rubroantennata Aoridae LC500463 Hiki et al, 2020 

Haploginglymus sp. Niphargidae LT594768 
Pons et al., 
unpublished 

Hyalella azteca Hyalellidae NC_039403 
Patra et al., 
unpublished 

Metacrangonyx boveei  
Metacrangonyctidae HE860498 

Bauzà-Ribot et 
al., 2012 

Metacrangonyx longipes Metacrangonyctidae AM944817 
Bauzà-Ribot et 
al., 2009 

Metacrangonyx nicoleae tamri 
Metacrangonyctidae HE860504 

Bauzà-Ribot et 
al., 2012 

Metacrangonyx repens Metacrangonyctidae HE860495 
Bauzà-Ribot et 
al., 2012 

Metacrangonyx spinicaudatus Metacrangonyctidae HE860506 
Bauzà-Ribot et 
al., 2012 

Onisimus nanseni Uristidae FJ555185 Ki et al., 2010 

Pallaseopsis kesslerii Pallaseidae KX341968 
Romanova et 
al., 2016 

Platorchestia japonica Talitridae  MG010370 Yang et al., 2017 

Platorchestia parapacifica Talitridae  MG010371 Yang et al., 2017 

Pleonexes koreana  Ampithoidae MK265245 Lee et al, 2019 

Pseudocrangonyx daejeonensis Pseudocrangonyctidae MH229998 Lee et al., 2018 

Pseudoniphargus daviui Pseudoniphargidae FR872383 
Stokkan et al., 
2016 

Stygobromus indentatus Crangonyctidae KU869711 
Aunins et al., 
2016 

Stygobromus tenuis potomacus Crangonyctidae KU869712 
Aunins et al., 
2016 

Trinorchestia longiramus Talitridae MH542431 
Patra et al., 
2019 

 

 

 

 

 

 

 



Supplementary Tables 

212 
 

Supplementary table 2. Annotation of the complete mitogenomes of Eusirus cf. giganteus (G1 and 

G2)  and Charcotia amundseni 

Eusirus cf. giganteus (G1) 

Gene Strand From  To Length (bp) Start Stop 

cox1 + 1 1537 1537 ATT T(AA) 

trnL2 + 1538 1601 64   

cox2 + 1602 2279 678 ATC TAA 

Intergenic spacer 1  2280 2280 1   

trnK + 2281 2339 59   

Intergenic spacer 2  2340 2412 73   

trnD + 2413 2477 65   

atp8 + 2478 2636 159 ATC TAA 

atp6 + 2630 3300 671 ATG TA(A) 

cox3 + 3300 4088 789 ATG TAA 

Intergenic spacer 3  4089 4100 12   

nad3 + 4101 4448 348 ATT TAA 

trnA + 4447 4504 58   

trnS1 + 4504 4555 52   

Intergenic spacer 4  4556 4559 4   

trnR + 4560 4619 60   

Intergenic spacer 5  4620 4627 8   

trnN + 4628 4688 61   

trnE + 4686 4747 62   

Intergenic spacer 6  4748 4798 51   

nad5 - 4799 6511 1713 ATG TAA 

trnH - 6512 6572 61   

nad4 - 6573 7878 1306 ATG T(AA) 

Intergenic spacer 8  7879 7883 5   

nad4l - 7884 8177 294 ATG TAA 

Intergenic spacer 9  8178 8182 5   

trnT + 8183 8242 60   

trnP - 8242 8303 62   

Intergenic spacer 10  8304 8305 2   

nad6 + 8306 8881 576 ATG TAA 

nad1 - 8843 9763 921 ATT TAA 

Intergenic spacer 11  9764 9860 97   

trnM - 9861 9920 60   

Intergenic spacer 12  9921 9933 13   

cytb + 9934 11067 1134 ATG TAG 
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trnS2 + 11067 11118 52   

Intergenic spacer 13  11119 11204 86   

Putative control region  11205 11458 254   

Intergenic spacer 14  11459 12306 848   

rrnL - 12307 13177 871   

Intergenic spacer 15  13178 13201 24   

trnV - 13202 13254 53   

rrnS - 13255 13935 681   

Intergenic spacer 16  13936 13976 41   

trnI - 13977 14042 66   

Intergenic spacer 17  14043 14051 9   

trnY - 14052 14110 59   

trnQ - 14107 14165 59   

Intergenic spacer 18  14166 14189 24   

trnL1 - 14190 14253 64   

Intergenic spacer 19  14254 14280 27   

trnC + 14281 14339 59   

trnF + 14338 14397 60   

Intergenic spacer 20  14398 14445 48   

nad2 + 14446 15433 988 ATC T(AA) 

trnW + 15434 15497 64   

trnG + 15497 15558 62   

   
    

Eusirus cf. giganteus (G2) 
Gene Strand From  To Length (bp) Start Stop 

cox1 + 1 1537 1537 ATT T(AA) 

trnL2 + 1538 1601 64   

cox2 + 1602 2279 678 ATC TAA 

Intergenic spacer 1  2280 2280 1   

trnK + 2281 2339 59   

Intergenic spacer 2  2340 2412 73   

trnD + 2413 2477 65   

atp8 + 2478 2636 159 ATC TAA 

atp6 + 2630 3300 671 ATG TA(A) 

cox3 + 3300 4088 789 ATG TAA 

Intergenic spacer 3  4089 4100 12   

nad3 + 4101 4448 348 ATT TAA 

trnA + 4447 4504 58   

trnS1 + 4504 4555 52   

Intergenic spacer 4  4556 4559 4   



Supplementary Tables 

214 
 

trnR + 4560 4619 60   

Intergenic spacer 5  4620 4626 7   

trnN + 4627 4687 61   

trnE + 4685 4746 62   

Intergenic spacer 6  4747 4797 51   

nad5 - 4798 6507 1710 ATG TAA 

Intergenic spacer 7  6508 6509 2   

trnH - 6510 6572 63   

nad4 - 6571 7853 1283 ATG TA(A) 

Intergenic spacer 8  7854 7858 5   

nad4l - 7859 8152 294 ATG TAA 

Intergenic spacer 9  8153 8157 5   

trnT + 8158 8217 60   

trnP - 8217 8278 62   

Intergenic spacer 10  8279 8280 2   

nad6 + 8281 8818 538 ATG T(AA) 

nad1 - 8818 9738 921 ATT TAA 

Intergenic spacer 11  9739 9835 97   

trnM - 9836 9895 60   

Intergenic spacer 12  9896 9908 13   

cytb + 9909 11042 1134 ATG TAG 

trnS2 + 11042 11093 52   

Intergenic spacer 13  11094 11179 86   

Putative control region  11180 11433 254   

Intergenic spacer 14  11434 12282 849   

rrnL - 12283 13153 871   

Intergenic spacer 15  13154 13177 24   

trnV - 13178 13230 53   

rrnS - 13231 13911 681   

Intergenic spacer 16  13912 13952 41   

trnI - 13953 14018 66   

Intergenic spacer 17  14019 14027 9   

trnY - 14028 14086 59   

trnQ - 14083 14141 59   

Intergenic spacer 18  14142 14165 24   

trnL1 - 14166 14229 64   

Intergenic spacer 19  14230 14256 27   

trnC + 14257 14315 59   

trnF + 14314 14373 60   

Intergenic spacer 20  14374 14421 48   
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nad2 + 14422 15409 988 ATC T(AA) 

trnW + 15410 15473 64   

trnG + 15473 15534 62   

       

Charcotia amundseni 
Gene Strand From  To Length (bp) Start Stop 

cox1 + 1 1534 1534 ATA T(AA) 

trnL2 + 1535 1596 62   

cox2 + 1597 2275 679 ATG T(AA) 

trnD + 2276 2336 61   

Intergenic spacer 2  2337 2338 2   

atp8 + 2339 2497 159 ATA TAA 

atp6 + 2491 3162 672 ATG TAA 

cox3 + 3162 3950 789 ATG TAA 

Intergenic spacer 3  3951 3963 13   

nad3 + 3964 4305 342 ATT TAA 

Intergenic spacer 4  4306 4307 2   

trnS1 + 4308 4362 55   

trnN + 4362 4428 67   

trnE + 4426 4485 60   

trnF + 4485 4538 54   

Intergenic spacer 5  4539 5273 735   

Putative control region  5274 5839 566   

nad5 - 5840 7558 1719 ATG TAA 

trnH - 7559 7617 59   

nad4 - 7618 8923 1306 ATC T(AA) 

Intergenic spacer 7  8924 8928 5   

nad4l - 8929 9219 291 ATA TAG 

Intergenic spacer 8  9220 9222 3   

trnP - 9223 9283 61   

Intergenic spacer 9  9284 9596 313   

nad1 - 9597 10514 918 ATG TAA 

Intergenic spacer 10  10515 10516 2   

trnL1 - 10517 10575 59   

Intergenic spacer 11  10576 10587 12   

rrnL - 10588 11326 739   

Intergenic spacer 12  11327 11589 263   

trnC - 11590 11648 59   

trnV - 11647 11711 65   

rrnS - 11699 12227 529   
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Intergenic spacer 13  12228 12335 108   

trnQ - 12336 12398 63   

trnS2 - 12397 12449 53   

Intergenic spacer 14  12450 12456 7   

cytb - 12457 13596 1140 ATG TAA 

nad6 - 13596 14075 480 ATG TAA 

Intergenic spacer 15  14076 14076 1   

trnT - 14077 14137 61   

trnR - 14132 14192 61   

Intergenic spacer 16  14193 14194 2   

trnA - 14195 14256 62   

Intergenic spacer 17  14257 14259 3   

trnK - 14260 14320 61   

Intergenic spacer 18  14321 14339 19   

trnM + 14340 14401 62   

trnY - 14400 14459 60   

trnI + 14458 14515 58   

nad2 + 14516 15496 981 ATA TAA 

trnW + 15495 15555 61   

trnG + 15556 15619 64   
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Supplementary table 3. List of species used in this study including information on their sampling locality and expedition, the sample area, station, 
geographical coordinates and voucher IDs. 

Specimen ID code Species Locality Expedition Area Station Latitude Longitude Voucher ID 

EB14 Eusirus antarcticus Antarctica JR179 Amundsen Sea BIO4-EBS-3A-EPI 74°23'54.4"S  104°37'55.7"W INV.159925 

EB5 Eusirus antarcticus Antarctica JR144 (BIOPEARL I) Elephant Islands EI-AGT-4 61°20'02.2"S  55°11'42.3"W INV. 138482 

EF34 Eusirus antarcticus Antarctica CEAMARC Adelie Coast 87 (lot 3532) 65°30'22.7"S  139°21'31.5"E  No voucher 

EE39 Eusirus antarcticus Antarctica CEAMARC Adelie Coast 87 (lot 3532) 65°30'22.7"S  139°21'31.5"E  No voucher 

EB6 Eusirus bouvieri 2 Antarctica JR144 (BIOPEARL I) Elephant Islands EI-AGT-4 61°20'02.2"S  55°11'42.3"W INV.159926 

EF21 Eusirus bouvieri 1 Antarctica CEAMARC Adelie Coast 13A (lot 2969) 66°08'53.8"S  140°38'59.7"E  No voucher 

EB2 Eusirus bouvieri 2 Antarctica JR144 (BIOPEARL I) Elephant Islands EI-AGT-4 61°20'02.2"S  55°11'42.3"W INV.159927 

EF22 Eusirus bouvieri 1 Antarctica CEAMARC Adelie Coast 13A (lot 2969) 66°08'53.8"S  140°38'59.7"E  No voucher 

EF29 Eusirus bouvieri 1 Antarctica CEAMARC Adelie Coast 11 (lot 2519) 66°33'42.5"S  141°15'43.0"E  No voucher 

EE19 Eusirus bouvieri 2 Antarctica CEAMARC Adelie Coast 04 (lot 631) 66°18'59.0"S  142°00'01.3"E  No voucher 

EB3 Eusirus bouvieri 2 Antarctica JR144 (BIOPEARL I) Elephant Islands EI-AGT-4 61°20'02.2"S  55°11'42.3"W INV.159928 

EF26 Eusirus bouvieri 1 Antarctica CEAMARC Adelie Coast 11 (lot 2519) 66°33'42.5"S  141°15'43.0"E  No voucher 

EUP1 Eusirus cf. bouvieri Antarctica PS118 Weddel Sea 12_10 63°50'14.8"S  55°35'09.7"W INV.159949 

EB01 Eusirus sp. 1 Antarctica JR179 Amundsen Sea BIO6-EBS-3D-EPI 71°20'56.2"S  109°57'53.2"W INV.159929 

EB20 Eusirus sp. 1 Antarctica JR179 Amundsen Sea BIO4-EBS-3D-EPI 74°23'27.2"S  104°46'02.1"W INV.159930 

EB17 Eusirus sp. juvenile Antarctica JR179 Amundsen Sea BIO4-EBS-3A-EPI 74°23'54.4"S  104°37'55.7"W INV.159931 

EB18 Eusirus sp. 8 juvenile Antarctica JR179 Amundsen Sea BIO4-EBS-3A-EPI 74°23'54.4"S  104°37'55.7"W INV.159932 

EB15 Eusirus sp. 1 Antarctica JR179 Amundsen Sea BIO4-EBS-3A-EPI 74°23'54.4"S  104°37'55.7"W INV.159933 

EB16 Eusirus sp. 1 Antarctica JR179 Amundsen Sea BIO4-EBS-3A-EPI 74°23'54.4"S  104°37'55.7"W INV.159934 

ED10 Eusirus sp. 2 Antarctica ANT-XXII-3 (ANDEEP III) 
North of Bouvet 
Island 21–7 47°38'43.8"S  4°15'12.0"E INV.159935 

PS1 Eusirus cf. giganteus Antarctica PS118 Weddel Sea 9_5 64°01'13.9"S  55°54'27.0"W INV.159936 

PS2 Eusirus cf. giganteus Antarctica PS118 Weddel Sea 12_10 63°50'14.8"S  55°35'09.7"W INV.159937 

PS3 Eusirus cf. giganteus Antarctica PS118 Weddel Sea 12_10 63°50'14.8"S  55°35'09.7"W INV.159938 

PS4 Eusirus cf. giganteus Antarctica PS118 Weddel Sea 12_10 63°50'14.8"S  55°35'09.7"W INV.159939 

PS5 Eusirus cf. giganteus Antarctica PS118 Weddel Sea 12_10 63°50'14.8"S  55°35'09.7"W INV.159940 
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PS6 Eusirus cf. giganteus Antarctica PS118 Weddel Sea 12_10 63°50'14.8"S  55°35'09.7"W INV.159941 

PS7 Eusirus cf. giganteus Antarctica PS118 Weddel Sea 12_10 63°50'14.8"S  55°35'09.7"W INV.159942 

PS8 Eusirus cf. giganteus Antarctica PS118 Weddel Sea 12_10 63°50'14.8"S  55°35'09.7"W INV.159943 

PS9 Eusirus cf. giganteus Antarctica PS118 Weddel Sea 12_10 63°50'14.8"S  55°35'09.7"W INV.159944 

PS10 Eusirus cf. giganteus Antarctica PS118 Weddel Sea 9_5 64°01'13.9"S  55°54'27.0"W INV.159945 

EE23 Eusirus giganteus G1 Antarctica CEAMARC  Adelie Coast 08 (lot 766)  66°33'51.4"S  142°23'13.9"E 
MNHN-IU-2019-
3362 

EF32 Eusirus giganteus G1 Antarctica CEAMARC  Adelie Coast 66 (lot 300)  66°00'14.2"S  143°42'57.9"E Specimen missing 

EE32 Eusirus giganteus G2 Antarctica CEAMARC  Adelie Coast 19 (lot 3083)  66°10'14.3"S  139°21'11.3"E 
MNHN-IU-2019-

3365 

EE26 Eusirus giganteus G2 Antarctica CEAMARC  Adelie Coast 19 (lot 3103)  66°10'14.3"S  139°21'11.3"E 
MNHN-IU-2019-
3363 

EC14 Eusirus giganteus G3 Antarctica ANT-XXIII/8  

End of the 
Antarctic 
Peninsula 683-1/684-1  62°57'46.2"S  57°57'53.4"W INV. 138481 

EE29 Eusirus giganteus G3 Antarctica CEAMARC  Adelie Coast 38 (lot 1974)  66°18'55.9"S  143°18'05.1"E 
MNHN-IU-2019-
3366 

ED25 Eusirus giganteus G4A Antarctica ANT-XXIII/8  Larsen B 700-2  65°55'04.2"S  60°20'09.0"W INV. 132515 

ED1 Eusirus giganteus G4B Antarctica ANT-XXIV/2 (ANDEEP SYSTCO)  East Weddell 48-1  70°23'56.4"S  8°19'08.4"W INV. 138477 

ED2 Eusirus giganteus G4B Antarctica ANT-XXIV/2 (ANDEEP SYSTCO)  East Weddell 48-1  70°23'56.4"S  8°19'08.4"W INV. 132514 

ED8 Eusirus giganteus G4B Antarctica ANT-XXIV/2 (ANDEEP SYSTCO)  East Weddell 48-1  70°23'56.4"S  8°19'08.4"W INV. 138479 

ED4 Eusirus giganteus G4B Antarctica ANT-XXIV/2 (ANDEEP SYSTCO)  East Weddell 48-1  70°23'56.4"S  8°19'08.4"W INV. 138478 

EE11 Eusirus microps Antarctica CEAMARC  Adelie Coast 49A (lot 1263)  67°02'48.9"S  145°09'03.0"E IU-2008-787 

EF10 Eusirus microps Antarctica CEAMARC  Adelie Coast 19 (lot 3103)  66°10'14.3"S  139°21'11.3"E  No voucher 

EF12 Eusirus microps Antarctica CEAMARC  Adelie Coast 19 (lot 3103)  66°10'14.3"S  139°21'11.3"E IU-2008-855 

EC23 Eusirus perdentatus P2 Antarctica ANT-XXI/2 (BENDEX)  East Weddell 253-1  71°04'53.4"S  11°32'12.6"W INV. 132568 

EC19 Eusirus perdentatus P2 Antarctica ANT-XXI/2 (BENDEX)  East Weddell 253-1  71°04'53.4"S  11°32'12.6"W INV. 132562 

EB8 Eusirus perdentatus P2 Antarctica JR144 (BIOPEARL I) Elephant Islands EI-EBS-4-Supra 61°20'07.6"S  55°12'13.6"W INV. 138473 

EB10 Eusirus perdentatus P2 Antarctica JR144 (BIOPEARL I) Elephant Islands EI-EBS-4-Supra 61°20'07.6"S  55°12'13.6"W INV. 138471 

EF13 Eusirus pontomedon Antarctica CEAMARC Adelie Coast 79 (lot 3678) 65°42'24.9"S  140°35'50.6"E 
MNHN-IU-2019-
3358 

AWI10 Eusirus pontomedon Antarctica ANT-XXIX-9 
Southern Weddell 
Sea 88-1 76° 57.98‘ S  32° 56.67‘ W INV. 138471 

AWI7 Eusirus pontomedon Antarctica ANT-XXIX-9 
Southern Weddell 
Sea 88-1 76° 57.98‘ S  32° 56.67‘ W  INV. 138470 
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EU78 Eusirus propeperdentatus Antarctica ANTXXIX-3 
Southeast of 
Clarence Island  135-1 61°30'01.8"S  53°43'34.8"W INV. 122804 

EE27 Eusirus propeperdentatus Antarctica CEAMARC  Adelie Coast 19 (lot 3103)  66°10'14.3"S  139°21'11.3"E 
MNHN-IU-2019-
3355 

EE24 Eusirus propeperdentatus Antarctica CEAMARC  Adelie Coast 19 (lot 3103)  66°10'14.3"S  139°21'11.3"E 
MNHN-IU-2019-
3354 

EU17 Eusirus laticarpus 2 Antarctica ANTXXIX-3 Joinville island 152-2 63°50'48.6"S  50°51'39.6"W INV.159946 

EB19 Eusirus laticarpus 1 Antarctica  JR179 Amundsen Sea BIO4-EBS-3D-EPI 74°23'27.2"S  104°46'02.1"W INV.159947 

EU67 Eusirus laticarpus 1 Antarctica ANTXXIX-3 Drake Passage 234-5 62°17'21.6"S  61°12'03.6"W INV. 122856 

EU15 Eusirus laticarpus 2 Antarctica ANTXXIX-3 Joinville Island 147-1 62°46'03.0"S  51°43'03.6"W INV.159948 

EU18 Eusirus laticarpus 2 Antarctica ANTXXIX-3 Joinville island 152-2 63°50'48.6"S  50°51'39.6"W INV.159950 

EC25 Eusirus laticarpus 1 Antarctica ANT-XXI/2 (BENDEX)  East Weddell 259-1  70°56'34.2"S  10°31'58.8"W INV. 132572 

EC26 Eusirus laticarpus 1 Antarctica ANT-XXI/2 (BENDEX)  East Weddell 245-1  70°56'44.4"S  10°32'36.0"W INV.132573 

EC29 Eusirus laticarpus 1 Antarctica ANT-XXI/2 (BENDEX)  East Weddell 248-1  71°05'30.6"S  11°30'27.6"W INV.132564 

EC27 Eusirus laticarpus 1 Antarctica ANT-XXI/2 (BENDEX)  East Weddell 259-1  70°56'34.2"S  10°31'58.8"W INV.132574 

EU88 Eusirus cuspidatus Arctic not indicated 
Resolute Bay, 
Canada nd 74°41'02.4"N  94°51'25.2"W NUN-0011 

EU85 Eusirus cuspidatus Arctic not indicated 
Resolute Bay, 
Canada nd 74°41'02.4"N  94°51'25.2"W NUN-0008 

EU84 Eusirus cuspidatus Arctic not indicated 
Resolute Bay, 
Canada nd 74°41'02.4"N  94°51'25.2"W NUN-0007 

EU89 Eusirus cuspidatus Arctic not indicated 
Resolute Bay, 
Canada nd 74°41'02.4"N  94°51'25.2"W NUN-0012 

ED18 Eusirus minutus Arctic Cruise without a specific name 
Malangen, 
Norway 726-02  69°33'26.4"N  18°00'02.4"E INV. 132590 

ED20 Eusirus minutus Arctic Cruise without a specific name 
Malangen, 
Norway 726-02  69°33'26.4"N  18°00'02.4"E INV.159951 

ED16 Eusirus minutus Arctic Cruise without a specific name 
Malangen, 
Norway 726-02  69°33'26.4"N  18°00'02.4"E INV.132593 

ED17 Eusirus minutus Arctic Cruise without a specific name 
Malangen, 
Norway 726-02  69°33'26.4"N  18°00'02.4"E INV.132587 

ED19 Eusirus minutus Arctic Cruise without a specific name 
Malangen, 
Norway 726-02  69°33'26.4"N  18°00'02.4"E INV. 132585 

ED13 Eusirus cf. propinquus Arctic Cruise without a specific name Kvalsund,Norway 734-02  69°52'02.4"N  18°52'49.2"E INV. 132592 

ED15 Eusirus propinquus Arctic Cruise without a specific name Kvalsund,Norway 734-02  69°52'02.4"N  18°52'49.2"E INV.132591 

ED14 Eusirus propinquus Arctic Cruise without a specific name Kvalsund,Norway 734-02  69°52'02.4"N  18°52'49.2"E INV.132586 

JPIO1 Eusirus sp. 4 Non-polar SO239-171 
North Pacific 
Ocean not indicated 14°02'32.4"N  130°06'05.4"W INV.159952 
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JPIO3 Eusirus sp. 7 Non-polar SO239-133 
North Pacific 
Ocean not indicated 13°50'56.4"N  123°15'12.6"W INV.159953 

JPIO5 Eusirus sp. 5 Non-polar SO239-118 
North Pacific 
Ocean not indicated 13°52'22.8"N  123°15'05.4"W INV.159954 

JPIO6 Eusirus sp.6 Non-polar SO239-20 
North Pacific 
Ocean not indicated 11°49'45.0"N  117°00'29.4"W INV.159955 

JP03 Eusirus sp. 3 Non-polar 
TRV Toyoshio-maru (Hiroshima 
University) 

Off Cape Toi (the 
southern tip of 
Kyushu), Japan   31°14.54'N  131° 32.20'E EUJP-003 

KT808758 & 
KT808739  Rhachotropis schellenbergi Antarctica ANTXXVII/3 Larsen A 226-7 64°54.84'S 60°36.63'W RBINS INV. 132660 
KT808757 & 
KT808738 Rhachotropis antarctica Antarctica ANTXXVII/3 East Weddell Sea 284-1 70°58.34'S 10°29.99'W RBINS INV. 132649 

ED11 Rhachotropis schellenbergi Antarctica ANT-XIX/5 (LAMPOS) 

Between South 
Sandwich and 
South Orkney 223 60°08'09.6"S  34°55'54.6"W INV.159956 

ED40 Rhachotropis antarctica Antarctica JR144 (BIOPEARL I) South Georgia SG-EBS-E3 53°35'50.8"S  37°54'11.1"W INV.159957 
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Supplementary table 4. Results of the Xia’s test for substitution saturations of each gene as implemented in DAMBE version 7.3.11.  

Gene Num OTU Iss   Iss.cSym        P Iss.cAsym P 

18S 4 0.194 0.820 0.0000 0.788 0.0000 

8 0.200 0.788 0.0000 0.682 0.0000 

16 0.217 0.771 0.0000 0.573 0.0000 

32 0.219 0.748 0.0000 0.441 0.0000 

28s 4 0.077 0.791 0.0000 0.758 0.0000 

8 0.066 0.745 0.0000 0.634 0.0000 

16 0.073 0.709 0.0000 0.499 0.0000 

32 0.074 0.695 0.0000 0.367 0.0000 

COI 1st and 2nd codon 
positions 

4 0.170 0.948 0.0000 1.104 0.0000 

8 0.171 1.047 0.0000 1.113 0.0000 

16 0.168 0.560 0.0000 0.700 0.0000 

32 0.169 1.226 0.0000 1.313 0.0000 

COI  3rd  codon position 4 0.166 1.400 0.0000 1.798 0.0000 

8 0.168 1.788 0.0000 2.141 0.0000 

16 0.164 0.647 0.0002 1.416 0.0000 

32 0.169 2.454 0.0000 3.381 0.0000 

COII 1st and 2nd codon 
positions 
 

 0.1007 0.6929 0.0000 0.3784 0.0000 

COII  3rd  codon position  0.2900 0.7167 0.0000 0.4016 
 

0.0000 
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Supplementary table 5. List of putative genetic species used in this study including the locality, geographical coordinates, and voucher ID. The presence of 

molecular data (Mol), morphological data (Mor) and stable isotope data for δ13C (13C) and δ15N (15N) are indicated for each specimen. Coordinates with * 

indicate approximate coordinates based on the known locality for standardization of stable isotopes analysis. 

SampleID Species name Locality Latitude Longitude Voucher ID 
Mol Mor 13C 15N 

EX48 Eusirus microps Larsen A 64°54.79' S 60°30.80' W INV.159962 
 X(#sp) x x 

EF12 Eusirus microps Adelie Coast 66.17064°S  139.353133°E  IU-2008-855 
x x x x 

EF10 Eusirus microps Adelie Coast 66.17064°S 139.353133°E   No voucher 
x x x x 

EF11 Eusirus microps Adelie Coast  66.17064°S  139.353133°E  No voucher 
 

 
x x 

EC30 Eusirus microps East Weddell 72.85867°S 19.61317°W INV.159960 
 x x x 

EU11 Eusirus microps Adelie Coast 66°37.1'S 140°00'E MNHN-IU-2016-6623 
 x x x 

EU3 Eusirus microps no locality recorded 71.5306702°S 171.3005066°E NIWA NO. 20290 
 x x x 

EU2 Eusirus microps no locality recorded 72.2788315°S 171.4136658°E NIWA NO. 20289 
 

 
x x 

EA2 Eusirus microps East Weddell 67.97683°S 3.00433°E INV.159961   x x 

DMSI27 Eusirus microps St. 125 Antarctica, Peter I Island, off Anderssen Point 68°49’50”S* 90°44’46”W* NHMD-672539   x  

EE11 Eusirus microps Adelie Coast 67°02'48.9"S  145°09'03.0"E IU-2008-787 x    

EU78 Eusirus propeperdentatus Southeast of Clarence Island 61°30'01.8"S 53°43'34.8"W INV. 122804 
x x x x 

EU77 Eusirus propeperdentatus no locality recorded 62°39'07.8"S 52°25'19.8"W INV.159964 
 x x x 

EU4 Eusirus propeperdentatus Site C3, shelf, Western Ross Sea 75.6330000°S  169.8500000°E NIWA NO. 36115 
 x x x 

EU5 Eusirus propeperdentatus Site C3, shelf, Western Ross Sea 75.6330000°S  169.8500000°E NIWA NO. 36140 
 

 
x x 

EU19 Eusirus propeperdentatus Site C5, shelf, Western Ross Sea 76.5940000°S 176.8280000°E NIWA NO. 36603 
 x x x 

EU20 Eusirus propeperdentatus Site C2, shelf, Western Ross Sea 74.7262000°S 167.0132000°E NIWA NO. 35955 
 x x x 

SI01 Eusirus propeperdentatus Site C3, shelf, Western Ross Sea 75.6330000°S  169.8500000°E NIWA NO. 36115 
 

 
x x 

SI02 Eusirus propeperdentatus Site C3, shelf, Western Ross Sea 75.6330000°S  169.8500000°E NIWA NO. 36115 
 

 
x x 

SI03 Eusirus propeperdentatus Site C3, shelf, Western Ross Sea 75.6330000°S  169.8500000°E NIWA NO. 36115 
 

 
x x 

SI04 Eusirus propeperdentatus Site C3, shelf, Western Ross Sea 75.6330000°S  169.8500000°E NIWA NO. 36115 
 

 
x x 

EE24/EE25 Eusirus propeperdentatus Adelie Coast  66.17064°S 139.353133°E MNHN-IU-2019-3354 
x 

 
x x 

EE27/EE28 Eusirus propeperdentatus Adelie Coast  66.17064°S 139.353133°E MNHN-IU-2019-3355 
x 

 
x x 

SI05 Eusirus propeperdentatus Site D4, shelf, Southern Ross Sea 76.7750000°S  167.8360000°E NIWA NO. 36440 
 

 
x x 

SI06 Eusirus propeperdentatus Site D4, shelf, southern Ross Sea 76.7750000°S  167.8360000°E NIWA NO. 36440 
 

 
x x 
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SI08 Eusirus propeperdentatus Site D4, shelf, southern Ross Sea 76.7750000°S  167.8360000°E NIWA NO. 36440 
 

 
x x 

SI09 Eusirus propeperdentatus Site C3, shelf, Western Ross Sea 75.6330000°S  169.8500000°E NIWA NO. 36140 
 

 
x x 

EU6 Eusirus propeperdentatus Site D4, shelf, southern Ross Sea 76.7750000°S  167.8360000°E NIWA NO. 36440 
 

 
x x 

EC27 Eusirus laticarpus 1 East Weddell  70.94283°S 10.53300°W INV.132574 
x x x x 

EC25 Eusirus laticarpus 1 East Weddell  70.94283°S 10.53300°W INV. 132572 
x x x x 

EU15 Eusirus laticarpus 2 Joinville Island 62°46'03.0"S  51°43'03.6"W INV.159948 
x x x  

EU17 Eusirus laticarpus 2 Joinville Island 63°50'48.6"S  50°51'39.6"W INV.159946 
x x x  

EU18 Eusirus laticarpus 2 Joinville Island 63°50'48.6"S  50°51'39.6"W INV.159950 
x x x  

EB19 Eusirus laticarpus 1 Amundsen Sea 74.39088°S  104.76726°W INV.159963 
x 

 
x x 

EC26 Eusirus laticarpus 1 East Weddell 70.94567°S  10.54333°W INV.132573 
x 

 
x x 

EU67 Eusirus laticarpus 1 Drake Passage 62°17'21.6"S  61°12'03.6"W INV. 122856 
x 

 
  

EC29 Eusirus laticarpus 1 East Weddell 71°05'30.6"S  11°30'27.6"W INV.132564 
x 

 
  

EU12 Eusirus laticarpus Adelie Coast 66°38.4'S 139°53.7'E MNHN-IU-2019-2163 
  x x 

EU16 Eusirus laticarpus Joinville Island 62°46'03.0"S  51°43'03.6"W INV.159997 
  x  

EU1 Eusirus laticarpus Ross sea 71.7549973°S  171.1425018°E NIWA NO. 20288 
 

 
x x 

EU29 Eusirus perdentatus no locality recorded 71.7549973°S 171.1425018°E NIWA NO. 20221 
 x x x 

EU28 Eusirus perdentatus no locality recorded 71.7549973°S 171.1425018°E NIWA NO. 20221 
 x x x 

EU36 Eusirus perdentatus no locality recorded 71.3098297°S  170.4771729°E NIWA NO. 20233 
 x x x 

EU33 Eusirus perdentatus no locality recorded 72.2768326°S  171.4490051°E NIWA NO. 20228 
 x x x 

EU30 Eusirus perdentatus no locality recorded 71.7549973°S 171.1425018°E NIWA NO. 20223 
 x x x 

EU26 Eusirus perdentatus no locality recorded 71.8010025°S 170.9413300°E NIWA NO. 20217 
 x x x 

EU46 Eusirus perdentatus no locality recorded 71.6015015°S  170.8804932°E NIWA NO. 20246 
 x x x 

EU44 Eusirus perdentatus no locality recorded 71.5120010°S  171.4251709°E NIWA NO. 20243 
 x x x 

EU45 Eusirus perdentatus no locality recorded 71.5475006°S  171.1111603°E NIWA NO. 20244 
 x x x 

EU48 Eusirus perdentatus no locality recorded 71.6206665°S  170.8665009°E NIWA NO. 20248 
 x   

EU32 Eusirus perdentatus no locality recorded 72.1279984°S  172.7006683°E NIWA NO. 20226 
  x x 

EU27 Eusirus perdentatus no locality recorded 71.7546692°S  171.4170074°E NIWA NO. 20222 
 

 
x x 

EU31 Eusirus perdentatus no locality recorded 72.3418350°S  170.4429932°E NIWA NO. 20224 
 

 
x x 

EU34 Eusirus perdentatus no locality recorded 71.2988358°S  170.5404968°E NIWA NO. 20231 
 

 
x x 
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EU35 Eusirus perdentatus no locality recorded 71.2935028°S  170.5766602°E NIWA NO. 20230 
 

 
x x 

EU37 Eusirus perdentatus Cape Adare 71.3091670°S  170.450330°E NIWA NO. 20234 
 

 
x x 

EU39 Eusirus perdentatus no locality recorded 71.3300018°S  170.4593353°E NIWA NO. 20236 
 

 
x  

EU41 Eusirus perdentatus no locality recorded 72.0134964°S  170.7745056°E NIWA NO. 20239 
 

 
x x 

EU40 Eusirus perdentatus no locality recorded 71.6446686°S  170.2188263°E NIWA NO. 20238 
 

 
x  

EU42 Eusirus perdentatus no locality recorded 71.9811707°S  171.9665070°E NIWA NO. 20241 
 

 
x  

EU43 Eusirus perdentatus no locality recorded 71.5296707°S  171.3008270°E NIWA NO. 20242 
 

 
x  

EU47 Eusirus perdentatus no locality recorded 71.6220016°S  170.9230042°E NIWA NO. 20247 
 

 
x x 

EU48 Eusirus perdentatus no locality recorded 71.6206665°S  170.8665009°E NIWA NO. 20248 
 

 
x x 

EUBV1 Eusirus perdentatus no locality recorded 62°12.1942'S 58°23.4483'W INV.159996 
 

 
x x 

EB8 Eusirus perdentatus Elephant Islands 61°20'07.6"S  55°12'13.6"W INV. 138473 
x x x x 

EB10 Eusirus perdentatus Elephant Islands 61°20'07.6"S  55°12'13.6"W INV. 138471 
x x x x 

EB9 Eusirus perdentatus Elephant Islands 61°20.13’ S 55°12.23’ W INV. 138474 
 x x x 

EC19 Eusirus perdentatus East Weddell 71°04'53.4"S  11°32'12.6"W INV. 132562 
x x x x 

EC23 Eusirus perdentatus East Weddell 71°04'53.4"S  11°32'12.6"W INV. 132568 
x x x x 

EC22 Eusirus perdentatus 
East Weddell 71.08150°S 11.53683°W  INV. 132571   x x 

EE21 Eusirus perdentatus Adelie Coast 66.003882°S 142.313777°E 
MNHN-IU-2019-3361   x x 

MH3 Eusirus perdentatus Bransfield Strait 62°43'43.8"S 57°29'02.4"W INV. 138476 
 

 
x x 

ED28 Eusirus perdentatus Elephant Islands 61.07300°S 55.99683°W  INV. 132539 
 

 
x x 

ED7 Eusirus perdentatus East Weddell 71.10733°S 11.46267°W  INV. 138475 
 

 
x x 

ED10 Eusirus sp. 2 North of Bouvet Island 47°38'43.8"S  4°15'12.0"E INV.159935 
x    

AWI6 Eusirus pontomedon South-East Weddell Sea 76°57.98’ S 32°56.67’ W INV. 138464 
 x x x 

AWI10 Eusirus pontomedon Southern Weddell Sea 76° 57.98‘ S  32° 56.67‘ W INV. 138471 
x x x x 

AWI11 Eusirus pontomedon South-East Weddell Sea  76°57.98’ S 32°56.67’ W INV. 138466 
 x x x 

AWI7 Eusirus pontomedon Southern Weddell Sea 76°57.98‘ S  32°56.67‘ W  INV. 138470 
x x x x 

AWI12 Eusirus pontomedon South-East Weddell Sea  76°57.98’ S 32°56.67’ W INV. 138467 
 x x x 

EE31 Eusirus pontomedon Adelie Coast  67°04.06’ S 144°39.71’ E MNHN-IU-2019-3355 
 x x x 

HE4 Eusirus pontomedon Bransfield Strait  62°55.83’ S 58°41.09’ W INV.122811 
 x x x 

EE6 Eusirus pontomedon Adelie Coast  65°42.41’ S 140°35.84’ E MNHN-IU-2019-3356 
 x x x 
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EF14 Eusirus pontomedon Adelie Coast  65°42.41’ S 140°35.84’ E MNHN-IU-2019-3359 
 x x x 

EF13 Eusirus pontomedon Adelie Coast 65°42.41’ S 140°35.84’ E MNHN-IU-2019-3358 
x x x x 

EF7/EC3 Eusirus pontomedon North-East Weddell Sea  72°50.18’ S 19°35.94’ W INV. 138465 
 x x x 

ED5 Eusirus pontomedon North-East Weddell Sea  70°23.94’ S 8°19.14’ W INV. 132512 
 x x x 

AWI19 Eusirus pontomedon Southern Weddell Sea 76° 57.98’ S 32° 56.67’ W INV. 138469 
 

 
x x 

AWI13 Eusirus pontomedon Southern Weddell Sea 76° 57.98’ S 32° 56.67’ W INV. 138468 
 

 
x x 

ED6 Eusirus pontomedon NE of King George Island 61.63617°S  57.54433°W INV. 132513 
 

 
x x 

EE7 Eusirus pontomedon Adelie Coast 65.706925°S 140.597385°E MNHN-IU-2019-3357 
 

 
x x 

EU76 Eusirus antarcticus Bendex 70°50.69' S 10°35.51' W INV.159984 
 x x x 

EU23 Eusirus antarcticus no locality recorded 71.9971695°S  172.1239929°E NIWA NO. 20286 
 x x  

EU70 Eusirus antarcticus Bransfield Strait 62°45'03.0"S 57°26'40.8"W INV.159985 
 x x x 

EU69 Eusirus antarcticus Weddell Sea 63°50'55.2"S 55°37'39.6"W INV.159986 
 x x x 

EU66 Eusirus antarcticus Bransfield Strait 62°55'49.8"S  58°41'05.4"W INV.159989 
 x x x 

EF35 Eusirus antarcticus Adelie Coast 65.5063°S  139.358743°E   No voucher 
 x x x 

EB14 Eusirus antarcticus Amundsen Sea 74°23'54.4"S  104°37'55.7"W INV.159925 
x x x x 

ED24 Eusirus antarcticus King Haakon VII Sea 70.39900°S 8.31900°W INV.159980 
 x x x 

EB5 Eusirus antarcticus Elephant Islands 61.33394°S  55.19509°W INV. 138482 
x  x x 

EE39 Eusirus antarcticus Adelie Coast  65.5063°S  139.358743°E No voucher 
x  x x 

EF34 Eusirus antarcticus Adelie Coast  65.5063°S  139.358743°E No voucher 
x  x x 

EE12 Eusirus antarcticus Adelie Coast  66.148263°S  140.649927°E No voucher 
  x  

EU21 Eusirus antarcticus no locality recorded 71.8010025°S  170.9413300°E NIWA NO. 20283 
 

 
x x 

EU24 Eusirus antarcticus no locality recorded 71.5005035°S  171.6069946°E NIWA NO. 20287 
 

 
x x 

EU25 Eusirus antarcticus Cape Adare 71.3091670°S  170.4503330°E NIWA NO. 20285 
 

 
x  

EA7 Eusirus antarcticus East Weddell 70.39900°S  8.31900°W INV.159981 
 

 
x x 

EU68 Eusirus antarcticus Weddell Sea 63°51'31.8"S  55°40'44.4"W INV.159982 
 

 
x x 

EU73 Eusirus antarcticus Bendex 70° 56.40' S  10° 32.60' W INV.159983 
 

 
x x 

EU55 Eusirus antarcticus Shag Rocks 53° 23.94' S  42° 40.10' W 14.02.2011 
 

 
x x 

EU56 Eusirus antarcticus Bendex 70° 51.30' S,  10° 35.35' W INV.159988 
 

 
x x 

EB18 Eusirus sp. 8 juvenile Amundsen Sea 74°23'54.4"S  104°37'55.7"W INV.159932 
x    
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EB6 Eusirus bouvieri 2 Elephant Islands 61.33394°S  55.19509°W INV.159926 
x  x x 

EB7 Eusirus bouvieri Elephant Islands 61.33394°S  55.19509°W INV.159990 
  x x 

EU79 Eusirus bouvieri Adelie Coast 66°39.6'S 140°02'E MNHN-IU-2016-6246 
  x x 

EU62 Eusirus bouvieri Weddell Sea 63°51'31.8"S 55°40'44.4"W INV.159993 
  x x 

EU63 Eusirus bouvieri Bransfield Strait 62°53'38.4"S 58°12'31.2"W INV.159994 
  x x 

EF26 Eusirus bouvieri 1 Adelie Coast 66°33'42.5"S  141°15'43.0"E  No voucher 
x x x x 

EB2 Eusirus bouvieri 2 Elephant Islands 61°20'02.2"S  55°11'42.3"W INV.159927 
x x x x 

EF29 Eusirus bouvieri 1 Adelie Coast 66°33'42.5"S  141°15'43.0"E  No voucher 
x x   

EU80 Eusirus bouvieri Adelie Coast 66°37.1'S 140°00'E MNHN-IU-2016-6227 
  x x 

EE19 Eusirus bouvieri 2 Adelie Coast  66.316385°S  142.000365°E No voucher 
x  x x 

EF22 Eusirus bouvieri 1 Adelie Coast  66.148263°S  140.649927°E No voucher  
x  x x 

EF21 Eusirus bouvieri 1 Adelie Coast  66.148263°S  140.649927°E No voucher 
x  x x 

EB3 Eusirus bouvieri 2 Elephant Islands 61.33394°S  55.19509°W INV.159928 
x  x x 

EB4 Eusirus bouvieri Elephant Islands 61.33394°S  55.19509°W INV.159927 
  x x 

EE36 Eusirus bouvieri Adelie Coast  66.000305°S  142.0143°E No voucher 
  x x 

EU74 Eusirus bouvieri Larsen A 64° 54.75' S 60° 39.01' W INV.159991 
 

 
x x 

EU57 Eusirus bouvieri Bendex 70° 50.64' S 10° 36.11' W INV.159992 
 

 
x x 

EU82 Eusirus bouvieri Adelie Coast 66°36.7'S  140°04.3'E MNHN-IU-2016-6454 
 

 
x x 

EE22 Eusirus bouvieri Adelie Coast  66.564283°S  142.387202°E No voucher 
 

 
x x 

EU65 Eusirus bouvieri Bransfield Strait 62°45'03.0"S  57°26'40.8"W INV.159995   x x 

EUP1 Eusirus cf. bouvieri Weddel Sea 63°50'14.8"S  55°35'09.7"W INV.159949 x 
 

  

EB17 Eusirus sp. 9 juvenile Amundsen Sea 74°23'54.4"S  104°37'55.7"W INV.159931 x    

EU64 Eusirus giganteus Bransfield Strait 62°56'04.2"S  57°58'08.4"W INV.159976 
  x x 

EU53 Eusirus giganteus Bendex 70°47.34' S 10°40.39' W INV.159970 
  x x 

PS7 Eusirus giganteus G2 Weddell Sea 63°50'14.8"S  55°35'09.7"W INV.159942 
x x x x 

PS8 Eusirus giganteus G4a Weddell Sea 63°50'14.8"S 55°35'09.7"W INV.159943 
x x x x 

PS9 Eusirus giganteus G4a no locality recorded 63°50'14.8"S 55°35'09.7"W INV.159944 
x  x x 

PS10 Eusirus giganteus G1 Weddell Sea 64°01'13.9"S  55°54'27.0"W INV.159945 
x x x x 

PS6 Eusirus giganteus G1 no locality recorded 63°50'14.8"S 55°35'09.7"W INV.159941 
x  x x 
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PS5 Eusirus giganteus G4a Weddell Sea 63°50'14.8"S 55°35'09.7"W INV.159940 
x x x x 

PS4 Eusirus giganteus G4a Weddell Sea 63°50'14.8"S 55°35'09.7"W INV.159939 
x x x x 

PS3 Eusirus giganteus G1 no locality recorded 63°50'14.8"S 55°35'09.7"W INV.159938 
x  x x 

PS2 Eusirus giganteus G1 Weddell Sea 63°50'14.8"S 55°35'09.7"W INV.159937 
x x x x 

PS1 Eusirus giganteus G2 no locality recorded 64°01'13.9"S 55°54'27.0"W INV.159936 
x  x x 

EU49 Eusirus giganteus King George Island 62° 18.15' S 58° 40.50' W INV.159967 
 

 
x x 

EU50 Eusirus giganteus King George Island 62° 18.21' S 58° 39.90' W INV.159968 
 

 
x x 

EU51 Eusirus giganteus Larsen A 64° 54.79' S 60° 30.80' W INV.159969 
 

 
x x 

EU52 Eusirus giganteus Bendex 70° 47.34' S, 10° 40.39' W INV.159971 
 

 
x x 

EU71 Eusirus giganteus King George Island 66° 11.53' S 60° 8.10' W INV.159972 
 

 
x x 

EU61 Eusirus giganteus Bransfield Strait 62°53'27.0"S  58°13'03.6"W INV.159973 
 

 
x x 

EU58 Eusirus giganteus Bransfield Strait 62°55'49.8"S  58°41'05.4"W INV.159974 
 

 
x x 

EU59 Eusirus giganteus Bransfield Strait 62°47'48.0"S  57°05'21.0"W INV.159975 
 

 
x x 

EU94 Eusirus giganteus Site C2, shelf, western Ross Sea 74.7340000°S  167.1245000°E NIWA NO. 36072 
 

 
x x 

SI10 Eusirus giganteus Site C25, slope 1, Ross Sea 72.0755000°S  172.9043333°E NIWA NO. 37701 
 

 
x x 

EE23 Eusirus giganteus G1 Adelie Coast  66.564283°S 142.387202°E MNHN-IU-2019-3362 
x 

 
x x 

EU72 Eusirus giganteus King George Island 62° 18.21' S 58° 39.90' W INV.159977 
 

 
x x 

EU75 Eusirus giganteus Bendex 70° 47.34' S 10° 40.39' W INV.159978 
 

 
x x 

EU95 Eusirus giganteus Site C3, shelf, Western Ross Sea 75.6216667°S  169.8045000°E NIWA NO. 42764 
 

 
x x 

EU99 Eusirus giganteus Site C3, shelf, Western Ross Sea 75.6330000°S  169.8500000°E NIWA NO. 36141 
 

 
x x 

EU60 Eusirus giganteus Bransfield Strait 62°25'57.0"S  56°17'15.6"W INV.159979 
 

 
x x 

EU92 Eusirus giganteus Site C25, slope 1, Ross Sea 72.0755000°S  172.9043333°E NIWA NO. 37701 
 

 
x x 

EU93 Eusirus giganteus Site C4, shelf, western Ross Sea 76.1930556°S  176.2961111°E NIWA NO. 36740 
 

 
x x 

EU96 Eusirus giganteus Site C16, Ross Sea, slope 2 72.3168333°S  175.4738333°E NIWA NO. 42767 
 

 
x x 

EU98 Eusirus giganteus site C1, shelf,  eastern Ross Sea 73.1245000°S  174.3205000°E NIWA NO. 35351 
 

 
x x 

EF32 Eusirus giganteus G1 Adelie Coast 66°00'14.2"S  143°42'57.9"E Specimen missing 
x 
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EE29 Eusirus giganteus G3 Adelie Coast 66.315523°S 143.301408°E  MNHN-IU-2019-3366 
x x x x 

EC14 Eusirus giganteus G3 End of the Antarctic Peninsula 62.96283°S 57.96483°W  INV. 138481 
x x x x 

EE32 Eusirus giganteus G2 Adelie Coast 66°10'14.3"S  139°21'11.3"E MNHN-IU-2019-3365 x x x x 

EE30 Eusirus giganteus G2 Adelie Coast 66°19.99’ S 143°21.42’ E MNHN-IU-2019-3364 
 x x x 

EE26 
Eusirus giganteus G2 Adelie Coast  66.17064°S  139.353133°E MNHN-IU-2019-3363 x  x x 

ED25 Eusirus giganteus G4a Larsen B 65°55'04.2"S  60°20'09.0"W INV. 132515 
x    

ED1 Eusirus giganteus G4b East Weddell 70°23'56.4"S  8°19'08.4"W INV. 138477 
x x x x 

ED2 Eusirus giganteus G4b East Weddell 70°23'56.4"S  8°19'08.4"W INV. 132514 
x x   

ED3 Eusirus giganteus G4b Eastern Weddell Sea  70°23.94’ S 8°19.14’ W INV. 138480 
 x x x 

ED4 Eusirus giganteus G4b East Weddell 70.39900°S 8.31900°W  INV. 138478 
x  x x 

ED8 Eusirus giganteus G4b East Weddell 70.39900°S 8.31900°W  INV. 138479 
x  x x 

EB01 Eusirus sp. 1 Amundsen Sea 71°20'56.2"S  109°57'53.2"W INV.159929 
x x   

EB15 Eusirus sp. 1 Amundsen Sea 74°23'54.4"S  104°37'55.7"W INV.159933 
x x   

EB16 Eusirus sp. 1 Amundsen Sea 74°23'54.4"S  104°37'55.7"W INV.159934 
x x   

EB20 Eusirus sp. 1 Amundsen Sea 74°23'27.2"S  104°46'02.1"W INV.159930 
x    

EU83 Eusirus holmii Baffin Bay 73°22’26”N*  70°48’04”W* BIOUG00940-C12 
 x x x 

DMEU11 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N* 53°48’05”W* NHMD-672529 
 x x x 

DMSI13 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
 x x x 

DMSI20 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
  x x 

DMSI21 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
 x x x 

DMSI16 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
  x x 

DMSI23 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
 x x x 

DMSI10 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
  x x 

DMSI15 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N* 53°48’05”W* NHMD-672529 
  x x 

DMSI14 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
 x x x 

DMSI12 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
 x x x 

DMSI22 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
  x x 

DMSI24 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
  x x 

DMSI17 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
  x x 
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DMSI18 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N* 53°48’05”W* NHMD-672529 
  x x 

DMSI19 Eusirus holmii Amerloq Fjord near Sisimiut, West Greenland 66°47’46”N*  53°48’05”W* NHMD-672529 
  x x 

EU84 Eusirus cuspidatus Resolute Bay 74°41'02.4"N 94°51'25.2"W NUN-0007 
x x x x 

EU86 Eusirus cuspidatus Resolute Bay 74°41'02.4"N 94°51'25.2"W NUN-0009 
 x x x 

EU87 Eusirus cuspidatus Resolute Bay 74°41'02.4"N  94°51'25.2"W NUN-0010 
 

 
x x 

EU88 Eusirus cuspidatus Resolute Bay 74°41'02.4"N  94°51'25.2"W NUN-0011 
x 

 
x x 

EU89 Eusirus cuspidatus Resolute Bay 74°41'02.4"N  94°51'25.2"W NUN-0012 
x x x x 

EU90 Eusirus cuspidatus Resolute Bay 74°41'02.4"N 94°51'25.2"W NUN-0013 
 x x x 

DMEU2 Eusirus cuspidatus Davis Strait 67°57'00.0"N 55°30'00.0"W NHMD-672524 
 x   

DMSI1 Eusirus cuspidatus North of Iceland 66°33'00.0"N 20°05'00.0"W NHMD-672525 
 

 
x x 

DMSI2 Eusirus cuspidatus Davis Strait 67°57'00.0"N 55°30'00.0"W NHMD-672524 
 

 
x x 

DMSI26 Eusirus cuspidatus Fyllas Bank, West of Nuuk, West Greenland 64°00'00.0"N*  53°00'00.0"W* NHMD-672526 
 x x x 

DMSI25 Eusirus cuspidatus Sermilik Fjord, Katek, East Greenland 66°12’25”N*  37°37’36”W* NHMD-672527 
 x x x 

EU85 Eusirus cuspidatus Resolute Bay 74°41'02.4"N  94°51'25.2"W NUN-0008 
x 

 
x x 

ED14 Eusirus propinqvus Kvalsund Kårvik, Norway 69.86733°N 18.88033°E  INV.132586 
x x x x 

DMSI41 Eusirus propinqvus Finnmark, Norway 70°35’09”N* 25°42’15”E* NHMD-672540 
 x x  

DMEU9 Eusirus propinqvus Finnmark, Norway no coordinates  no coordinates  NHMD-672540  x   

DMSI42 Eusirus propinqvus Finnmark, Norway 70°35’09”N* 25°42’15”E* NHMD-672540 
 x   

ED13 Eusirus propinqvus Kvalsund Kårvik, Norway 69.86733°N  18.88033°E INV. 132592 
x 

 
x x 

ED15 Eusirus propinqvus Kvalsund Kårvik, Norway 69.86733°N  18.88033°E INV.132591 
x 

 
x x 

EF3/ED16 Eusirus minutus Malangen Torsnes, Norway 69.55733°N 18.00067°E  INV.132593 
x x x x 

ED17/EF2 Eusirus minutus Malangen Torsnes, Norway 69.55733°N 18.00067°E  INV.132587 
x x x x 

EF4/ED18 Eusirus minutus Malangen Torsnes, Norway 69.55733°N 18.00067°E  INV. 132590 
x x x x 

EF5/ED19 Eusirus minutus Malangen Torsnes, Norway 69.55733°N  18.00067°E INV. 132585 
x 

 
x x 

ED20 Eusirus minutus Malangen, Norway 69°33'26.4"N  18°00'02.4"E INV.159951 
x 

 
  

EUI2 Eusirus longipes Ancona, Adriatic Sea  no coordinates  no coordinates  no voucher 
 x   

EUI3 Eusirus longipes Golfo di Napoli,  Vervece  40°37'07.7"N*  14°19'29.0"E* No voucher 
 

 
x x 

EUI4 Eusirus longipes Les Embiez, Toulon 43°07'13.3"N* 6°55'15.3"E* 
no voucher  x x x 

EUI5 Eusirus longipes Les Embiez - Toulon 43°07'13.3"N* 6°55'15.3"E* 
no voucher  

 
x x 



Supplementary Tables 

230 
 

EUI8 Eusirus longipes Bergen, Norway 60°18'47.4"N* 5°11'10.6"E* 
no voucher  x x x 

DMEU4 Eusirus longipes Trindelen, Denmark 57°22”53”N*  10°36’55”E* NHMD-672536 
 x x  

DMSI5 Eusirus longipes 
West of Gothenburg, 4½ miles West of Vinga Lighthouse, 
West Sweden 57°38’16”N*  11°26’54”E* NHMD-672538 

  x  

DMSI47 Eusirus longipes Trindelen, Denmark 57°22”53”N*  10°36’55”E* NHMD-672536 
  x  

DMEU3 Eusirus longipes Lusitanean 35°50'00.0"N 6°03'00.0"W NHMD-672532 
 x x  

DMSI29 Eusirus longipes South of West Sicily, Italy 36°25'14.8"N*  14°33'22.9"E* NHMD-672533 
 x x  

DMSI52 Eusirus longipes West Norway 61°57'59.5"N*  4°09'12.8"E* NHMD-672535 
 x x  

DMSI53 Eusirus longipes West Norway 61°57'59.5"N*  4°09'12.8"E* NHMD-672535 
  x  

DMSI54 Eusirus longipes West Norway 61°57'59.5"N*  4°09'12.8"E* NHMD-672535 
  x  

DMSI55 Eusirus longipes West Norway 61°57'59.5"N*  4°09'12.8"E* NHMD-672535 
  x  

DMSI56 Eusirus longipes West Norway 61°57'59.5"N*  4°09'12.8"E* NHMD-672535 
  x  

DMSI57 Eusirus longipes West Norway 61°57'59.5"N*  4°09'12.8"E* NHMD-672535 
  x  

DMSI59 Eusirus longipes West Norway 61°57'59.5"N*  4°09'12.8"E* NHMD-672535 
 

 
x  

DMSI43 Eusirus longipes Lusitanean 35°50'00.0"N  6°03'00.0"W NHMD-672532 
 

 
x  

DMSI44 Eusirus longipes Lusitanean 35°50'00.0"N  6°03'00.0"W NHMD-672532 
 

 
x  

DMSI46 Eusirus longipes Lusitanean 35°50'00.0"N  6°03'00.0"W NHMD-672532 
 

 
x  

DMSI49 Eusirus longipes Christianssund, Norway 63°06’34”N* 7°42’29”E* NHMD-672534 
 

 
x  

DMSI50 Eusirus longipes West Norway 61°57'59.5"N*  4°09'12.8"E* NHMD-672535 
 

 
x  

DMSI51 Eusirus longipes West Norway 61°57'59.5"N*  4°09'12.8"E* NHMD-672535 
 

 
x  

NE Eusirus abyssi Southwest of Iceland 60°37'00.0"N  27°52'00.0"W ZMUC CRU-005028 
 x   

DMEU6 Eusirus biscayensis Southwest of Faroes 61°07'00.0"N  9°30'00.0"W NHMD-672523 
 x x  

DMEU7 Eusirus biscayensis Southwest of Faroes 61°15'00.0"N 9°35'00.0"W NHMD-672497 
 x x  

DMSI32 Eusirus biscayensis Southwest of Faroes 61°15'00.0"N  9°35'00.0"W NHMD-672497 
 x x  

DMSI33 Eusirus biscayensis Southwest of Faroes 61°15'00.0"N  9°35'00.0"W NHMD-672497 
  x  

DMSI34 Eusirus biscayensis Southwest of Faroes 61°15'00.0"N  9°35'00.0"W NHMD-672497 
  x  

DMSI35 Eusirus biscayensis Southwest of Faroes 61°15'00.0"N  9°35'00.0"W NHMD-672497 
  x  

DMSI36 Eusirus biscayensis Southwest of Faroes 61°15'00.0"N 9°35'00.0"W NHMD-672497 
 

 
x  

DMSI37 Eusirus biscayensis Southwest of Faroes 61°15'00.0"N  9°35'00.0"W NHMD-672497 
 x x  
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DMSI30 Eusirus biscayensis Southwest of Faroes 61°07'00.0"N  9°30'00.0"W NHMD-672523 
 x   

DMSI38 Eusirus biscayensis Southwest of Faroes 61°15'00.0"N 9°35'00.0"W NHMD-672497 
  x  

DMSI40 Eusirus leptocarpus West Norway no coordinates no coordinates  NHMD-6725430 
 x   

DMSI8 Eusirus leptocarpus West Norway no coordinates  no coordinates  NHMD-6725430 
 x   

ED21 Eusirus leptocarpus Vestfjorden East of Skrova, Norway 68.17200°N 14.95083°E INV.159959 
 x x  

ED22 Eusirus leptocarpus Vestfjorden East of Skrova, Norway 68.17200°N  14.95083°E INV.159958 
 

 
x x 

NE Eusirus tjalfiensis Greenland (Arctic) 70°41'00.0"N  52°07'00.0"W ZMUC CRU-008396 
 x   

JP01 Eusirus sp. 10 Off Cape Toi (Southern tip of Kyushu), Japan 31°14.54'N 131°32.20'E EUJP-001 
 x x  

JPSI2 Eusirus sp. 11 Off Cape Toi (Southern tip of Kyushu), Japan 31°14.54'N 131°32.20'E EUJP-002 
  x  

JP03 Eusirus sp. 3 Off Cape Toi (Southern tip of Kyushu), Japan 31°14.54'N 131°32.20'E EUJP-003 
x x x  

JP04 Eusirus sp. 12 
Off Amami-Oshima Island (Northwestern Pacific Ocean), 
Kagoshima Prefecture, Japan 28.277150°N 129.634300°E EUJP-004 

 x x  

JP05 Eusirus sp. 13 
Off Amami-Oshima Island (Northwestern Pacific Ocean), 
Kagoshima Prefecture, Japan 28.277150°N 129.634300°E EUJP-005 

 x x  

NE Eusirus bonnieri Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5721 
 x   

NE Eusirus bonnieri Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5720 
 x   

NE Eusirus bonnieri Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5720 
 x   

NE Eusirus bonnieri Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5720 
 x   

NE Eusirus bonnieri Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5718 
 x   

NE Eusirus bonnieri Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5718 
 x   

EBSI5707 Eusirus bonnieri Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5707 
  x x 

EBSI5708 Eusirus bonnieri Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5708 
  x x 

EBSI5709 Eusirus bonnieri Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5709 
  x x 

EBSI5710 
Eusirus bonnieri 

Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5710 
  x x 

EBSI5718 
Eusirus bonnieri 

Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5718 
  x x 

EBSI5718 (2) Eusirus bonnieri Capbreton canyon 43°36.05'N 1°46.97'W IU-2013-5718 
  x x 

NE Eusirus nevandis Kenya 4°00'00.0"S  41°27'00.0"E ZMUC CRU-007517 
 x   

JPIO5 Eusirus sp. 5 North Pacific Ocean 13°52'22.8"N  123°15'05.4"W INV.159954 
x x   

JPIO2 Eusirus sp. 14 North Pacific Ocean 11°49'45.0"N  117°00'29.4"W INV.159998 
 x   

JPIO1 Eusirus sp. 4 North Pacific Ocean 14°02'32.4"N  130°06'05.4"W INV.159952 
x x   
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JPIO4 Eusirus sp. 15 North Pacific Ocean 11°49'45.0"N  117°00'29.4"W INV.159999 
 x   

JPIO3 Eusirus sp. 7 North Pacific Ocean 13°50'56.4"N  123°15'12.6"W INV.159953 
x x   

JPIO6 Eusirus sp.6 North Pacific Ocean 11°49'45.0"N  117°00'29.4"W INV.159955 
x    

EU13 Eusirus bulbodigitus Jeju Island, South Korea 33°29'12"N 126°57'17"E INV.159965 
 x x x 

EU14 Eusirus bulbodigitus Jeju Island, South Korea 33°29'12"N 126°57'17"E INV.159966 
 x x x 

NE Eusirus parvus Salomon Sea Budibudi I. N Archipel Laughlan I. 9°11'24.6"N 153°55'18.0"E MNHN-IU-2015-749 
 x   

EU10 Eusirus parvus Salomon Sea Budibudi I. N Archipel Laughlan I. 9°10'47.4"N  153°54'27.0"E MNHN-IU-2015-885 
 x x  

EU8 Eusirus parvus Salomon Sea Budibudi I. N Archipel Laughlan I. 9°11'24.6"N 153°55'18.0"E MNHN-IU-2015-749 
 x x  

EU7 Eusirus parvus Salomon Sea Budibudi I. N Archipel Laughlan I. 9°11'24.6"N 153°55'18.0"E MNHN-IU-2015-749 
 x x  

 

 

 

 


