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Abstract 

The Pacific nudibranch Hermissenda crassicornis (sensu lato) is a well-known model 

organism in neuroscience. This species was recently split into three pseudocryptic 

species based on differences in genetics, morphology, and behaviour. We used 

ddRADSeq data from 33 individuals (2354 loci) and coalescent isolation-with-migration 

models to estimate the demographic history of the clade. We inferred (1) a novel 

phylogenetic tree topology, (2) relatively old divergence times (0.55 and 1.29 mya), (3) a 

much larger population size in the southern species H. opalescens, and (4) no gene flow 

between the sympatric species H. crassicornis and H. opalescens. We then used 

forward simulations to investigate the plausibility of these results. Preliminary simulations 

suggest the inference approach applied to the Hermissenda data may be incorrectly 

estimating the older split, an observation needing further study. Overall, our results 

support the need to reassess previous studies that used H. crassicornis (sensu lato) as 

a model organism. 

Keywords: Nudibranch; Biogeography; Coalescent; Speciation; Isolation-with-

migration 
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1. Introduction 
 

1.1. Demographic parameter estimation 

One of the most effective methods to uncover a species’ history is through the 

estimation of historical demographic parameters. The estimation of past divergence times, 

effective population sizes, and the rates of gene flow among closely related populations allows 

researchers to gain insight into influential evolutionary and ecological events in a species’ 

history (Strasburg and Rieseberg 2009). Genetic variation is the key to measuring these 

demographic parameters and reconstructing evolutionary history (Hahn 2019). Though many of 

these demographic parameters are intrinsically linked and can only be jointly estimated (Hahn 

2019), they can be used to answer biological questions. For example, one may identify abiotic 

or biotic factors associated with the evolution of reproductive isolation or track the divergence of 

traits between populations and species (De Jode et al. 2022).  

The estimation of gene flow (i.e., the movement of genes from one population to another; 

Slatkin 1981) among closely related populations is one of the most important demographic 

parameters as species are often defined as interbreeding populations reproductively isolated 

from others (Mayr 1942, 1963). Classically, speciation was thought to occur discretely when 

barriers to gene flow, such as geographic features that physically separate populations, cause 

reproductive isolation. Recently, the study of speciation has grown to incorporate the common 

occurrence of gene flow and hybridization (i.e., interbreeding of individuals from genetically 

distinct populations producing progeny with mixed ancestry; Barton and Hewitt 1985, Abbott et 

al. 2013, Rutherford et al. 2018). Under a genic view, species are defined as those which are 

differentially adapted and do not exchange these associated adaptive genes (Wu 2001). 

Importantly, the extent of differentiation may vary throughout the genome (Wu 2001). Under this 

concept, species divergence happens gradually, and incipient species are often not fully 

reproductively isolated (Kopp and Frank 2005, Rutherford et al. 2018). Consequently, it is now 

understood that speciation can also occur in the presence of partial gene flow among closely 

related populations (Coyne and Orr 2004). Indeed, hybridization among well-diverged lineages 

is known to occur in a variety of plant and animal taxa including marine molluscs (Gardner 

1995) and can result in genealogical discordance among loci in a genome (Rutherford et al. 

2018).  
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Lineage-specific effective population sizes (Ne) are important measures in their own right 

and can give insight into the evolutionary and ecological context of population divergence. 

Smaller populations may be more influenced by environmental, demographic, and genetic 

stochasticity, natural catastrophes, and anthropogenic change (Shaffer 1981, Nunney and 

Campbell 1993). Ne can also give insight into potential risks to species. Threatened species are 

known to have reduced genetic diversity and smaller Ne measures compared to nonthreatened 

species (Spielman et al. 2004, Palstra and Ruzzante 2008). 

A topic of considerable debate is whether speciation occurs faster in small or large 

populations (Orr and Orr 1995). Classically, speciation was thought to occur via random genetic 

drift in small populations, the influence of which is inversely proportional to Ne (Lynch et al. 

2016). However, it is now understood that biological speciation will occur over time with neutral 

or adaptive divergence leading to an accumulation of genetic differences and incompatibility 

(Dobzhansky 1937, Muller 1942, Orr and Orr 1995). Large populations are expected to respond 

quickly to selection in comparison to small populations where adaptive divergence is delayed by 

the effects of genetic drift (Claessen et al. 2008). For example, smaller populations of 

monomorphic generalists may remain so for long periods of time and evolutionary branching is 

not anticipated; in comparison, large populations with higher genetic diversity may diverge into 

specialist subpopulations due to, e.g., disruptive selection (Claessen et al. 2007).  

Divergence time estimates provide pivotal information regarding the evolutionary history of 

species. For example, divergence times can be compared to phenotypic differences and used to 

calculate the rate at which phenotypes evolve. The relationship between divergence time and 

morphological traits of closely related species can be complicated, especially when species 

distributions are considered (Wayne et al. 1989). Sympatric species are expected to differ 

morphologically, but the presence of common ancestry can confound this, making closely 

related species appear relatively similar (Wayne et al. 1989). The discovery of cryptic species 

which diverged long ago may indicate evolutionary constraints preserving these morphological 

similarities (Wayne et al. 1989). The divergence time of a species can also elucidate potential 

modes of speciation. The causes of divergence between very recently split groups may be 

traced to environmental processes currently acting on present-day populations, such as climate 

change causing range shifts (Willi et al. 2022) or rapid evolutionary adaptation (Liu et al. 2014). 

These recently diverged groups also rarely show complete reproductive isolation (Coyne and 

Orr 2004), and therefore may exhibit greater levels of gene flow and greater phenotypic 

similarity than those with more ancient split times. While more difficult to explain, older 
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speciation events can sometimes be linked to specific biogeographic events. One example is 

recent glaciation history in which species were physically separated by the advancement of 

glaciers for long periods of time, allowing for species divergence to occur (Rand 1948, Hewitt 

2004). The impacts of such events leave significant genetic signatures which can be traced by 

studying a population’s demographic history (Hewitt 1996). For example, glaciation may also be 

associated with changes in population size, such as population expansion following a warming 

period or a population bottleneck event due to a cooling period. 

1.2. Biogeographic history in the Pacific Ocean 

Speciation in the Pacific Ocean has been studied for many years due to the diverse 

landscape and unique biogeographic history of the region. During the Pleistocene epoch (2.58-

0.11 mya), there were approximately 50 glacial-interglacial cycles that significantly altered 

coastal environments (Woodruff 2010, Ludt and Rocha 2015). Large ice sheets would 

periodically encompass Eurasia and North America, making the area inhospitable for many 

species, followed by a retreat of these ice sheets during the warm interglacial period 

(Barendregt and Irving 1998, Hewitt 1999, Grant and Bringloe 2020, Ao et al. 2023). On land, 

these cycles caused substantial species range changes, facilitating the formation of hybrid 

zones, and establishing partial gene flow barriers which may have led to eventual speciation 

(Hewitt 1996). Glacial-interglacial cycles can also have large impacts on geographic 

distributions and connectivity of marine species by drastically altering ocean temperatures and 

sea levels and can facilitate both the physical separation of populations and subsequent 

secondary contact (Sala-Bozano et al. 2009, Kelly and Palumbi 2010, Marko et al. 2010, Shen 

et al. 2011). Periods of glaciation, associated with climatic cooling, sea level drop, and 

extirpation of coastal species, followed by periods of glacial retreat, with climatic warming, sea 

level rise, and recolonization of formerly glaciated coastal habitats, have been thought to 

facilitate allopatric speciation and secondary contact between species in many taxa, including 

the nudibranchs that are the focus of this thesis (Lindsay et al. 2016, Hallas et al. 2016, 

Ekimova et al. 2019, Ekimova et al. 2022). Notably, ice cover was more substantial in the 

Northeastern Pacific (NEP) than in the Northwestern Pacific (NWP; Grant and Bringloe 2020) so 

speciation patterns may differ throughout the region. Below I first offer background on 

nudibranchs and particularly the genus that is the focus of my thesis, and then compare the 

current biogeography of this genus with other Northern Pacific nudibranchs. Finally, I outline 
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how I have attempted to elucidate the speciation history of the Hermissenda genus in the Pacific 

using genomic data. 

1.3. Nudibranchs and the Hermissenda species complex 

The order Nudibranchia (Mollusca: Gastropoda: Heterobranchia) is a diverse group of soft-

bodied molluscs, informally known as sea slugs. Nudibranchs are charismatic species, widely 

admired for their vivid colouration and unique aesthetic. These slugs also have important 

research applications. Unlike their snail relatives, nudibranchs lose their shells during 

development, a trait acquired 150-100 million years ago associated with the evolution of other 

chemical and physical defense mechanisms (Kano et al. 2016, Knutson and Goslinger 2022). 

Included in the order Nudibranchia is a group of exclusively carnivorous marine sea slugs of the 

suborder Cladobranchia (Goodheart 2017). These nudibranchs often have specialized diets and 

have evolved to sequester valuable materials like nematocysts and symbiotic zooxanthellae 

from their prey (Wägele and Johnsen 2001, Putz et al. 2010, Goodheart et al. 2015); the 

evolutionary origin and mechanism for such defenses have yet to be fully uncovered (Goodheart 

et al. 2022). Additionally, many nudibranchs serve as model organisms in neurobiological 

research due to their simple nervous systems (Gunaratne et al. 2014). Recently, there has also 

been an expansion of research describing cryptic diversity in nudibranchs, with many new 

species being described via molecular analyses as taxonomic splitting has re-emerged as 

accepted practice (Ekimova et al. 2022).  

 One nudibranch genus that has garnered special attention is Hermissenda (BERGH, 

1879). Hermissenda crassicornis (ESCHSCHOLTZ, 1831) is an aeolid nudibranch in the recently 

revised Facelinidae family (Martynov et al. 2019). Hermissenda crassicornis has been used as a 

model organism in neurobiology, with studies dating back to the 1960s (e.g., Dennis 1967). 

These nudibranchs demonstrate classical conditioning behaviours in response to light and 

vestibular stimuli (Crow and Alkon 1978, Tamvacakis et al. 2015). These behaviours are due in 

part to the simple structure of the nudibranch eye that limits their visual abilities to behaviours 

such as phototaxis (Barth 1964, Cheney et al. 2014). In addition to associative learning, H. 

crassicornis has been used to study memory, neural circuit structure, and sensory and motor 

neuron physiology (Tamvacakis et al. 2015, Lindsay and Valdés 2016).  
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Hermissenda crassicornis is described as a common eurytrophic nudibranch with long-

lived planktotrophic larvae and the potential for long-distance dispersal and gene flow (Avila 

1998, Hoover et al. 2012). These nudibranchs also have a widespread range across the 

Northern Pacific Ocean and can have significant impacts on their environment (e.g., potential 

prevention of jellyfish blooms, Hoover et al. 2012). Due to their extensive use as a model 

organism, feeding preferences and preferred laboratory conditions are well-known for the slugs 

(Avila 1997, 1998). They are generalist feeders on cnidarians (with the ability to sequester 

nematocysts) and tunicates, as well as bryozoans, sponges, annelids, and other gastropods 

including other Hermissenda individuals (Avila 1998, Hoover et al. 2012). 

Hermissenda crassicornis is a simultaneous hermaphrodite with a shorter copulation time 

than most other nudibranchs (Longley and Longley 1982, Strathmann 1987), which is 

hypothesized to help individuals avoid cannibalism by their mates (Rutowski 1983, Estores-

Pacheco 2020). Sperm transfer is often non-reciprocal and multiple egg masses can be 

produced by an individual from a single copulation (Rutowski 1983). Like most other 

opisthobranch molluscs, these nudibranchs have a long-lived feeding planktonic veliger larval 

phase (Strathmann 1987) with metamorphosis occurring 35 to 100 days after hatching 

depending on environmental conditions (Avila 1998). It is estimated that larvae can migrate 

across the Pacific Ocean via ocean currents in as little as 77 days, giving Hermissenda veligers 

enough time to disperse prior to maturation and reproduction (Thorson 1961, Avila 1998). 

Following the veliger larval stage, H. crassicornis slugs lose their velum, shell, and operculum, 

and their visceral mass sinks into the foot (Harrigan and Alkon 1978).  

Hybridization in marine invertebrates is relatively rare but has been documented 

extensively in broadcast spawners like bivalves (Layton et al. 2020). Many nudibranchs, 

including Hermissenda, however, are simultaneous hermaphrodites that copulate to mate 

(Rutowski 1983). That said, there is recent evidence of introgression and mitochondrial capture 

in the Indo-Pacific simultaneous hermaphroditic nudibranch genus Chromodoris (Layton et al. 

2020).  

In 2016, the trans-Pacific species H. crassicornis (sensu lato) was discovered to be a 

pseudocryptic species complex consisting of three distinct species: H. crassicornis 

(ESCHSCHOLTZ, 1831; sensu stricto), H. opalescens (COOPER, 1863), and H. emurai (BABA, 

1937; Lindsay and Valdés 2016). Pseudocryptic species are those that at first seem to be 

morphologically identical (cryptic) but are later found to be distinguishable (Luttikhuizen and 
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Dekker 2009). Both cryptic and pseudocryptic speciation is a common occurrence among 

nudibranchs, often discovered by molecular investigation of previously described species (e.g., 

Fritts-Penniman et al. 2020, Furfaro et al. 2022, Soon et al. 2023). Species that are genetically 

distinguishable but morphologically similar may also have other differences in ecology or 

behaviour (Saez et al. 2003, Cornils and Held 2014). In the case of the Hermissenda genus, 

molecular phylogenetic analyses found that sequence differences in two mitochondrial genes 

distinguished the three congeners from each other, a finding supported by a review of their 

morphologies (Lindsay and Valdés 2016). The available phylogenetic data suggested that H. 

crassicornis and H. emurai were sister species, with H. opalescens less closely related (Lindsay 

and Valdés 2016). Since this finding, additional geographic, behavioural, and ecological 

differences among the three newly erected species have been described (Merlo et al. 2018, 

Estores-Pacheco 2020, Goddard et al. 2023). 

The subtle morphological differences that exist among the three species in the genus 

Hermissenda have been well-studied. The most important of these are the differences that can 

be used to distinguish the two NEP species in their zone of sympatry. One suite of differences 

occurs on the dorsal body wall extensions called cerata. All three species have similar variation 

in cerata colouration, ranging from brown to orange (Lindsay and Valdés 2016). However, H. 

crassicornis individuals possess a longitudinal white stripe on their cerata that is lacking in H. 

opalescens (Lindsay and Valdés 2016). Hermissenda crassicornis individuals also have an 

orange tip on their cerata, in comparison to H. opalescens in which the ceratal tip is white (Merlo 

et al. 2018). The organization of the cerata can also be used to distinguish among species. In all 

three species, cerata are arranged in distinct bunches, but the gaps between these bunches are 

more pronounced in H. emurai (Lindsay and Valdés 2016). Moreover, Hermissenda emurai 

bodies have a more orange hue in comparison to the almost translucent or white body 

colouration of the other two species (Lindsay and Valdés 2016). Additional physical differences 

between the species can also be seen in an examination of the radula: H. opalescens has the 

largest number of denticles and H. crassicornis the fewest (Lindsay and Valdés 2016). Lastly, it 

has been reported that the relative width of the foot of H. opalescens is greater than that of H. 

crassicornis (Merlo et al. 2018), though this needs to be investigated further in individuals of 

similar sizes from all species.  

Additional behavioural and ecological differences have also been noted between the two 

sympatric species. Estores-Pacheco (2020) found that the two NEP species, H. crassicornis 

and H. opalescens, may have different preferred diets; Hermissenda crassicornis is said to 
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exhibit a more specialist diet in comparison to H. opalescens, potentially exhibiting character 

displacement and facilitating their sympatry (Estores-Pacheco 2020). Interspecific copulation 

between the two has not been observed in laboratory studies, which suggests a possible 

prezygotic isolating barrier in place restricting hybridization between H. crassicornis and H. 

opalescens (Estores-Pacheco 2020). Nothing is known about possible reproductive isolation of 

either of these species from H. emurai. 

All three species are intertidal and subtidal (Estores-Pacheco 2020) but inhabit relatively 

distinct geographic ranges in the Pacific Ocean (ref. fig. 1). Hermissenda emurai is restricted to 

the Sea of Japan and the Russian Far East, whereas H. crassicornis and H. opalescens are 

found on the west coast of North America (Lindsay and Valdés 2016). Specifically, the range of 

H. crassicornis is thought to be limited to the Northeast Pacific, from Alaska, USA, throughout 

coastal British Columbia, Canada, to Northern California, USA; Hermissenda opalescens is 

found from Northern California to the Sea of Cortez, Mexico (Lindsay and Valdés 2016). 

However, there have been reports of H. opalescens in Barkley and Clayoquot Sounds in British 

Columbia (Merlo et al. 2018). More recently, Goddard et al. (2023) sampled both H. crassicornis 

and H. opalescens in Central California. These findings suggest a large zone of sympatry for 

these two species, ranging from Southern British Columbia to Central California. These ranges 

are consistent with a speciation history that includes a north-south biogeographic split between 

the species now recognized as H. crassicornis and H. opalescens, as well as an east-west split 

between lineages on opposite sides of the North Pacific.  
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Figure 1. The known range map for Hermissenda species. The shaded areas represent 
the three species ranges from filtered iNaturalist research grade 
observations in the Northern Pacific. Orange shading indicates H. 
crassicornis; green shading indicates H. opalescens; and blue shading 
indicates H. emurai. Stars show sampling locations for nudibranchs used 
in this study. 

1.4. Speciation in the Pacific Ocean 

The timing and demographic implications of biogeographic patterns have provided 

important context for many ecological and evolutionary studies of North Pacific marine species. 

Trans-Pacific population differentiation (or speciation) events, like those of the genus 

Hermissenda, are common throughout the Pacific Ocean. Several examples are helpful for 

comparison to Hermissenda. 

The North Pacific rocky shore gastropod Nucella lima has a broad geographical range 

overlapping with both H. crassicornis and H. emurai in Asia and North America. Using DNA 

sequence data, Cox et al. (2014) estimated a mid-Pleistocene divergence time (>600 kya) in the 

H. emurai 
H. crassicornis 

H. opalescens 
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North Pacific population with no gene flow occurring post-split. By ~310 kya, these populations 

were restricted to eastern and western glacial refugia, and the eastern population likely 

underwent a severe population bottleneck approximately 20 kya. 

Like Hermissenda, the dorid nudibranch Diaulula sandiegensis (sensu lato) was also 

found to be a pseudocryptic species pair: D. sandiegensis (sensu stricto) with a geographic 

range that overlaps with H. crassicornis and H. opalescens in the NEP; and D. odonoghuei with 

a broader distribution throughout the North Pacific that overlaps with all three Hermissenda 

species (Lindsay et al. 2016). These two Diaulula species are thought to have diverged 1.7–1.5 

mya in the early Pleistocene, coinciding with ice sheet expansion approximately 1.5 mya 

(Lindsay et al. 2016). A second split within D. odonoghuei in the Northwestern Pacific is 

estimated to have taken place 0.35-0.31 mya, concordant with another cooling period during the 

mid-Pleistocene (Lindsay et al. 2016).  

A more recently described example includes molecular and morphological analyses of 

the North Pacific clown nudibranch, Triopha catalinae (sensu lato), which includes two distinct 

morphotypes: one with a trans-Pacific range from South Korea to Southern California (T. 

modesta); and a second that is restricted to the Eastern Pacific from Southeast Alaska to Baja 

California (T. catalinae (sensu stricto); Jung et al. 2020). Like the pseudocryptic species of 

Diaulula, these patterns are consistent with the hypothesis that Pleistocene glacial cycles may 

play a role in these divergences (Jung et al. 2020). This hypothesis may also extend to other 

pseudocryptic species complexes like Hermissenda (Estores-Pacheco 2020). 

1.5. Inferring demographic histories 

Genetic analysis has been integral to unlocking speciation history in the Pacific Ocean. 

As the costs of genome resequencing have declined, genomic data have made greater 

contributions to biogeographic and evolutionary analyses, including the characterization of 

cryptic species complexes (Mardis 2008, Puritz et al. 2014). However, full genome 

resequencing is neither cost- nor labour-efficient, especially for organisms lacking a high-quality 

reference genome. An effective alternative approach is the use of reduced-representation 

genomes to survey genetic variation across the whole genome among individuals (Altshuler et 

al. 2000, Willis et al. 2017). Restriction-site associated DNA sequencing (RADSeq) is one type 

of reduced-representation library preparation that produces high-resolution population genomic 
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data (Davey and Blaxter 2011). RADSeq data can be used in the context of population genetics 

with little prior knowledge of genome structure and is often well suited for organisms lacking a 

reference genome (Davey et al. 2011, Willis et al. 2017) such as Hermissenda species.  

One class of methods to infer demographic history from genetic data is isolation-with-

migration (IM) models. These methods use optimization to fit demographic model parameters to 

DNA sequence variation (Nielsen and Wakeley 2001). One such program that implements this 

method is IMa3 (Hey et al. 2018) which uses coalescent theory and Markov chain Monte Carlo 

(MCMC) optimization of genealogies to estimate demographic parameters in a Bayesian or 

likelihood framework (Nielsen and Wakeley 2001, McGovern et al. 2010). The IM framework 

allows for the estimation of divergence times (t), effective population sizes (Ne), and immigration 

rates (m) for the sampled present-day populations and for the unsampled ancestral populations 

that gave rise to them (Nielsen and Wakeley 2001). This program allows for the additional 

estimation of the most likely tree topology that represents the phylogenetic relationships among 

the sampled populations (Hey 2019).  

The IMa3 program and its predecessors (IMa, IMa2) have been used to estimate these 

demographic parameter values on several very different temporal and ecological scales. For 

example, Zhao et al. (2013) used IMa to estimate an ancestral split of 9.77 mya (during the 

Miocene epoch) between populations of the dragon blood tree Dracaena cambodiana. In 

contrast, the IMa divergence time estimate of sea star sister species Cryptasterina pentagona 

and C. hystera was as young as 6000 years (Puritz et al. 2012; but see Hart and Puritz 2020). 

IM analyses are also able to detect gene flow between closely related species, as in northern 

orioles in the genus Icterus (Jacobsen and Omland 2012). The population immigration rate from 

I. bullockii into I. gabula was found to be 3.4 gene copies per generation and 2.1 in the opposite 

direction (Jacobsen and Omland 2012). This study also detected population immigration rates of 

0.001 between sister species I. bullockii and I. abeillei (Jacobsen and Omland 2012). For 

species with broad areas of sympatry like H. crassicornis and H. opalescens, there is high 

potential for gene flow. If reproductive isolation has not evolved between these species, those 

living in sympatry may be exchanging genetic material.  

IM models can be used in conjunction with double digest restriction-site associated DNA 

sequencing (ddRADSeq) in large multi-locus demographic analyses. The short sequences 

obtained from the reduced-representation ddRADSeq methodology have often been used in 

single-nucleotide polymorphism discovery, but these sequences also have great promise when 
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used with IM models (Balmori-de la Puente et al. 2022). In one example, researchers used 300 

ddRADSeq loci from 39 specimens and IMa3 models to characterize the demographic history of 

four populations within two species of water voles in Central Europe, Arvicola amphibius and A. 

scherman. The splitting time between these species was estimated to have occurred 3.81 mya, 

followed by a split within A. scherman to create a Central European subpopulation in the mid-

Pleistocene 1.45 mya, and a more recent split to create Cantabrian and Pyrenean 

subpopulations 0.34 mya during the last glaciation (Balmori-de la Puente et al. 2022). The study 

also found limited immigration rates among the populations (2Nm << 1) and similar Ne values 

(51,000-59,000 individuals) among all populations except the Central European population 

which was more than three times larger (187,000 individuals; Balmori-de la Puente et al. 2022). 

A similar combination of ddRADSeq data and IM models have been used in a variety of study 

systems across the world including agriculturally important fungi (Molo et al. 2022), predatory 

lady beetles (Sethuraman et al. 2023), and grassland birds (Norambuena et al. 2020). 

1.6. Reconstructing the demographic history of the Pacific 

nudibranch genus Hermissenda 

If the goal of using model organisms like Hermissenda crassicornis (sensu lato) is to 

conduct repeatable, predictable, and generalizable research in areas such as the neurobiology 

of behaviour and learning, then it is important that the identity of the study organisms be well 

known and unexpected variation (such as the analysis of pseudocryptic species) within model 

organisms be accounted for (Erséus and Gustafsson 2009). In cases like the genus 

Hermissenda, where unexpected or unaccounted variation may have been included in previous 

laboratory studies, knowledge of the phylogenetic and demographic history underlying that 

variation can help in reinterpreting previous results (such as neurobiological studies that may 

have included both H. crassicornis and H. opalescens). For nudibranchs, determining 

phylogenetic and biogeographic context can be a difficult task in the absence of a fossil record 

(Lindsay et al. 2016). Genetic analysis can shed light on the phylogeographic history, as shown 

by Lindsay and Valdés (2016) in the case of the pseudocryptic Hermissenda genus.  

In this thesis, I inferred the demographic history of the Pacific nudibranch genus 

Hermissenda with the use of genomic ddRADSeq data and IM modelling techniques. I used 

IMa3 (Hey et al. 2018) to estimate demographic parameters from ddRADSeq data for H. 
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crassicornis, H. opalescens, and H. emurai. Additionally, these demographic parameters were 

validated with evolutionary simulations using SLiM (Haller and Messer 2023). These simulations 

ran with empirically estimated demographic histories, and generated data from those simulated 

histories was then used in IMa3 to test specific hypotheses about the empirical results. This 

study found: (1) the sympatric NEP H. crassicornis and H. opalescens to be sister species; (2) 

divergence times coinciding with the early and mid-Pleistocene epoch; (3) a more than 30-fold 

difference in Ne between the sympatric species; and (4) limited gene flow among all species. 

This work reveals important information for researchers using Hermissenda species as model 

organisms and supports the need to reassess past studies which have not distinguished among 

the three species, especially those which sampled nudibranchs in the Northeastern Pacific 

region of sympatry.  
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2. Methods 

2.1. Empirical data 

2.1.1. Sample collection 

Nudibranch specimens used for DNA extractions came from the collections of Á. Valdés 

at California State Polytechnic University, Pomona, and were collected by trainees or 

collaborators under his supervision. Individuals of H. crassicornis and H. opalescens were 

collected at several times in 2016 through 2018 from locations in the Northeastern Pacific 

(NEP). Collection locations included the southern portion of British Columbia, Canada on the 

coast of Vancouver Island (collections approved by the Bamfield Marine Sciences Centre); 

Southern Oregon, USA; various locations throughout California, USA; and Baja California, 

Mexico. For detailed collection information, including preservation and storage of samples 

before processing, please see Estores-Pacheco (2020). Individuals of H. emurai were collected 

March–September 2014 from two locations in Japan and on an unknown date from one location 

in Russia in the Northwestern Pacific (NWP). Figure 1 shows these sampling locations and the 

known ranges of the three species obtained from literature and research-grade observations 

from iNaturalist (accessed on 20 June 2023). All individuals were identified to species by 

experts using ceratal traits. For full details of sampling locations please see Table 1.  

Table 1. Information on sampling localities, collection dates, and collector identification 
for Hermissenda nudibranchs collected for double digest restriction-site 
associated DNA sequencing. 

Species Location Collection Date Collector 
Hermissenda 
crassicornis 

Bamfield, British 
Columbia, Canada 

2016 unknown 

 Bamfield, British 
Columbia, Canada 

07/2016 unknown 

 Bamfield, British 
Columbia, Canada 

18/06/2017 K.A. Estores-
Pacheco 

 Bamfield, British 
Columbia, Canada 

18/06/2017 K.A. Estores-
Pacheco 

 Bamfield, British 
Columbia, Canada 

18/06/2017 K.A. Estores-
Pacheco 
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Species Location Collection Date Collector 
 Bamfield, British 

Columbia, Canada 
18/06/2017 K.A. Estores-

Pacheco 
 Bamfield, British 

Columbia, Canada 
18/06/2017 K.A. Estores-

Pacheco 
 Bamfield, British 

Columbia, Canada 
18/06/2017 K.A. Estores-

Pacheco 
 Bamfield, British 

Columbia, Canada 
18/06/2017 K.A. Estores-

Pacheco 
 Bamfield, British 

Columbia, Canada 
18/06/2017 K.A. Estores-

Pacheco 
 Bodega Bay, 

California, USA 
14/08/2018 K.A. Estores-

Pacheco 
 Bodega Bay, 

California, USA 
14/08/2018 K.A. Estores-

Pacheco 
Hermissenda 
opalescens 

Bamfield, British 
Columbia, Canada 

07/2016 unknown 

 Bamfield, British 
Columbia, Canada 

07/2016 unknown 

 Bamfield, British 
Columbia, Canada 

07/2016 unknown 

 Bamfield, British 
Columbia, Canada 

07/2016 unknown 

 Bamfield, British 
Columbia, Canada 

07/2016 unknown 

 Bamfield, British 
Columbia, Canada 

18/07/2017 K.A. Estores-
Pacheco 

 Bodega Bay, 
California, USA 

22/12/2018 E. Otstott 

 Malibu, California, 
USA 

10/05/2016 unknown 

 Malibu, California, 
USA 

10/05/2016 unknown 

 Malibu, California, 
USA 

10/05/2016 unknown 

 Morro Bay, 
California, USA 

25/11/2018 A. Ueyoka 

 Morro Bay, 
California, USA 

25/11/2018 A. Ueyoka 

 Morro Bay, 
California, USA 

25/11/2018 A. Ueyoka 

 San Luis Obispo, 
California, USA 

11/12/2018 A. Ueyoka 

 San Luis Obispo, 
California, USA 

11/12/2018 A. Ueyoka 
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Species Location Collection Date Collector 
 San Luis Obispo, 

California, USA 
11/12/2018 A. Ueyoka 

 Santa Barbara, 
California, USA 

14/05/2016 unknown 

 Santa Barbara, 
California, USA 

14/05/2016 unknown 

 Santa Barbara, 
California, USA 

14/05/2016 unknown 

 Santa Barbara, 
California, USA 

14/05/2016 unknown 

 Ventura County, 
California, USA 

2017 C. Hoover 

 Ventura County, 
California, USA 

2017 C. Hoover 

 Ventura County, 
California, USA 

2017 C. Hoover 

 Ventura County, 
California, USA 

2017 C. Hoover 

 Whiskey Creek, 
Oregon, USA 

06/06/2016 J. Goddard 

 Marin County, 
California, USA 

22/12/2018 E. Otstott 

 Ensenada, Baja 
California, Mexico 

01/06/2016 unknown 

Hermissenda 
emurai  

Tateyama, Chiba, 
Japan 

01/03/2014 unknown 

 Tateyama, Chiba, 
Japan 

01/03/2014 unknown 

 Muroran, Hokkaido, 
Japan 

10/09/2014 unknown 

 Muroran, Hokkaido, 
Japan 

10/09/2014 unknown 

 Muroran, Hokkaido, 
Japan 

10/09/2014 unknown 

 Muroran, Hokkaido, 
Japan 

10/09/2014 unknown 

 Muroran, Hokkaido, 
Japan 

10/09/2014 unknown 

 Vladivostok, Russia unknown unknown 
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2.1.2. ddRAD library preparation, sequencing, and assembly 

Sampled nudibranchs were processed to generate alignments of loci from reduced-

representation genome sequences. All processing (from DNA extraction to contig assembly) 

was carried out by staff at the Genomics Core Laboratory, Texas A&M University, Corpus 

Christi. DNA was extracted from nudibranch tissue samples using the Omega BioTek EZNA 

DNA Isolation Kit according to manufacturer’s protocol. To check DNA quality, 1µl of extracted 

DNA in solution was loaded and run on a 1% agarose gel. Extracted DNA was also quantified 

using a Biotium AccuBlue HS NGS Kit with an 8-point standard curve on a SpectraMax M3 

microplate reader.  

 High-quality, high-molecular-weight DNA of up to 500 ng was used to construct a ddRAD 

library for each individual nudibranch according to a modified protocol from Peterson et al. 

(2012). DNA samples were digested using SexAI (NEB R0605) and ApoI-HF (NEB R3566) 

restriction enzymes. Barcoded adapters (48 unique barcodes) with an overhang complementary 

to the ApoI overhang and non-barcoded SexAI complementary adapters were ligated to the 

DNA fragments. Polymerase chain reaction amplification was performed with unique P1 and P2 

indexes for each group of 48 barcodes. A final size selection was used to select amplicons of 

500–600 bp in length. Libraries were pooled together in equal concentrations and the final 

library sequenced on an Illumina HiSeq 4000 instrument to generate 150-base paired-end 

reads.  

 The dDocent pipeline was used for de novo assembly of the ddRADSeq data (see 

Appendix A. for sample assembly workflow). Sequence reads were filtered to retain only sites 

that were consistent with biallelic diploid organisms, had a PHRED score of at least 20, the 

depth of coverage was at least 50, and they were called in more than 50% of individuals. 

Individuals with more than 50% missing data were also removed. Each contig from that 

assembly was treated as a nonrecombining locus or gene. The rad_haplotyper application was 

used to infer the phases of single nucleotide polymorphisms (SNPs) in each locus with two or 

more SNPs, and to generate two haplotypes or gene copies for each individual (including 

homozygotes) at each locus. A single locus was removed due to missing information in the 

assembly output. These steps resulted in a total of 2354 loci to be used in further analyses. For 

each locus, I used R Statistical Software (v. 4.2.2; R Core Team 2023) to characterize DNA 

polymorphism as nucleotide diversity (the average number of nucleotide differences among all 
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unique pairs of sequences) and the number of segregating sites (the number of SNPs summed 

across all gene copies). 

2.1.3. Haplotype network construction 

In addition to new data from reduced-representation genomes, I compiled previously 

published data for a mitochondrial locus that I used to build a haplotype network for better 

visualization of sequence relationships and geographic origin. A total of 86 cytochrome c 

oxidase subunit I (COI) sequences were downloaded, including 65 sequences from the National 

Center for Biotechnology Information and the Barcode of Life Data System (accessed 14 March 

2023) and 21 sequences from collaborators (Á. Valdés). These sequences were manually 

curated to remove individuals without a confirmed species identification (e.g., those identified 

from larval stages or from sequence data). Sequences were aligned using the MUSCLE method 

(Edgar 2004) implemented in AliView (v. 1.26; Larsson 2014). The alignment was filtered by 

trimming the ends to remove the first 11 sites as they were unique to a single sequence, and 

then by dropping sequences with more than 5% missing sites (12 sequences). Sequences 

without location information (one from H. opalescens and two from H. crassicornis) were also 

omitted from the haplotype network reconstruction. Following these filtering steps, 70 

sequences remained. These sequences were then imported into Population Analysis with 

Reticulate Trees (PopART v. 1.7; Leigh and Bryant 2015) to construct a haplotype network 

using the TCS method (Clement et al. 2000). For a full list of accession numbers and sources 

please see Table 2. 

Table 2.Information for cytochrome c oxidase subunit I sequences of Hermissenda 
nudibranchs used to construct haplotype network (Figure 2; excluding 
those with no local information). These sequences are also included in all 
input files for estimation of most likely tree topology and demographic 
parameters in IMa3. 

Species Location GenBank Accession Number 
Hermissenda crassicornis No info JQ699630 

 No info MH304626 
 Cook Inlet, Alaska, USA KF643647 
 Sitka, Alaska, USA KU950165 
 Sitka, Alaska, USA KU950166 
 Northeast Pacific, British Columbia, Canada MH235587 

 



18 

Species Location GenBank Accession Number 
 Northeast Pacific, British Columbia, Canada MH235593 

 
 Northeast Pacific, British Columbia, Canada MH235594 

 
 Central Coast, British Columbia, Canada MH235588 

 
 Central Coast, British Columbia, Canada MH235589 

 
 Central Coast, British Columbia, Canada MH235590 

 
 Central Coast, British Columbia, Canada MH235591 

 
 Central Coast, British Columbia, Canada MH235592 

 
 Barkley Sound, British Columbia, Canada MH235595 

 
 Barkley Sound, British Columbia, Canada MH235597 

 
 Barkley Sound, British Columbia, Canada MH235599 

 
 Bamfield, British Columbia, Canada MH235600 
 Tsawwassen, British Columbia, Canada MG421500 

 
 Victoria, British Columbia, Canada KU950167 
 Victoria, British Columbia, Canada KU950168 
 Victoria, British Columbia, Canada KU950169 
 Victoria, British Columbia, Canada KU950170 
 Victoria, British Columbia, Canada KU950171 
 Victoria, British Columbia, Canada KU950172 
 Victoria, British Columbia, Canada KU950173 
 Victoria, British Columbia, Canada KU950174 
 Victoria, British Columbia, Canada KU950175 
 Victoria, British Columbia, Canada KU950176 
 Victoria, British Columbia, Canada KU950177 
 San Juan County, Washington, USA MH242795 

 Jefferson County, Washington, USA BBPS820-19* 

 Gig Harbor, Washington, USA KU950160 

 Gig Harbor, Washington, USA KU950161 
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Species Location GenBank Accession Number 
 Lane County, Oregon, USA KU950163 

 Humboldt Bay, California, USA KU950178 

 Bodega Bay, California, USA OQ427258 

 Bodega Bay, California, USA OQ427259 

 Point Reyes, California, USA KU950164 

 Monterey Bay, California, USA KU950179 

Hermissenda opalescens No info KX889736 
 Barkley Sound, British Columbia, Canada MH235596 
 Whiskey Creek, Oregon, USA OQ427269 
 Bodega Bay, California, USA KU950190 
 Bodega Bay, California, USA KU950191 
 Bodega Bay, California, USA OQ427271 
 Monterey Bay, California, USA KU950196 
 Morro Bay, California, USA OQ427265 
 Morro Bay, California, USA OQ427266 
 Morro Bay, California, USA OQ427274 
 Avila Beach, California, USA OQ427263 
 Avila Beach, California, USA OQ427272 
 Santa Barbara, California, USA OQ427268 
 Santa Barbara, California, USA OQ427270 
 Santa Barbara, California, USA OQ427275 
 Santa Barbara, California, USA OQ427277 
 Ventura County, California, USA OQ427267 
 Malibu, California, USA KU950195 
 Malibu, California, USA OQ427262 
 Malibu, California, USA OQ427264 
 Malibu, California, USA OQ427273 
 Long Beach, California, USA KU950192 
 Long Beach, California, USA KU950193 
 Long Beach, California, USA KU950194 
 Orange County, California, USA GASSC569-18* 
 Bahia de Los Angeles, Mexico KU950187 
 Bahia de Los Angeles, Mexico KU950189 

Hermissenda emurai Muroran, Hokkaido, Japan KU950180 
 Muroran, Hokkaido, Japan KU950181 
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Species Location GenBank Accession Number 
 Muroran, Hokkaido, Japan KU950182 
 Muroran, Hokkaido, Japan KU950183 
 Muroran, Hokkaido, Japan KU950184 
 Tateyama, Chiba, Japan KU950185 
 Tateyama, Chiba, Japan KU950186 

 

2.1.4. Population phylogenetic topology and parameter estimation 

To estimate the most likely phylogenetic tree topology and demographic parameter 

values using an IM model we used the software IMa3 (Hey et al. 2018) running in parallel on the 

Narval and Cedar clusters operated by the Digital Research Alliance of Canada. Parameter 

values were estimated from models fit to the 2354 ddRADSeq loci plus the single mitochondrial 

locus using the Hasegawa-Kishino-Yano (HKY) mutation model (Hasegawa et al. 1985). I used 

a mutation rate calibration of 2.033x10-5 per gene per year for COI based on previous 

estimations of the lineage mutation rates for Tridacna crocea (Crandall et al. 2012). The addition 

of a locus with a known mutation rate allows for the conversion of parameter values in units that 

depend on the mutation rate (e.g., the population size q = 4Neµ) to parameter values in 

demographic units (Ne; Hey 2019). Due to computational constraints of IMa3, the 2354 loci 

could not be analyzed together; instead, I split the loci into 11 datasets or input files each with 

200 loci and a 12th dataset with 154 loci, each with the additional COI locus. These input files 

can be found in the supplementary materials. The three recognized Hermissenda species (H. 

crassicornis, H. emurai, and H. opalescens) and two ancestral groups were treated as 

populations in the analysis. 

IMa3 uses Markov-chain Monte Carlo (MCMC) simulations to estimate demographic 

parameter values (population divergence times, effective population sizes, migration rates) and 

genealogies. It is a coalescent framework which uses DNA sequence data to simulate 

genealogies backwards in time (Hey 2019). Briefly, the program simulates a gene tree for each 

locus in the dataset and repeatedly updates to a new set of parameter values (genealogies, 

divergence times, and mutation scalar parameters) following the Metropolis-Hastings criterion 

(Hey 2007). To do this, the program first picks a random starting point in the state space based 

on the prior probability distributions. New genealogy and demographic parameter updates are 
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then proposed and either rejected or accepted based on the full model likelihood and the prior 

distribution of both the proposed and current state of the simulation (Chung 2019). The first 

portion of the simulation (the burn-in period) is run for enough time to allow the state of the 

chain to become independent of its starting point and ensure sampled genealogies and 

parameter values fall within a stationary distribution (Won and Hey 2005, Hey 2007). Following 

this, the state of the simulation is recorded at intervals, and, over time, these recorded values 

can approximate a posterior density from which parameter values may be jointly estimated (Hey 

2007). Each iteration in which a genealogy and its parameters are recorded and updated is 

called a step in the Markov chain (Hey 2007). The state space of the simulation using IMa3 

includes the prior distribution of a genealogy, population divergence times, and mutation rate 

scalars (relative mutation rates) for each locus (Hey and Nielson 2007).  

 The first step in such an analysis is to estimate the most likely tree topology for the 

populations. This topology defines the order in which ancestral lineages diverged, and thus 

constrains the ancestral population sizes and migration rates to be estimated in subsequent 

analyses. I used a burn-in of 1.5x106 steps and saved 1.0x104 phylogenies with a total of 

1.0x105 steps following the burn-in period. This most likely tree topology (where H. crassicornis 

and H. opalescens are sister species; see Results below) was used for the remainder of the 

analyses.  

Appropriate prior distributions for demographic parameters in the model were 

determined using the model option for estimation of priors using a hyperprior distribution. IMa3 

makes use of hierarchical parameters for Ne and migration rates (Hey 2019). To employ 

hyperpriors, the user must define the limits of the hyperpriors from which the terms of the prior 

distribution will be drawn. The program will calculate the appropriate prior distributions given the 

data for the parameters of interest. This feature allows for improved mixing of the model and 

relieves the user of the need to define closely fitting priors. The initial hyperprior run was 

conducted using 100 ddRADSeq loci and the single COI locus with 2.0x106 burn-in steps and 

1x105 saved genealogies. The resulting prior file was used for analyses of the 12 input files and 

updated as needed following inspection of the plots of parameter value posterior distributions in 

the simulation over the runtime.  

Following this hyperparameter run, I estimated the demographic parameters. I used 

5.0x106 burn-in steps and saved 1.0x105 genealogies for a total of 1.0x106 steps in the Markov 

chain following burn-in. I analyzed each of the 12 datasets twice with a different random number 
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seed to ensure repeatability of demographic parameter estimates (see Figure 2 for an example 

of this repeatability). These runs were completed using 576 chains on 4 nodes of the Narval 

cluster (Digital Research Alliance of Canada) with run times of approximately four days. 

Convergence and proper mixing of the Markov chain were assessed by checking the marginal 

peak locations and probabilities of each parameter and comparing the peak location for the first 

half of sampled genealogies to that of the second half. In addition, plots of the logarithm of the 

posterior probability of the model were inspected to see evidence that chain mixing had 

achieved a stable distribution. All input files are available in Appendix E.  
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2.2. Simulated data 

2.2.1. Simulating nucleotide-based models 

To validate the findings of my empirical results and explore the possible origins of some 

unexpected results of the IMa3 analyses, I simulated nudibranch demographic histories under 

the inferred demographic history, and then sampled nucleotide sequences from these simulated 

Wright-Fisher populations, both within the individual-based evolutionary simulation framework 

SLiM (v. 4.0.1; Haller and Messer 2023). My goal was to create simulated datasets analogous 

to our empirical datasets for further analysis in IMa3. In doing this, I was able to test the 

plausibility of our empirical results and the assumptions of the IM model. First, I created a 

simulation matching the empirical datasets in all aspects. To do this, I used the dimensions of 

each empirical data dataset (200 contigs, mean contig length of 256 bases, 66 gene copies 

sampled) and demographic values inferred from the analyses of my empirical data (see Results 

below) to parameterize the simulation models. I then used the same simulation framework to 

make known alterations to demographic parameters to test my empirical findings. I used a 

recombination rate of 1.0x10-8 per site per generation and a simple Jukes-Cantor mutation 

model (1969) with a mutation rate of 1.0x10-8 per site per generation (an estimated rate for 

nuclear loci as per literature; Allio et al. 2017). I also assumed a generation time of 1 year. As 

with the empirical data, I calculated nucleotide diversity and number of segregating sites for 

each locus to characterize DNA polymorphism created by each of the simulation models. 

I created a series of simulations to compare IMa3 estimates of parameter values from 

the simulated data to estimates based on the empirical data, and I used those comparisons to 

test specific hypotheses about the empirical results. First, I simulated a demographic history in 

which the divergence time, population size, and migration rate parameters were set to the 

median values of all 24 estimates from duplicate IMa3 analyses from the 12 empirical datasets. 

To start this simulation, an initial ancestral population was created and allowed to evolve for 

20Ne generations (a burn-in period typical of the SLiM methodology). The demographic history 

estimated from my empirical analyses included old divergence times and large population sizes 

(see Results below). However, in preliminary analyses I found it was computationally too 

expensive to simulate those histories in SLiM (run times of weeks for each locus). One widely 

used solution to SLiM run-time constraints (Haller and Messer 2022) is to reduce the scale of 
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the simulation model by reducing the subpopulation sizes and number of generations -- and 

increasing the mutation and recombination rates -- by the same factor. This scaling allows the 

simulation to run faster (by following fewer simulated genomes for a smaller number of time 

steps of the model) while the simulated population experiences the same amount of 

evolutionary change (mutation, recombination, genetic drift, migration; Cury et al. 2021, Haller 

and Messer 2022).  

I therefore scaled all four model parameters (population sizes, divergence times, 

mutation and recombination rates) by the same factor of 100. I used some preliminary runs of 

this model to characterize DNA polymorphism and adjusted the mutation rate to 2.5x10-7 per 

site per generation so that the simulated datasets had mean values of nucleotide diversity and 

number of segregating sites similar to polymorphism in the empirical datasets (see Results 

below). These became the input parameters for my first set of simulations – a scaled model that 

mimicked the empirical parameters. 

I then modified this scaled model by setting to zero the migration rates across the Pacific 

Ocean between H. emurai in the NWP and the common ancestor of H. crassicornis and H. 

opalescens in the NEP. I used this simulation to explore the possible significance of trans-

Pacific gene flow that was detected in the empirical analyses. 

Last, I ran a fourth simulation in which I modified the scaled model by setting all 

migration rates to zero. I used that simulation (of a pure isolation model) to explore the possible 

significance of unexpected high introgression from H. emurai into H. crassicornis in the 

empirical analyses. 

All demographic parameters used in the four scenarios can be found in Table 3 below 

and the SLiM code for the baseline simulation can be found in Appendix C.  

2.2.2. Demographic parameter estimation 

To estimate the demographic parameters of simulated datasets, IMa3 was implemented 

on the Narval cluster as above. Input files for the simulated data contained 200 simulated loci 

(each with 66 sequences) and the same COI sequences and mutation rate used in the empirical 

datasets (see details above); these runs were also completed with 5.0x106 burn-in steps and 

1.0x106 additional steps in the Markov chain with each run duplicated using a different random 
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number seed. The priors used for these simulated datasets were based on the widest tuned 

hyperprior distribution estimated from the empirical data. Runs took approximately five days to 

complete. Convergence and proper mixing were assessed in the same way as for the empirical 

data. Input files can be found in Appendix E. 
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3. Results 

3.1. Empirical data 

3.1.1. ddRAD sequencing and library assembly 

A total of 53 Hermissenda individuals were sequenced including 11 H. crassicornis, 27 

H. opalescens, and 8 H. emurai. These contained 99,362 contigs with a mean length of 296 

bps. The final ddRADSeq libraries only contained those that were positively identified to the 

species level which included 96,458 total contigs. After filtering, the assembly included 2354 

contigs (mean length of 256 base pairs) and 33 individuals (9 from H. crassicornis, 7 from H. 

emurai, and 17 from H. opalescens) with 10.8 SNPs per contig and 25,350 SNPs total.  

3.1.2. Haplotype network construction 

A total of 70 COI sequences were retained following quality control: 37 H. crassicornis, 7 

H. emurai, and 26 H. opalescens sequences. Haplotype network reconstruction of COI 

sequences revealed three distinct groupings consistent with the three identified Hermissenda 

species (Figure 3). Hermissenda emurai individuals included the smallest number of haplotypes 

sampled, but with each individual representing a unique haplotype (n=7). Hermissenda 

crassicornis individuals included 13 unique haplotypes, with a single most-common haplotype 

shared among many individuals and in all regions of the geographic range of H. crassicornis. 

Hermissenda opalescens had the largest absolute number of unique haplotypes (21) and high 

haplotype diversity relative to the large number of sampled sequences (26). 
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3.1.3. Population phylogenetic topology and demographic parameter 

estimation 

An IM model was fit to the 2354 ddRADSeq loci and a single COI locus to estimate the 

phylogenetic tree topology. In the most likely tree topology, H. crassicornis and H. opalescens 

were sister species, and the demographic history included an ancient east-west divergence 

between H. emurai and an ancestral lineage in the Northeastern Pacific, followed by a north-

south split of that ancestral lineage to form H. crassicornis and H. opalescens. This result had a 

posterior probability of 0.7452, in comparison to the next most likely species tree (0.2548), in 

which H. emurai and H. opalescens are sister species. The third possible species tree, in which 

H. emurai and H. crassicornis were sister species, was not observed among the 10,000 tree 

topologies recorded.  

In all other analyses I used that most-likely species tree as the input tree and used IMa3 

to estimate the 15 model parameters for the three Hermissenda species: two divergence times 

(t), five effective population sizes (Ne), and eight population migration rates (2Nm). The median 

values of the most-likely parameter estimates and the lower and upper bounds of the 95% 

highest posterior densities across all 24 duplicate analyses for 12 datasets are shown in Table 

3. The earlier divergence time between the eastern and western lineages occurred 1.29 mya 

(Figure 4a) in the early Pleistocene. The more recent split, between H. crassicornis and H. 

opalescens, is estimated to have taken place 0.55 mya (Figure 4b) in the mid-Pleistocene. 

Effective populations sizes decreased after the first speciation event from Ne > 600,000 in the 

common ancestor (Figure 5a) to approximately 100,000-250,000 in the eastern and western 

Pacific lineages (Figure 5b, c). After the second speciation event, Ne decreased in northern H. 

crassicornis (Ne < 60,000; Figure 5d) but greatly increased in southern H. opalescens (Ne > 

2,000,000; Figure 5e), which consistently was estimated to be larger than all other historical or 

ancestral lineages in the model.  

I found one relatively high population migration (or hybridization) rate: west-to-east gene 

flow from H. emurai into H. crassicornis (2Nm ~ 0.2, or approximately one immigrant gene copy 

every fifth generation; Figure 6c). Most other population migration rates were very low (2Nm < 

5x10-4; Figure 6). The rate of ancient east-west migration from the Northeastern Pacific lineage 

into H. emurai (2Nm ~ 0.07; Figure 6a) was also estimated to be slightly higher but with 
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posterior distributions that varied widely among datasets and included non-zero probabilities for 

2Nm = 0. All demographic parameter value estimates can be found in Table 3 and Appendix B.  
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Table 3. The median of each demographic parameter value estimate (max) and the limits on 
the associated 95% highest posterior density interval (lower, upper) from IMa3 
analyses of Hermissenda nudibranchs including divergence times (t), effective 
population sizes (Ne), and population migration rates (2Nm). The first set of 
value estimates are the result of duplicate analyses of 12 empirical datasets of 
~200 loci. The next three sections are the value estimates of various historical 
demographic scenarios using simulated datasets of 200 loci each with a 
duplicate analysis completed using IMa3. The estimate t0 represents the most 
recent split in the northeastern Pacific to create H. crassicornis and H. 
opalescens; t1 represents the most ancestral split to create the northeastern 
Pacific ancestor and H. emurai. The Ne estimates numbered 0-4 are the 
effective population sizes for Hermissenda crassicornis, H. emurai, H. 
opalescens, the northeastern Pacific ancestor, and the most recent common 
ancestor for all populations, respectively. The 2Nm rates are understood as the 
rate by which genes of a population are supplanted by genes from another. For 
example, 2N0m0>1 is the rate at which the genes of H. crassicornis are 
supplanted by genes from H. emurai forward in time (or more formally the rate 
at which gene copies of H. crassicornis coalesce with gene copies of H. emurai 
backward in time). 

 Empirical Baseline Zero ancient migration Zero migration all 

Estimate Max Lower Upper Max Lower Upper Max Lower Upper Max Lower Upper 

t0 551201 476296 616979 603942 542977 670659 628674 565839 691581 598657 536224 662893 

t1 1286495 1046746 1630047 2047579 1741440 2503303 2291326 1891634 2753197 1980996 1722386 2324547 

Ne0 56059 38648 74421 57019 42145 72886 74869 58029 90735 60674 45381 76453 

Ne1 240302 205224 282293 335058 298050 376913 332240 295258 372725 297373 264396 335023 

Ne2 2032985 1753432 2371797 2428868 2207121 2682073 2298839 2085397 2528890 2612581 2374666 2882276 

Ne3 106600 74248 137885 116441 87317 148408 94188 68490 122730 143039 112229 177712 

Ne4 611761 448435 788887 409275 190162 588731 268471 30904 440991 485237 310082 667680 

2N0m0>1 0.2 0.17 0.25 5.35x10-4 1.94x10-5 2.60x10-3 4.86x10-6 0 1.77x10-3 4.86x10-6 0 1.69x10-3 

2N0m0>2 4.60x10-4 2.42x10-5 2.00x10-3 3.84x10-3 2.66x10-4 1.29x10-2 3.31x10-3 0 1.29x10-2 4.32x10-3 6.53x10-4 1.28x10-2 

2N1m1>0 1.47x10-5 0 3.95x10-3 1.11x10-3 0 6.24x10-3 2.23x10-3 0 7.77x10-3 6.41x10-4 0 4.05x10-3 

2N1m1>2 1.39x10-5 0 3.89x10-3 1.66x10-5 0 4.68x10-3 1.75x10-5 0 5.53x10-3 1.34x10-5 0 3.24x10-3 

2N1m1>3 7.19x10-2 0 0.16 2.87x10-3 0 5.15x10-2 1.71x10-2 0 5.79x10-2 7.53x10-5 0 3.42x10-2 

2N2m2>0 3.50x10-5 0 3.12x10-2 3.50x10-5 0 3.66x10-2 3.50x10-5 0 2.28x10-2 3.50x10-5 0 3.78x10-2 

2N2m2>1 6.05x10-3 0 2.90x10-2 1.05x10-4 0 1.07x10-2 2.96x10-5 0 7.37x10-3 3.48x10-5 0 7.56x10-3 

2N3m3>1 8.14x10-6 0 2.00x10-3 7.84x10-6 0 2.21x10-3 2.19x10-5 0 2.06x10-3 8.40x10-6 0 2.07x10-3 
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Figure 7. Nucleotide diversity (2a) and the number of segregating sites (2b) measured for 
empirical data from Hermissenda nudibranchs (n=2354) and three sets of 
simulations (n=200). Colours represent extant Hermissenda species. The 
three simulations include the baseline model (recreation of the empirical 
data), the zero ancestral model (no migration between the Northeastern 
Pacific ancestor and H. emurai), and the zero migration model (with no 
migration present between any populations). 

3.2. Simulation results 

3.2.1. Genetic diversity in simulated loci 

I first considered the polymorphism patterns in the simulated data: using the 100x scaled 

model, I tuned the mutation rate (2.5x10-7) of the simulations such that these polymorphism 

metrics from the simulated loci matched those from my empirical data. For the 100x scaled 

model with all model parameters matching the empirical data and the tuned mutation rate, the 

nucleotide diversity of sequences representing H. crassicornis sequences was 0 to 9.32x10-3 

(mean = 4.97x10-4), with 0 to 5 segregating sites (mean = 0.45). The sequences for H. emurai 

had nucleotide diversity measures ranging from 0 to 1.50x10-2 (mean of 3.07x10-3) and 0 to 10 

segregating sites per locus (mean = 2.36). Lastly, the sequences for the population representing 

H. opalescens had nucleotide diversity measures of 0 to 1.03x10-2 (mean 3.46x10-3) with 0 to 14 

segregating sites (mean 6.89 sites per locus).  

 I then considered polymorphism in the output from models in which the ancestral 

migration and all migration rates were set to zero. The sequences representing H. crassicornis 

from the model with no migration occurring between the eastern ancestor and H. emurai had 

nucleotide diversity measures of 0 to 6.94x10-3 (mean 7.02x10-4) and 0 to 4 segregating sites 

per locus (mean 0.59). Sequences for the H. emurai population had a nucleotide diversity of 0 to 

1.13x10-2 (mean 2.29x10-3) and 0 to 8 segregating sites per locus (mean 2.35). For H. 

opalescens, the nucleotide diversity values ranged from 0 to 1.19x10-2 (mean 3.27x10-3) with 0 

to 15 segregating sites per locus (mean 6.67). The model in which all migration rates were set 

to zero had the following values for nucleotide diversity of sequences representing H. 

crassicornis, H. emurai, and H. opalescens, respectively: 0 to 4.52x10-3 (mean 5.59x10-4), 0 to 

1.37x10-2 (mean 2.62x10-3) and 6.75x10-4 to 1.10x10-2 (mean 3.76x10-3). Lastly, sequences 

generated from this model had 0 to 3 segregating sites per locus (mean 0.47) for H. 
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crassicornis, 0 to 8 (mean 2.13) for H. emurai, and 1 to 17 (mean 7.42) for H. emurai. These 

results can be found in Figure 7.  

3.2.2. Demographic parameter estimation 

Using IMa3, I estimated the same 15 model parameters for our simulated datasets as 

our empirical (Table 3; figures 8-10). Under the first baseline model, in which all input 

parameters of the simulation were set to the median values from our empirical data, IMa3 

inferred a first population split approximately 2.05 mya and a second split to create populations 

representing H. opalescens and H. crassicornis approximately 0.60 mya (Figure 8a, d). The 

most ancestral population was inferred to be > 400,000 individuals (Figure 9m) followed by 

decreases in Ne for both the eastern ancestor (> 100,000 individuals; Figure 9j) and H. emurai 

(> 300,000 individuals; Figure 9d) after the first speciation event. Following the second 

speciation event in the east, the northern H. crassicornis Ne decreased further (< 60,000 

individuals; Figure 9a) whereas the southern H. opalescens increased substantially (> 

2,000,000 individuals; Figure 9g). All migration rates were limited in this initial simulation with 

the largest rate being west-to-east gene flow from H. emurai into H. crassicornis (2Nm = 

1.11x10-3, Figure 10f; see also Appendix D.). 

In the second simulation, with the migration rate between the eastern ancestor and H. 

emurai set to zero, IMa3 inferred an ancestral splitting time of 2.29 mya followed by a second 

split in the east approximately 0.63 mya (Figure 8b, e). IMa3 inferred the ancestral population (> 

200,000 individuals; Figure 9n) to have split and experienced a subsequent population decrease 

in the east (< 100,000; Figure 9k) but an increase in the west (> 300,000 individuals; Figure 9e). 

After the second divergence event in the east, the northern population H. crassicornis 

decreased slightly in size (> 70,000 individuals; Figure 9b) and the southern population 

increased greatly (> 2,000,000 individuals; Figure 9h). Once again, the migration rates among 

all populations were inferred to be close to zero. The highest migration rate was estimated to be 

west-to-east gene flow from H. emurai to the eastern ancestor (2Nm ~ 0.02; Figure 10l).  

In the last simulation, in which all migration rates were set to zero, the older divergence 

event was estimated to have occurred 1.98 mya and the more recent split approximately 0.59 

mya (Figure 8c, f). The most ancestral population (> 400,000 individuals; Figure 9o) split to 

create two smaller populations: an ancestral population in the east (> 100,000 individuals; 
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4. Discussion 

Reconstructing the demographic history of populations has long been of interest to 

researchers. Demographic analyses can provide crucial information linking ecological and 

evolutionary processes across spatial and temporal scales (see Griffith et al. 2016 for a 

discussion). Importantly, these types of analyses can uncover the connections among genetic, 

demographic, and the environmental variation (Griffith et al. 2016). In this study, I conducted 

demographic analyses to infer the evolutionary history of the nudibranch genus Hermissenda, a 

genus used as a model in neuroscience for over 80 years (Lindsay and Valdés 2016). First, I 

found a new branching pattern for the Hermissenda genus, in which the sympatric species H. 

crassicornis and H. opalescens are sister species. I also discovered demographic results 

including: (1) divergence times in the mid- to late Pleistocene, (2) a much larger effective 

population size of H. opalescens than other species, and (3) limited gene flow among all 

species in the genus. This study is the first genus-level investigation conducted following the 

initial description of this pseudocryptic species complex (Lindsay and Valdés 2016). These 

results may have implications for past studies that have used Hermissenda individuals, 

especially those sampled in the zone of sympatry.  

4.1. ddRADSeq data gave better estimates of species 

relationships 

The Hermissenda genus had previously been inferred from two mitochondrial (COI and 

16S) and two nuclear (H3 and 18S) gene fragments (Lindsay and Valdés 2016). However, upon 

visual inspection of these sequences, I found little to no polymorphism present in the nuclear 

sequences. This means the topology reported by Lindsay and Valdés is driven by the 

mitochondrial sequences alone. By contrast, most loci in the ddRADSeq data supported the 

topology shown in Figure 11. This type of discordance between gene trees is unsurprising: gene 

trees sampled from closely related species or populations are expected to vary among loci 

(Richards et al. 2018).  Making use of many and varied genetic markers to make demographic 

inferences has become standard in phylogeographic studies. The number of possible species 
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is haploid and often uniparentally inherited resulting in more rapid lineage sorting and a quicker 

loss of ancestral polymorphism than is observed in the nuclear genome (Funk and Omland 

2003, Toews and Brelsford 2012). In comparison, the larger Ne of the biparentally inherited 

nuclear genome can lead to large amount of incongruence caused by ILS and may lead to 

speciation events occurring prior to the completion of lineage sorting (Fisher-Reid and Wiens 

2011). Another proposed explanation is demographic asymmetry resulting from structured 

populations within a species (Funk and Omland 2003, Toews and Brelsford 2012). Examples 

include species with large ranges or variation in subpopulation size in which mtDNA of smaller 

subpopulations are especially impacted by processes such as genetic drift and gene flow 

(Toews and Brelsford 2012). Hybridization may also cause discordance among these genetic 

markers, namely by means of introgression, due to the lack of recombination in the 

mitochondrial genome (Smith 1992, Funk and Omland 2003).  

4.2. Hermissenda species are morphologically similar, but their 

divergence times are old 

Demography has been a topic of significant research effort in the Pacific region for over 

50 years. This is because the Pacific Ocean has a storied past of biogeographic events and 

hosts some of the greatest biodiversity outside of the tropics (Vermeij et al. 2018). This region is 

thought to have had essentially sub-tropical conditions until cooling began in the late Eocene 

(approximately 36 mya; Vermeij et al. 2018). Large-scale glaciation cycles in the northern 

hemisphere began approximately 2.7 mya (Haug et al. 2005) and continued until the end of the 

Last Glacial Maximum (LGM) approximately 20 kya (Clark et al. 2009). These cycles were 

especially frequent during the end of the Quaternary period (Barrell et al. 2013). Glacial-

interglacial cycles led to significant changes in the connectivity of populations. Sea level 

changes allowed for transient allopatry to occur among benthic invertebrate populations, 

particularly in subtidal and intertidal communities along continental margins (Valentine and 

Jablonski 1983, Reid 1990, Briggs 2006, Krug 2011). When sea levels dropped during glacial 

periods, populations were separated and may have survived in glacial refugia where conditions 

were tolerable until the interglacial period where secondary contact between these populations 

could have taken place (Krug 2011).  



44 

 The divergence events leading to the three Hermissenda lineages are inferred to have 

occurred in the mid- to late Pleistocene, a time when the Northern Pacific Ocean was heavily 

influenced by glacial cycles. During the early Pleistocene (2.58-1.2 mya), weak glaciation cycles 

occurred every 41 ky, followed by cycles of strong glaciations every 100 ky beginning in the 

mid-Pleistocene (0.8 mya; Matsuzaki et al. 2018). Glacial events impacted the Northeastern and 

Northwestern Pacific (NEP and NWP, respectively) differently. In the NWP where H. emurai 

now occurs, glacial cycles impacted many marginal seas, including the rapid cooling of the Sea 

of Japan and its periodic closure (Wang 1999, Shen et al. 2011, Matsuzaki et al. 2018). These 

closures led to a drastic change in ocean temperatures, as warm water from the Tsushima 

Current was blocked, and, thus, impacted the species in the region (Kitamura and Kimoto 2006, 

Shen et al. 2011). Here, only a small portion of the region was glaciated (Nurnberg et al. 2011, 

Grant and Bringloe 2020). In contrast, the NEP (current home of H. crassicornis and H. 
opalescens) was glaciated from the Aleutian Islands to Washington, USA around the LGM 

(Marko 2004). The ice cover was, however, not continuous throughout this range (Grant and 

Bringloe 2020), with glacial refugia existing along the coast where algae (Carrara et al. 2007, 

Lindstrom 2009), invertebrates (Marko et al. 2010, Marko and Zslavkaya 2019), and fish 

(Canino et al. 2010) persisted. Glacial cycles also brought about drastic changes in sea level in 

the Pacific Ocean (Miller et al. 2005). These sea level changes impacted population connectivity 

by creating both barriers between populations via physical isolation and increased linkage 

throughout the Pleistocene epoch (Shen et al. 2011, Ni et al. 2012, He et al. 2015). 

 We found that the first divergence event in the Hermissenda genus occurred 

approximately 1.29 mya, in the late Pleistocene, giving rise to an eastern and a western lineage. 

The more recent divergence event, creating H. opalescens and H. crassicornis in the NEP, took 

place 0.55 mya, in the mid-Pleistocene. The relative timing of these events is consistent with the 

shape of the haplotype network (Figure 3) as reduced genetic variability in northern populations 

is characteristic of postglacial expansion (Marko 1998, Estores-Pacheco 2020). These times 

seem old relative to the modest morphological differences between the congeners, and the 

readily observable morphological differences between congeneric species that diverged on 

shorter time scales (Singhal et al. 2018). For example, the morphologically distinct congeners 

Nucella ostrina and N. emarginata diverged as recently as 1 mya (Marko 1998, Marko et al. 

2014). Selection often works not on morphology during early stages of speciation but on other 

phenotypic traits like physiology, immunology, or behaviour (Struck et al. 2018). Sister taxa can 

also be very similar (at the limit, cryptic species pairs) because of morphological stasis brought 
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about by low standing genetic variation, developmental constraints, or environmental drivers 

that cause stabilizing selection (Struck et al. 2018).  

 The rate of morphological evolution in marine gastropods varies, but the occurrence of 

cryptic speciation is common. Genetic analyses suggest that crypsis can last for millions of 

years with limited morphological differences (Collin 2005). One example of ancient crypsis is 

found in Calyptraeid gastropods in the genus Bostrycapulus distributed throughout the Atlantic 

and Pacific regions; here, species diverged from 15-3 mya but have remained relatively 

morphologically unchanged (Collin 2005). The rate of morphological evolution in this group is 

much slower than that of other marine genera despite a similar or higher level of genetic 

divergence among species (Collin 2005). In comparison, the recently diverged Nucella ostrina 

and N. emarginata show significant morphological differentiation in their sympatric range of 

Central California (Marko 2004). Overall, marine ecosystems are predicted to have fewer 

morphological species than terrestrial environments (Ellingson and Krug 2006). The variable 

rate of morphological evolution of marine gastropods indicates that the finding of relative 

morphological stasis in Hermissenda nudibranchs lasting over a million years may not be 

unexpected.  

Cryptic speciation is prevalent among nudibranchs but the mechanisms by which this 

may occur can vary. In the Pacific Ocean, several examples of cryptic speciation have been 

associated with the last glacial maximum, the most recent occurrence of global ice sheets 

reaching their greatest extent (Mix et al. 2001, Clark et al. 2009, Ekimova et al. 2023). More 

generally, glacial cycles throughout the Pliocene and Pleistocene are thought to have facilitated 

the speciation of many marine species (Hewitt 2000). One example is the nudibranch Diaulula, 

a pseudocryptic species complex with the same range as Hermissenda. Populations in this 

genus were estimated to have diverged 1.76-1.5 mya and again 0.35-0.31 mya, coinciding with 

glacial cooling periods in the Calabrian and the Ionian ages (Lindsay et al. 2016). It is possible 

that the Hermissenda species complex diverged in a similar way: because of cyclical variation in 

dispersal during interglacial periods and subsequent vicariance during glacial periods (Lindsay 

et al. 2016). Moreover, the southern H. opalescens population has much greater genetic 

diversity that the northern H. crassicornis population (Figure 3). This is consistent with a leading 

edge effect in which populations with decreased genetic diversity on the northern edge of the 

range expand into a new suitable habitat (Hewitt 2000, Estores-Pacheco 2020). The finding of 

Pleistocene-age divergence times, a leading edge effect, and the newly discovered tree 

topology provides support for the potential of glaciation-driven speciation.  
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4.3. Hermissenda effective population sizes differ by orders of 

magnitude 

The second suite of parameters inferred using IM models is effective population size 

(Ne). Ne can be understood, in the sense of IM models, as the population size that would 

respond similarly to a loss of genetic diversity as would an ideal (Wright-Fisher) population 

(Frankham 2019). In our analyses, we found that the two northeastern sympatric species had 

vastly different inferred Ne values, with the southern H. opalescens population having a 36x 

larger Ne than its northern congener H. crassicornis (>2,000,000 and < 60,000 individuals, 

respectively). All other estimates were much smaller (common ancestral population ~ 600,000 

individuals). This difference is consistent with a large population expansion in the southern 

portion of the NEP following the divergence event 0.55 mya in this region. It is possible that 

during intense glaciation in the Pleistocene, H. opalescens individuals were able to survive and 

subsequently proliferate in the more southern part of the Hermissenda range. In comparison, H. 

crassicornis individuals in the north may have had to retreat to glacial refugia during glacial 

periods or may be descended from the leading edge of the northern distribution of H. 

opalescens. While not a direct measure of census size, low Ne may indicate smaller overall 

population sizes (see Nadachowska-Brzyska et al. 2021 for review). Importantly, all Ne 
estimates were relatively large with thousands of individuals. Although the number of individuals 

for most nudibranch species is unknown, these estimates seem to indicate healthy population 

sizes. Because IM models assume a constant population size from time of divergence (Hey 

2005), overall population trends are unknown.  

4.4. There is no evidence of hybridization between sympatric 

Hermissenda species 

That last group of population demographic parameters we estimated were population 

migration rates (2Nm), also understood as gene flow rates. The idea of divergence with gene 

flow has become increasingly popular in research over the years as the extent of hybridization 

between closely related species becomes clear and as researchers have become more aware 

of the importance of accounting for the contributions of gene flow to non-equilibrium population 
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genetic variation in estimates of other demographic parameter values (divergence times, 

population sizes; Shaik et al. 2023). Classically, speciation has been understood as a barrier to 

gene flow causing the subsequent divergence and reproductive isolation of populations (Coyne 

and Orr 2004). Although it was first conceptualized by Darwin (1859), the idea of sympatric 

speciation occurring despite introgression (gene flow between separate lineages) has been 

controversial (Coyne and Orr 2004, Wolinsky 2010). It is now understood that hybridization 

happens across numerous taxa and that species can persist in the presence of gene flow, 

implying that initial or ongoing divergence can occur in the face of gene flow. This in turn has led 

to a "genic" view of speciation in which species are defined according to their ability to 

exchange genes controlling adaptive characters (Wu 2001).   

 Most gene flow rates between Hermissenda species were low. The highest immigration 

rate was from H. emurai into H. crassicornis at a modest rate of 1 migrant gene copy every 5 

generations (2Nm ~ 0.2). For context, a population migration rate of 10 migrants per generation 

is in some contexts considered to be enough to prevent divergence between demes, and a rate 

of 1 migrant per generation can limit the loss of genetic diversity within demes (Lowe and 

Allendorf 2010). This migration rate may be the result of small amounts of contemporary 

stepping-stone gene flow between H. emurai and H. crassicornis populations in the Aleutian 

Islands where these species could be sympatric, but their ranges are currently undocumented.  

All other gene flow rates were close to zero, with the next highest estimate being 

approximately 1 migrant every 14 generations. This is especially interesting for the sister 

species H. crassicornis and H. opalescens, which have a large range of sympatry, from 

southern British Columbia, Canada to central California, USA (Lindsay and Valdés 2016, 

Goddard et al. 2023). The finding that these two species are not hybridizing may indicate the 

presence of strong isolating mechanisms (either pre- or post-zygotic) enforcing their 

reproductive isolation. This finding is reinforced by the considerable amount of time since their 

divergence, and by experimental results in which heterospecifics were not observed to copulate 

in the lab (Estores-Pacheco 2020). It is uncertain whether these two species have many 

opportunities to mate with each other in the field. There is some evidence that H. opalescens is 

a more generalist feeder than H. crassicornis (Estores-Pacheco 2020). However, the niches of 

the extant Hermissenda species are currently not well known.  
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4.5. Simulations suggest that some divergence times many not 

be accurate 

Simulations can be used to probe the findings of empirical data analysis. In our case, we 

wanted to test the findings of our empirical ddRADSeq data, especially some of the more 

interesting results, for example, the extent to which gene flow may or may not have shaped the 

demographic history of Hermissenda. I created a baseline simulation using the individual-based 

simulating framework SLiM (Hall and Messer 2023) and used IMa3 to estimate the same suite 

of demographic parameters as our empirical data. The inferred demographic parameter values 

of the baseline simulated model were largely consistent with our empirical data. However, the 

older divergence time in the simulated data was inferred to be much earlier (~ 2.05 mya) than 

the empirical estimate (1.29 mya). This indicates that IMa3 may be overestimating the real 

divergence times in our analyses of the empirical datasets.  

One hypothesis for the observed overestimation of divergence time is that IMa3 may 

have incorrectly ascribed some coalescence between populations to an older splitting event 

rather than to migration events. To further investigate this finding, we altered the baseline 

simulation such that the ancestral migration rates (between the eastern Pacific ancestral 

population and H. emurai) were set to zero. We found similar results when analyzing this new 

simulated dataset with IMa3 as our previous simulation (Table 3). Again, both divergence times 

were inferred to be more ancient than in the empirical data. We also created a simulated 

dataset where all migration rates were set to zero, which yielded similar results. Those 

similarities suggest that undetected gene flow probably does not account for the estimation of a 

divergence time from simulated data that is much older than the divergence time in the 

simulation itself.  

 A second possible cause of the discrepancy between empirical and simulated results 

may be, not IMa3, but SLiM, and specifically the scaling of the simulated model. Although 

scaling is recommended by the creators of the SLiM software (Haller and Messer 2022), caution 

is needed. In models scaled down to very small size, the stochastic effects of a few mutations 

can be disproportionately large due to the decreased number of total mutations (Haller and 

Messer 2022). Rescaling by a factor of 100 may seem large but has been shown to be near the 

upper limit at which the average normalized site frequency spectrum (used to assess the quality 
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of simulations) is unaffected (Cury et al. 2022). However, some studies have shown that 

rescaling by a factor of 50 influences patterns of sequence diversity and linkage disequilibrium 

that might have a detectable effect on population genetic variation sampled from the simulated 

population (Adrion et al. 2020). Future work will analyze simulated data scaled to a lesser 

extent. Notably, discrepancies encountered due to rescaling simulations are especially 

exacerbated in the presence of selection in a model (Adrion et al. 2020). Our simulations are 

selectively neutral, which alleviates some worries of scaling brought up by Hall and Messer 

(2022).  

4.6. IM models and ddRADSeq provide fast and inexpensive 

demographic insights 

The use of reduced representation genome sequencing methods, like ddRADSeq, has 

become more popular in recent years due to its low cost and time efficiency (Shafer et al. 2017). 

These gene fragments have been used especially in phylogeographic and demographic studies 

(Balmori de-la Puente et al. 2022) like this one mine. Recently, this framework has been used to 

reconstruct the demographic history of several taxa and has proven a powerful tool in this 

regard. For example, researchers used IMa3 and ddRADSeq data to disentangle the 

evolutionary history of the water vole genus Arvicola (Balmori de-la Puente et al. 2022). 

ddRADSeq loci and IM modelling has also been used to infer recent divergences like that of the 

Correndera Pipet (Anthus correndera) as early as 20.6 kya in Andean lowlands from > 11,000 

SNPs (from 40 individuals; Norambuena et al. 2020).  

The ddRADSeq and IM model framework has also proven useful in the application of 

demographic inference for industrially important species. One study used only 5 loci from 815 

isolates to infer the demographic history of an agriculturally important fungus (Aspergillus flavus; 

Molo et al. 2022). There, researchers found high levels of asymmetrical gene flow between 

lineages, a finding which can aid in the development of biocontrol applications to decrease the 

concentration of aflatoxins (harmful secondary metabolites) produced by this fungus (Molo et al. 

2022). Additionally, Sethuraman et al. (2023) used ddRADSeq loci with IMa2p to study the 

predatory lady beetle Hippodamia convergens, an important biological control species. The 

researchers used 165 ddRADSeq loci (145 base in length) from 78 individuals across 17 



50 

sampling localities with a total of 1175 SNPs to infer demographic parameters (Sethuraman et 

al. 2023).  

 The use of ddRADSeq in combination with IM models has not yet been fully explored 

(Balmori de-la Puente et al. 2022) with few studies of this nature for marine species in the 

Pacific Ocean to our knowledge. However, IM analyses alongside other genetic data have been 

conducted extensively with marine invertebrate species such as sea stars (McGovern et al. 

2010, Hart et al. 2014), snails (McGovern et al. 2010, Cox et al. 2014, Marko and Hart 2012), 

sea cucumbers (So et al. 2011), and other marine invertebrates (28 species; Geburzi et al. 

2022). This methodological framework of ddRADSeq and IM models is a powerful tool to study 

the demographic history of populations (Balmori de-la Puente et al. 2022) and will undoubtedly 

persist as researchers continue to use reduced representation sequencing strategies.  

4.5. Future work should focus on comparative studies of the 

Hermissenda species 

This study has provided invaluable insight into the demographic history of the 

Hermissenda genus. Previous findings had indicated the differences that exist among the 

Hermissenda species, including genetic and morphological traits. Further work detailed 

behavioural differences between the sympatric sister species H. crassicornis and H. opalescens 

such as feeding preferences and assortative mating (Estores-Pacheco 2020). Because H. 

crassicornis (sensu lato) has been used a model organism for many years, the differences 

among the species should be further characterized to understand the potential impact of 

previously unrecognized phenotypic differences among the species used in studies of behaviour 

and neurophysiology. To our knowledge, there have been no studies detailing differences in 

neuron functioning among the three species or in behaviours explicitly linked to classical 

conditioning experiments. Studies that sampled Hermissenda nudibranchs in the zone of 

sympatry may be especially impacted by these unrecognized variations. 

 I will continue the simulations presented here and attempt to explain further the 

discrepancies between my empirical and simulated results. To do this, I will analyze a 

modification of the baseline simulation model that is only scaled by a factor of 10x (i.e., All input 

Ne and divergence times 0.1x the empirical estimates, with mutation and recombination rates 
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10x the empirical estimates). This scaling should decrease the computational expense of the 

simulations while avoiding possible artifacts associated with extreme downscaling of the model.  

It is also possible that a mismatch between the mutation models used in the empirical 

and simulated data may cause a discrepancy in demographic parameter estimation. To 

estimate demographic parameters in IMa3, the user must select a mutation model to use. In 

analyses of the empirical data using IMa3, the Hasegawa-Kishino-Yano (HKY) model 

(Hasegawa et al. 1985) was used. In creating a nucleotide-based model in SLiM, the user must 

also select a mutation model under which the simulation will be run. However, in SLiM, the HKY 

model is not available, and so the simpler Jukes-Cantor (1969) model was used to simulate the 

ddRADSeq data. Analyses of the simulated data in IMa3 used an HKY model, akin to the 

empirical data. It is possible that the difference in mutational models may have caused 

inconsistency in the estimation of demographic parameters, since common transversion 

mutations during simulation would be considered rare events in the reconstruction. These 

differences may also have been exacerbated by the scaling of the simulated model where 

mutation rates were heightened. Some work has shown that data simulated under the Infinite 

Sites model (Kimura 1969) and analyzed in IMa using and HKY model (or vice-versa) caused 

minimal biases in demographic parameter estimates (Strasburg and Rieseberg 2010). This was 

also true when simulating data under a General Time Reversible model (Tavaré 1986) and 

analyzing in IMa using an HKY model (Strasburg and Rieseberg 2010). Future work should vary 

the mutation models and the scaling used to see if these inconsistencies persist.  

Future work may also include the use of different demographic models including those 

which do not have the assumption of constant population size and migration rate through time. 

This will allow me? to gain further insight into the demographic history of this genus. These 

insights can be especially important in predicting future risk factors for species, as timing of 

significant changes in Ne and the extent of modern-day gene flow can be assessed.  

4.7. Conclusions 

This study characterized the demographic history of the recently discovered 

pseudocryptic species complex Hermissenda. Using genetic data and isolation-with-migration 

models, I found relatively old Pleistocene divergence times, limited gene flow, and large 

disparities in effective population size. Simulation studies indicate there may be overestimation 
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of splitting times, a finding that needs to be further explored. In particular, these results illustrate 

the need to reassess past studies using Hermissenda species as model organisms, especially 

those sampled in the large zone of sympatry which may have used multiple species with 

unknown differences in behaviour and physiology. The Hermissenda species seem to have 

diverged long ago and do not hybridize, indicating that there may be further phenotypic 

differences we are unaware of. These findings offer novel insight into the Hermissenda species 

complex and provide several opportunities for further research on these three charismatic 

species.  
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Appendix A. 
 
Assembly workflow for ddRADSeq library preparation  

An example of the assembly workflow used to prepare the ddRADSeq library for 

Hermissenda nudibranchs used in this study outlined in methods section 2.1.2. Stored as a .txt 

file titled “Sample_assembly_workflow”.  
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Appendix B. 
 
Demographic parameter estimates for all empirical 
datasets 

Table B.1. The most likely demographic parameter estimates value estimates (max) and 
the values of the limits on the associated 95% highest posterior density 
interval (lower, upper) for divergence times (t) and effective population 
sizes (Ne) from 24 IMa3 output files (12 datasets of ~200 loci each 
duplicated). As above, the estimate t0 represents the most recent split in 
the northeastern Pacific to create H. crassicornis and H. opalescens; t1 
represents the most ancestral split to create the northeastern Pacific 
ancestor and H. emurai. The Ne estimates numbered 0-4 represent 
Hermissenda crassicornis, H. emurai, H. opalescens, the northeastern 
Pacific ancestor, and the most recent common ancestor for all populations, 
respectively.  

Dataset Duplicate Estimate t0 t1 q0 q1 q2 q3 q4 
1 1 Max 

Lower 
Upper 

566300 
496019 
636581 

1277216 
1047452 
1709713 

55575 
37285 
73866 

254520 
218867 
296114 

2237804 
1922316 
2584223 

110959 
80182 
148215 

510424 
344507 
694775 

 2 Max 
Lower 
Upper 

523065 
466794 
599799 

1205992 
980907 
1656160 

52587 
35280 
69894 

238962 
205226 
278320 

2099933 
1816040 
2439434 

104993 
74338 
138714 

472079 
319444 
637798 

2 1 Max 
Lower 
Upper 

573825 
509671 
645108 

1270019 
1051419 
1614552 

59983 
42668 
77297 

253327 
220246 
291631 

2007863 
1744135 
2342280 

108926 
79025 
138827 

738337 
570211 
938873 

 2 Max 
Lower 
Upper 

589334 
514306 
659522 

1291210 
1051604 
1630047 

61098 
44721 
79994 

258037 
220794 
297053 

2039653 
1776561 
2341516 

106600 
79044 
142859 

747937 
580812 
952201 

3 1 Max 
Lower 
Upper 

421705 
373083 
481548 

917279 
775153 
1109899 

43316 
30662 
56943 

188417 
161011 
218564 

1746197 
1490930 
2035126 

83489 
62196 
109264 

644875 
522118 
802706 

 2 Max 
Lower 
Upper 

396962 
346582 
445605 

841698 
727040 
1010212 

41143 
29388 
53802 

176306 
152120 
204312 

1658641 
1395447 
1906199 

78599 
57778 
100461 

606472 
489473 
747168 

4 1 Max 
Lower 
Upper 

362428 
319789 
406772 

855330 
724003 
1039528 

38616 
27076 
51045 

193084 
166840 
221828 

1825357 
1572084 
2140030 

82275 
62856 
104760 

480539 
378761 
599765 

 2 Max 
Lower 
Upper 

370903 
325735 
412597 

862545 
728777 
1081439 

39334 
27579 
51994 

197947 
168669 
225952 

1874928 
1611735 
2143334 

82763 
62983 
104625 

490954 
384321 
612396 

5 1 Max 
Lower 
Upper 

551201 
471910 
612588 

1305745 
1101123 
1579427 

55250 
37943 
73888 

252081 
216471 
293314 

2376814 
2023841 
2814194 

134115 
103460 
169369 

587646 
450274 
753364 

 2 Max 
Lower 
Upper 

543211 
480683 
621371 

1314389 
1129410 
1598370 

56277 
38648 
75262 

256768 
220496 
298767 

2409278 
2077099 
2807894 

136609 
103823 
169395 

600792 
454203 
762928 

6 1 Max 
Lower 

458469 
405282 

1207337 
1000973 

57028 
42633 

206554 
176935 

2375848 
2005669 

102628 
79680 

557702 
418050 
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Dataset Duplicate Estimate t0 t1 q0 q1 q2 q3 q4 
Upper 511656 1481780 73639 239291 2793895 130676 728186 

 2 Max 
Lower 
Upper 

488946 
433982 
553070 

1295076 
1075222 
1624857 

61389 
45893 
79269 

225705 
192143 
259267 

2543776 
2179644 
3041883 

111848 
85773 
143412 

592537 
444159 
781915 

7 1 Max 
Lower 
Upper 

620013 
546055 
716158 

1320146 
1051433 
1901948 

62234 
45552 
81481 

266447 
232125 
306188 

1710274 
1484702 
1980220 

98241 
68695 
135174 

625236 
446597 
826993 

 2 Max 
Lower 
Upper 

589012 
509699 
677655 

1286495 
1018232 
1825353 

60102 
43103 
77100 

252122 
217936 
289726 

1614825 
1397882 
1877256 

95755 
66399 
126508 

591622 
420598 
786509 

8 1 Max 
Lower 
Upper 

595318 
519763 
670872 

1330021 
1046040 
1733847 

58989 
41360 
77974 

239586 
205223 
277768 

2049539 
1802104 
2413239 

97578 
67914 
131925 

616339 
458645 
814012 

 2 Max 
Lower 
Upper 

592712 
517158 
670872 

1283125 
1009565 
1653081 

58989 
41360 
77974 

239586 
203314 
277768 

2073388 
1787198 
2431126 

97578 
67914 
131925 

627445 
463088 
825118 

9 1 Max 
Lower 
Upper 

401041 
352626 
449547 

885196 
738335 
1072402 

46620 
35700 
59221 

177973 
153140 
205172 

1630390 
1417362 
1882150 

77851 
59477 
101062 

390041 
296486 
502857 

 2 Max 
Lower 
Upper 

384215 
346190 
438084 

864286 
723275 
1041738 

45770 
34224 
57315 

173564 
151506 
201427 

1600632 
1396245 
1840667 

78329 
58391 
99217 

381571 
288373 
484224 

10 1 Max 
Lower 
Upper 

528798 
462236 
602756 

1305355 
1061294 
1685005 

58384 
41703 
76348 

244770 
210448 
286317 

2242770 
1887772 
2631048 

108582 
80513 
141083 

631541 
473918 
824891 

 2 Max 
Lower 
Upper 

523987 
448959 
586914 

1245225 
1015300 
1630047 

56059 
40942 
74955 

240302 
208380 
281092 

2165531 
1853317 
2597548 

106600 
77593 
137057 

611761 
459079 
791266 

11 1 Max 
Lower 
Upper 

621371 
540606 
725584 

1444655 
1197149 
1765111 

52209 
34580 
71194 

279677 
241495 
321676 

1814029 
1551688 
2138974 

106945 
74159 
141293 

640771 
469751 
831781 

 2 Max 
Lower 
Upper 

631792 
538000 
725584 

1402970 
1163280 
1767716 

52209 
34580 
71194 

281586 
241495 
321676 

1822972 
1557650 
2118106 

106945 
74159 
142854 

647434 
478635 
834002 

12 1 Max 
Lower 
Upper 

582291 
498921 
668267 

1565803 
1065580 
2670463 

56277 
38648 
76618 

241495 
199496 
283495 

2025690 
1721613 
2401315 

110068 
80404 
152221 

674087 
429772 
1038338 

 2 Max 
Lower 
Upper 

585155 
513504 
678037 

1552453 
1165003 
2603344 

55942 
39367 
76661 

240152 
203205 
284876 

2032985 
1762730 
2403447 

113704 
83489 
153461 

700193 
421926 
1091577 
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Table B.2. The most likely demographic parameter estimates value estimates (max) and 
the values of the limits on the associated 95% highest posterior density 
interval (lower, upper) for population migration rates (2Nm) from 24 IMa3 
output files (12 datasets of ~200 loci each duplicated). As above, the 2Nm 
rates are understood as the rate by which genes of a population are 
supplanted by genes from another. For example, 2N0m0>1 is the rate at 
which the genes of H. crassicornis are supplanted by genes from H. 
emurai. 

Dataset Duplicate Estimate 2N0m0>1 2N0m0>2 2N1m1>0 2N1m1>2 2N1m1>3 2N2m2>0 2N2m2>1 2N3m3>1 

1 1 Max 1.949E-01 4.266E-04 1.395E-05 1.514E-05 9.062E-02 1.382E-02 3.498E-05 7.720E-06 

Lower 1.599E-01 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.749E-04 0.000E+00 0.000E+00 

Upper 2.398E-01 1.814E-03 3.668E-03 4.375E-03 1.696E-01 4.453E-02 1.809E-02 1.875E-03 

 
2 Max 2.010E-01 4.532E-04 1.335E-05 1.409E-05 8.533E-02 1.438E-02 3.498E-05 7.400E-06 

Lower 1.633E-01 1.528E-05 0.000E+00 0.000E+00 0.000E+00 1.049E-04 0.000E+00 0.000E+00 

Upper 2.441E-01 1.818E-03 3.699E-03 4.353E-03 1.756E-01 4.495E-02 1.872E-02 1.828E-03 

2 1 Max 2.007E-01 3.342E-04 1.507E-05 1.500E-05 5.585E-02 3.498E-05 3.498E-05 8.100E-06 

Lower 1.636E-01 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.434E-01 1.581E-03 3.812E-03 3.734E-03 1.680E-01 2.011E-02 2.088E-02 1.985E-03 

 
2 Max 2.031E-01 3.310E-04 1.657E-05 1.440E-05 5.576E-02 3.498E-05 3.498E-05 8.310E-06 

Lower 1.667E-01 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.449E-01 1.553E-03 4.027E-03 3.874E-03 1.673E-01 1.823E-02 1.935E-02 1.953E-03 

3 1 Max 2.287E-01 3.085E-04 1.409E-05 1.269E-05 1.669E-04 9.340E-03 6.052E-03 8.420E-06 

Lower 1.917E-01 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.737E-01 1.492E-03 3.874E-03 3.565E-03 9.998E-02 3.880E-02 3.264E-02 2.264E-03 

 
2 Max 2.299E-01 3.196E-04 1.384E-05 1.286E-05 1.769E-02 8.501E-03 7.031E-03 8.660E-06 

Lower 1.905E-01 1.475E-05 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.769E-01 1.520E-03 3.585E-03 3.511E-03 8.463E-02 3.873E-02 3.390E-02 2.226E-03 

4 1 Max 2.183E-01 4.596E-04 1.664E-05 1.437E-05 4.121E-02 3.498E-05 2.064E-03 8.630E-06 

Lower 1.816E-01 1.622E-05 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.638E-01 1.844E-03 4.843E-03 4.296E-03 1.356E-01 3.131E-02 2.585E-02 2.183E-03 

 
2 Max 2.176E-01 4.491E-04 1.969E-05 1.395E-05 5.516E-02 3.498E-05 3.253E-03 8.030E-06 

Lower 1.797E-01 1.549E-05 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.600E-01 1.802E-03 4.863E-03 4.477E-03 1.433E-01 3.040E-02 2.704E-02 2.064E-03 

5 1 Max 1.927E-01 9.459E-03 1.489E-05 1.388E-05 1.067E-02 3.498E-05 7.661E-03 9.120E-06 

Lower 1.586E-01 3.536E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.355E-01 1.860E-02 4.304E-03 4.233E-03 8.725E-02 2.165E-02 3.103E-02 2.453E-03 

 
2 Max 1.946E-01 9.266E-03 1.433E-05 1.416E-05 6.206E-03 3.498E-05 8.151E-03 9.260E-06 

Lower 1.582E-01 3.386E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 
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Dataset Duplicate Estimate 2N0m0>1 2N0m0>2 2N1m1>0 2N1m1>2 2N1m1>3 2N2m2>0 2N2m2>1 2N3m3>1 

Upper 2.347E-01 1.814E-02 4.572E-03 4.346E-03 8.530E-02 2.004E-02 3.103E-02 2.546E-03 

6 1 Max 2.641E-01 3.964E-04 1.472E-05 1.262E-05 8.571E-02 3.498E-05 1.312E-02 7.750E-06 

Lower 2.196E-01 0.000E+00 0.000E+00 0.000E+00 1.438E-02 0.000E+00 0.000E+00 0.000E+00 

Upper 3.170E-01 1.825E-03 4.253E-03 3.546E-03 1.585E-01 4.341E-02 4.432E-02 2.070E-03 

 
2 Max 2.668E-01 4.239E-04 1.402E-05 1.367E-05 7.712E-02 3.498E-05 1.781E-02 8.560E-06 

Lower 2.204E-01 0.000E+00 0.000E+00 0.000E+00 1.330E-02 0.000E+00 0.000E+00 0.000E+00 

Upper 3.188E-01 1.894E-03 3.995E-03 3.431E-03 1.585E-01 4.299E-02 4.600E-02 2.182E-03 

7 1 Max 1.854E-01 6.783E-04 1.664E-05 1.962E-05 1.848E-01 7.346E-04 3.498E-05 7.610E-06 

Lower 1.514E-01 5.402E-05 0.000E+00 0.000E+00 6.547E-02 0.000E+00 0.000E+00 0.000E+00 

Upper 2.267E-01 2.143E-03 4.410E-03 6.297E-03 2.990E-01 1.956E-02 1.634E-02 1.865E-03 

 
2 Max 1.889E-01 7.134E-04 1.598E-05 1.640E-05 1.870E-01 5.247E-04 3.498E-05 8.070E-05 

Lower 1.530E-01 6.179E-05 0.000E+00 0.000E+00 7.271E-02 0.000E+00 0.000E+00 0.000E+00 

Upper 2.280E-01 2.185E-03 4.298E-03 6.215E-03 3.039E-01 1.851E-02 1.627E-02 1.977E-03 

8 1 Max 1.901E-01 1.428E-02 1.402E-05 1.321E-05 1.126E-01 3.498E-05 1.550E-02 8.490E-06 

Lower 1.572E-01 6.851E-03 0.000E+00 0.000E+00 2.156E-02 0.000E+00 4.548E-04 0.000E+00 

Upper 2.333E-01 2.508E-02 3.855E-03 3.871E-03 2.139E-01 3.026E-02 3.817E-02 1.757E-03 

 
2 Max 1.922E-01 1.491E-02 1.521E-05 1.234E-05 1.088E-01 3.498E-05 1.529E-02 7.720E-06 

Lower 1.555E-01 7.156E-03 0.000E+00 0.000E+00 3.862E-03 0.000E+00 0.000E+00 0.000E+00 

Upper 2.340E-01 2.597E-02 3.878E-03 3.590E-03 1.974E-01 3.138E-02 3.838E-02 1.798E-03 

9 1 Max 2.191E-01 6.227E-04 1.598E-05 1.356E-05 1.989E-02 2.123E-02 3.498E-05 9.500E-06 

Lower 1.808E-01 3.421E-05 0.000E+00 0.000E+00 0.000E+00 4.023E-03 0.000E+00 0.000E+00 

Upper 2.634E-01 2.415E-03 4.074E-03 3.838E-03 1.080E-01 5.363E-02 2.186E-02 2.480E-03 

 
2 Max 2.206E-01 6.101E-04 1.577E-05 1.314E-05 2.141E-02 2.060E-02 3.498E-05 9.850E-06 

Lower 1.820E-01 3.211E-05 0.000E+00 0.000E+00 0.000E+00 3.673E-03 0.000E+00 0.000E+00 

Upper 2.649E-01 2.331E-03 3.895E-03 3.824E-03 9.998E-02 5.398E-02 2.305E-02 2.473E-03 

10 1 Max 2.039E-01 7.168E-04 1.381E-05 1.293E-05 7.826E-02 1.291E-02 5.912E-03 7.860E-06 

Lower 1.662E-01 8.741E-05 0.000E+00 0.000E+00 1.060E-03 0.000E+00 0.000E+00 0.000E+00 

Upper 2.474E-01 2.174E-03 3.355E-03 3.712E-03 1.754E-01 4.432E-02 3.327E-02 1.941E-03 

 
2 Max 2.048E-01 6.602E-04 1.405E-05 1.279E-05 7.186E-02 9.760E-03 3.498E-05 8.140E-06 

Lower 1.681E-01 6.102E-05 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.472E-01 2.114E-03 3.387E-03 3.774E-03 1.626E-01 4.509E-02 3.740E-02 1.977E-03 

11 1 Max 2.120E-01 9.381E-03 1.647E-05 1.304E-05 4.711E-02 2.134E-03 6.052E-03 8.070E-06 

Lower 1.750E-01 3.776E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.550E-01 1.722E-02 4.133E-03 3.898E-03 1.193E-01 3.117E-02 2.529E-02 1.896E-03 

 
2 Max 2.100E-01 9.161E-03 1.454E-05 1.346E-05 3.684E-02 1.994E-03 7.731E-03 8.000E-06 
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Dataset Duplicate Estimate 2N0m0>1 2N0m0>2 2N1m1>0 2N1m1>2 2N1m1>3 2N2m2>0 2N2m2>1 2N3m3>1 

Lower 1.740E-01 3.754E-03 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.566E-01 1.767E-02 4.057E-03 3.970E-03 1.113E-01 2.837E-02 2.606E-02 1.863E-03 

12 1 Max 1.621E-01 2.514E-04 1.528E-05 1.594E-05 2.085E-01 3.498E-05 9.410E-03 9.360E-06 

Lower 1.278E-01 0.000E+00 0.000E+00 0.000E+00 9.980E-02 0.000E+00 0.000E+00 0.000E+00 

Upper 2.033E-01 1.304E-03 3.529E-03 4.575E-03 3.129E-01 2.627E-02 3.551E-02 2.050E-03 

 
2 Max 1.629E-01 2.531E-04 1.440E-05 1.587E-05 2.058E-01 3.498E-05 8.291E-03 9.330E-06 

Lower 1.277E-01 0.000E+00 0.000E+00 0.000E+00 1.105E-01 0.000E+00 0.000E+00 0.000E+00 

Upper 2.046E-01 1.284E-03 3.557E-03 4.555E-03 3.166E-01 2.557E-02 3.600E-02 2.005E-03 



72 

Appendix C. 
 
SLiM code for unscaled baseline model 

The code for the unscaled baseline model run in SLiM where all demographic 

parameters are equal to the median values taken from empirical datasets. This model serves to 

recreate the empirical data for Hermissenda nudibranchs to be analyzed in the same manner 

using IMa3. The file is stored as a .txt document and is titled “SLiM_unscaled_baseline_model”.  
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Appendix D. 
 
Demographic parameter estimates for all simulated 
datasets 

Table D.1. The most likely demographic parameter estimates value estimates (max) and 
the values of the limits on the associated 95% highest posterior density 
interval (lower, upper) for divergence times (t) and effective population 
sizes (Ne) from the simulated historical demographic scenarios (each 
dataset with ~200 loci) as per two duplicate IMa3 analyses. As above, the 
estimate t0 represents the most recent split in the northeastern Pacific to 
create H. crassicornis and H. opalescens; t1 represents the most ancestral 
split to create the northeastern Pacific ancestor and H. emurai. The Ne 
estimates numbered 0-4 represent Hermissenda crassicornis, H. emurai, H. 
opalescens, the northeastern Pacific ancestor, and the most recent 
common ancestor for all populations, respectively. 

Simulation Duplicate Estimate t0 t1 q0 q1 q2 q3 q4 
Baseline.  1 Max 

Lower 
Upper 

615066 
552978 
684916 

2058629 
1779229 
2543697 

58070 
42921 
74229 

341927 
87784 

383157 

2473604 
2246107 
2721474 

118015 
87784 

150571 

416002 
200971 
597951 

 2 Max 
Lower 
Upper 

592819 
532976 
656402 

2036529 
1703652 
2462909 

55969 
41369 
71544 

328189 
86851 

370669 

2384132 
2168136 
2642672 

114867 
86851 

146245 

402459 
179353 
579511 

Zero 
ancestral 
migration 

1 Max 
Lower 
Upper 

638349 
576261 
704319 

2402997 
1915048 
2815335 

76248 
60090 
92407 

337662 
69181 

378892 

2341181 
2120475 
2575469 

95923 
69181 

124991 

255556 
33909 

450737 
 2 Max 

Lower 
Upper 

619000 
555417 
678843 

2178655 
1868220 
2691060 

73490 
55969 
89064 

326819 
67799 

366558 

2256498 
2050320 
2482311 

92454 
67799 

120470 

281386 
27899 

431245 
Zero 

migration 
1 Max 

Lower 
Upper 

611520 
547937 
675103 

1999127 
1752275 
2358184 

60836 
45262 
77384 

303523 
113746 
340522 

2662308 
2413586 
2924120 

145124 
113746 
180985 

491827 
322836 
681543 

 2 Max 
Lower 
Upper 

585795 
524512 
650684 

1962865 
1692498 
2290911 

60512 
45501 
75523 

291224 
110712 
329525 

2562855 
2335747 
2840432 

140955 
110712 
174439 

478647 
297329 
653818 
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Table D.2. The most likely demographic parameter estimates value estimates (max) and 
the values of the limits on the associated 95% highest posterior density 
interval (lower, upper) for population migration rates (2Nm) from the 
simulated historical demographic scenarios (each dataset with ~200 loci) 
as per two duplicate IMa3 analyses. As above, the 2Nm rates are 
understood as the rate by which genes of a population are supplanted by 
genes from another. For example, 2N0m0>1 is the rate at which the genes of 
H. crassicornis are supplanted by genes from H. emurai. 

Simulation Duplicate Estimate 2N0m0>1 2N0m0>2 2N1m1>0 2N1m1>2 2N1m1>3 2N2m2>0 2N2m2>1 2N3m3>1 

Baseline 1 

Max 5.389E-04 3.846E-03 1.162E-03 1.668E-05 2.353E-03 3.498E-05 3.498E-05 8.000E-06 

Lower 2.427E-05 3.188E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.398E-01 1.273E-02 6.295E-03 4.686E-03 5.111E-02 3.558E-02 1.060E-02 2.295E-03 

 2 

Max 5.292E-04 3.824E-03 1.050E-03 1.654E-05 3.377E-03 3.498E-05 1.749E-04 7.680E-06 

Lower 1.457E-05 2.137E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.441E-01 1.304E-02 6.176E-03 4.680E-03 5.187E-02 3.768E-02 1.088E-02 2.128E-03 

Zero 
ancestral 
migration 

1 

Max 4.860E-06 3.386E-03 2.240E-03 1.783E-05 1.656E-02 3.498E-05 2.973E-05 7.580E-06 

Lower 0.000E+00 1.837E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.434E-01 1.252E-02 7.616E-03 5.689E-03 5.760E-02 2.249E-02 7.403E-03 2.038E-03 

 2 

Max 4.860E-06 3.229E-03 2.222E-03 1.724E-05 1.755E-02 3.498E-05 2.949E-05 3.614E-05 

Lower 0.000E+00 1.837E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.449E-01 1.326E-02 4.027E-03 5.361E-03 5.819E-02 2.305E-02 7.342E-03 2.089E-03 

Zero 
migration 1 

Max 4.860E-06 4.536E-03 6.424E-04 1.335E-05 7.153E-05 3.498E-05 3.498E-05 8.420E-06 

Lower 0.000E+00 6.888E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.737E-01 1.304E-02 7.918E-03 3.218E-03 3.484E-02 3.866E-02 7.381E-03 2.029E-03 

 2 

Max 4.860E-06 4.101E-03 6.391E-04 1.342E-05 7.907E-05 3.498E-05 3.453E-05 8.380E-06 

Lower 0.000E+00 6.163E-04 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 

Upper 2.769E-01 1.264E-02 4.066E-03 3.262E-03 3.360E-02 3.684E-02 7.769E-03 2.104E-03 
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Appendix E. 
 
IMa3 input files 

All input files used for the 12 empirical datasets for analysis using IMa3 and their 

associated priorfiles. Input files are named “IMa3_empirical_input_dataset[1-12]”. Priorfiles are 

titled: “IMa3_empirical_priorfile[1-6]”. Input files for analysis of each simulated dataset are also 

present, titled “IMa3_simulated_input_dataset_baseline”, 

“IMa3_simulated_input_dataset_zeroancestralmigration”, and 

“IMa3_simulated_input_dataset_zeromigration”. All are stored as .txt files.  
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Appendix F. 
 
All IMa3 output files 

 All output files from analysis of empirical and simulated datasets using IMa3. Empirical 

data analysis output files are named “IMa3_empirical_output[1-24]” where 1 and 2 indicate the 

replicate analyses of empirical datasets 1, 3 and 4 indicate the replicate analyses for empirical 

dataset 2, and so on. Output files for simulated datasets are named 

“IMa3_simulated_output_baseline[1-2]”, “IMa3_simulated_output_zeroancestralmigration[1-

2]”,and “IMa3_simulated_output_zeromigration[1-2]” for each duplicate run. All are stored as .txt 

files.  




