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Abstract 

 

The idea that there is a causal chain between ecological pressures, demographic trends, and 

the distribution of genetic variation in a population underlies the use of genetic markers to model 

biogeographic history and conservation priorities. Ecological traits are increasingly being linked 

to genetic loci in studies of natural selection, but are often only gestured at in studies using 

neutral markers to study population structure and demographic history. In this thesis, I 

investigate the modern population structure of the South American sea lion (Otaria flavescens) 

using SNPs derived from reduced-representation genome sequencing (RADseq) and 

mitochondrial loci, finding no evidence for nuclear structure, but confirming the existence of 

matrilineal (mitochondrial) structure and suggesting that it may have developed relatively 

recently. I then show that the populations of O. flavescens and a sympatric and ecologically 

similar penguin species, Spheniscus magellanicus, expanded at different times in the mid-to-

late Holocene, paralleling recent dietary shifts indicated by analysis of stable isotopes (δ15N 

and δ13C), possibly towards more benthic prey.  

 

To help identify populations with especially similar demographic histories and try to understand 

what ecological factors explain their similarity, I developed a program called 

‘align_stairwayplot.py’, which quantitatively compares demographic histories based on a metric 

combining the magnitude of, and level of model support for, their growth or decline trajectories 

at aligned time points. With the support of this tool, I found that populations of pinniped and 

penguin species shared common patterns in their demographic histories that allowed them to be 

clustered with reasonable accuracy, even with low sample sizes. Antarctic and sub-Antarctic 

penguins had highly similar demographic responses to the last glacial maximum (LGM), but that 

the response was weaker in the most ice-tolerant species, the emperor penguin. Globally 

distributed pinniped species fell into clusters based on the similarity of their demographic 

histories; their relationships were best explained by differences in latitude from among the 

factors considered, but conclusions were limited by lack of diet information and small sample 

sizes with respect to some factors.  
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Chapter 1: General introduction 

 

Overview 

This thesis seeks to understand changes in genetic diversity and population structure over time, 

and how they relate to demographic, behavioural and ecological processes. These relationships 

are important to understand for their scientific and practical value, especially because 

assumptions about them underly the use of population genetics tools and markers to model 

biogeographic history and conservation priorities. In particular, I aim to better understand 

whether the demographic histories of populations, as reconstructed from genetic data, can be 

informatively compared with each other or with other historical trends in their environment, and 

how consistent the patterns revealed are. This in turn should contribute to understanding how 

important various ecological and biological factors are or have been in determining the 

abundance and distribution of species, or even of groups of species with shared traits. 

Processes controlling population dynamics 

Wild populations are generally assumed to be in equilibrium with the pressures of their native 

habitat, in both the evolutionary sense of being as well-adapted as their available genetic 

variation allows and the demographic sense of their population size being relatively constant 

throughout their range. The concept of equilibrium implies a balance between the processes 

that add and remove individuals or genetic variation from a population. Populations grow by 

gaining individuals through births or through immigration from other populations, and they 

decline when a larger number of individuals are lost through mortality or emigration to other 

populations. These processes occur on the scale of individuals, but they can be quantified at a 

range of spatial and temporal scales. An equilibrium must also be defined and measured 

relative to a specific spatial and temporal scale. For example, in a hypothetical population where 

births occur in the spring and most deaths occur over winter, a monthly census over the course 

of a single year would suggest a population out of equilibrium. However, an annual census 

carried out over the course of a decade might show that, despite seasonal oscillations, the 

average population size is constant.  

 

Similar logic applies to different spatial scales, and understanding the scale of equilibrium 

dynamics is critical for studying and managing populations. For example, Brzeziecki et al. 
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(2016) reported evidence of population decline and non-equilibrium age structure in multiple 

tree species across five transects totalling a few hectares each within the boreal coniferous 

forest of Poland’s Białowieza National Park. From this, they concluded that strict protective 

management of the forest was actually leading to its decline by preventing the recruitment of 

younger trees. However, Jaroszewicz et al. (2016) showed that the area Brzeziecki considered 

was too small to draw useful conclusions about equilibrium states because forests of this type 

are expected to display distinct patch dynamics where a whole stand of trees may be composed 

of one or a few cohorts of similar age. Stands of old trees may be matched by stands of young 

trees elsewhere such that, over the forest as a whole, the population remains constant over 

generations. 

 

Metapopulation theory describes how relatively consistent large-scale population dynamics can 

emerge from more varied dynamics within and among subpopulations that are demographically 

linked by varying rates of migration between them (Hanski 1998). Subpopulation dynamics may 

be purely stochastic, such as when only one subpopulation faces a disturbance event (e.g. 

flooding) in a given year, despite all subpopulations having an equal annual probability of 

disturbance. Different dynamics can also result when subpopulations differ in the quality of their 

habitat patch or the fitness of their inhabitants. For example, if excessive competition occurs in 

one subpopulation on prime habitat, less competitive individuals may be forced to emigrate to 

another subpopulation and live on poorer-quality habitat. Owing to its poor-quality habitat and 

the low relative fitness of its inhabitants, this subpopulation may receive more migrants from 

other subpopulations than it produces each generation. This is termed a source-sink dynamic 

(Figure 1.1).  

 

 

 

https://onlinelibrary.wiley.com/doi/full/10.1111/jvs.12369
https://onlinelibrary.wiley.com/doi/full/10.1111/jvs.12458
https://www.nature.com/articles/23876


12 

 

 

Figure 1.1. Four subpopulations connected by bidirectional migration (rates represented by 

arrow width). Left shows the population at the beginning of a generation, with individuals colour-

coded by their subpopulation of birth. Right shows the population at the end of the generation, 

following reproduction, migration and death. The total size of the metapopulation and each 

subpopulation is maintained by density-dependent migration despite different growth rates 

(births-deaths) in each subpopulation. Most notably, the upper-right (red) subpopulation is a sink 

sustained by immigration from the central (green) and bottom-right (purple) subpopulations. 

 

Source-sink dynamics are thought to be fairly common in the wild, such as between populations 

at the core and periphery of their species’ range, and for species with non-contiguous ranges 

where habitat can vary significantly in quality (Furrer and Pasinelli 2015). With the expansion of 

human-dominated land-use types leading to range fragmentation, many wild animals are forced 

to transit increasingly hostile matrices (e.g. roads, suburbs) to reach suitable habitat and mates 

(e.g. Andreasen et al. 2012). Marine animals could also find their populations becoming more 

separated as a result of climate change or other human activity altering the distribution of their 

prey and/or breeding grounds, or the local reproductive surpluses that lead some individuals to 

emigrate (e.g. Carroll et al. 2020). 

 

Linking population dynamics to population genetics 

Similar to the dynamics of population size, a population’s genetic diversity can grow, shrink, or 

achieve an equilibrium based on the relative strength of processes that add or remove variation. 

The diversity of gene combinations harboured within a population can increase through 

mutation, which produces novel gene variants (“alleles”); sexual recombination between the 

genomes of native individuals, which can produce novel allelic combinations; and immigration of 

https://onlinelibrary.wiley.com/doi/full/10.1111/brv.12195
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-294X.2012.05740.x
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2020.0318
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genetically distinct individuals from other populations. Populations lose genetic diversity through 

the death, emigration, or reproductive failure of individuals bearing rare alleles or allele 

combinations. Most of the time, the specific genetic makeup of these individuals has no 

influence on the outcome. In these cases, any effect on the frequencies of particular alleles is 

random, and the process is termed “genetic drift.” Many rare alleles are lost from populations by 

chance in this way. Sometimes, individuals die, emigrate (e.g. to “sink” populations), or fail to 

reproduce for reasons that are linked to their genetic makeup (natural selection). In these cases, 

specific alleles may fall in frequency or be lost from the population due to their effects or 

associations, while competing alleles of the same genes rise in frequency. In general, natural 

selection reduces the average number of offspring that individuals expressing certain alleles will 

contribute to future generations, relative to individuals with more beneficial genes. The effects of 

natural selection on specific genes are often subtle and difficult to predict, but the accumulation 

of mutations and the loss of alleles via random genetic drift can be quite predictable. Under 

conditions of long-term stability, a balance can be reached between these processes, leading to 

a relatively constant abundance of genetic variation known as mutation-drift balance (Schneider 

et al. 2016).  

 

Demography is linked to the genetics of a population via the concept of effective population size 

(Ne). A population’s effective size is equivalent to the census size (i.e. the true number of 

individuals) that would be required for an idealised population to harbour the same level of 

genetic diversity. In this context, an “idealised” population is one where any individual has an 

equal probability of mating with any other individual, and which has maintained its current size 

long enough to reach an equilibrium between the addition of genetic variation by mutation and 

the loss of variation by genetic drift (Wright 1931; Fisher 1930). In such a population, merely 

counting the number of individuals (N) should be enough to predict the average number of 

genetic differences between any two of its members (nucleotide diversity θ), given a known 

mutation rate (µ), by solving the equation θ = 4Nµ.  

 

Effective population size 

The complexity of these processes in the real world has motivated the use of the abstract metric 

of effective population size. In nature, Ne is almost always less than the census size, Nc (James 

and Eyre-Walker 2020). Many factors can lead to the violation of the simple condition of non-

random mating. For example, some species have an unequal ratio of males to females, which 

https://pubmed.ncbi.nlm.nih.gov/27132184/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1201091/
https://academic.oup.com/gbe/article/12/12/2441/5936529?login=true
https://academic.oup.com/gbe/article/12/12/2441/5936529?login=true
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reduces the number of unique reproductive pairings possible in the population. Individuals may 

also leave unequal numbers of offspring to the next generation, whether by pure chance 

(genetic drift) or as a result of their heritable phenotypes (natural selection). A population’s 

history can also skew its effective population size to be less than its census size. This occurs 

because genetic variation takes time to accumulate; moreover, the rate at which it accumulates 

is limited by the number of individuals and amount of genetic variation already present in the 

population. For example, if a population passes through a temporary bottleneck that reduces its 

population by an order of magnitude, many of the rarest alleles are likely to be lost by chance 

(random genetic drift). Even if the population recovers demographically fully by the next 

generation, those newly born individuals will all reflect the genetics of the small number who 

survived the bottleneck. The recovery of the population’s genetic diversity - and therefore its 

effective population size - will depend on the occurrence of new mutations and the 

recombination of ancestral alleles that passed through the bottleneck, or on the introgression of 

alleles from immigrants. Because genetic diversity can be reduced much faster than it can be 

recovered, populations’ effective sizes are most affected by the low points of their geologically 

recent history. Cheetahs represent a classic example of this. Their extant population, now 

located in Africa, have been affected by two severe bottlenecks, the first associated with 

migration out of North America approximately 100,000 years ago, and a second ~10,000 years 

ago at the same time as many other large mammals went extinct (Dobrynin et al. 2015). Despite 

demographically recovering to a size of hundreds of thousands of individuals at their recorded 

peak, their genetic diversity remains extremely depleted, leading to inbreeding effects such as 

harmful genetic conditions, susceptibility to infectious outbreaks, and relatively high juvenile 

mortality, even in captivity (O’Brien et al. 2017). The recovery of cheetahs’ genetic diversity from 

this bottleneck has also been slowed by high variance in reproductive success among 

individuals (Kelly 2008). In general, effective population size is expected to be proportional to 

the harmonic mean of historical census sizes, all other conditions (e.g. random mating) being 

equal (Nei et al. 1975; Motro and Thomson 1982). For example, in species exhibiting cyclical 

population dynamics, their long-term effective population size is related to the low points their 

census size reaches during “crash” phases of their cycle. Chapuis et al. (2009) quantified the 

genetic diversity of migratory locust Locusta migratoria populations worldwide, some of which 

had recently undergone explosive, yet temporary growth in population size, and found that a 

population’s outbreak history was not predictive of genetic diversity. On the other hand, Kaeuffer 

et al. (2007) found that feral sheep in an island population that experienced regular population 

crashes associated with winter weather had a higher effective population size than expected 

https://link.springer.com/article/10.1186/s13059-015-0837-4
https://academic.oup.com/jhered/article/108/6/671/3836924
https://conbio.onlinelibrary.wiley.com/doi/abs/10.1111/j.1523-1739.2001.99033.x?casa_token=uy7PPh8cr-EAAAAA:R8i_Ruw006dgNP8CQbqBe_F_oRxHsDVvUfv_lb5l2LsikVClAof1dzFxqtARmVVevxzNrNXxzbR10LVj
https://www.jstor.org/stable/2407137?casa_token=f33qmMyfphMAAAAA%3Apr6UGuTauSi_Ct7Z3Nh7iZU94V-jzmhNghdDpZlfCAYv1UowMsm76Ts2i4pTIoEPWvXrsvCHBu1V68n7uhnQBuqCgxghO3_XL9O7lAeCS-Re9gTxan_f#metadata_info_tab_contents
https://www.jstor.org/stable/2408083?casa_token=cvjrzdRxUTAAAAAA%3AbiGrjm7yEUloUQi05lu8_0OZT4IAi_k6SdAeyVv9saR5mkXEOFS0SCRvCuqH4VhdXyTegmNie1tSr2nmIlKZSh8KRkvuYvsBHHw2IJM1g_cNbv2WicDx&seq=1#metadata_info_tab_contents
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-294X.2008.04072.x?casa_token=q9vBSrnSD30AAAAA%3AqRZjTebslNBriy3eeg8aYdTvIM88LubqKGM5AG5ky8Ze1_iqorAOylshxYfNWT3V7Ho-dL6LVOTCAKHZ
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-294X.2007.03501.x?casa_token=lPc_2PJ8ijEAAAAA%3A3qroKI2rL2bFvFJOQXo8hNIVLvDderqIGRDnuifMpaj0i6kDE9MDA17kvwRtBjv95BApEhoiRqaFCmNi
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based on the frequency and severity of these crashes, which the authors attributed to a 

reduction in variance in male reproductive success during those periods for surviving males. 

This sort of negative feedback loop, where one Ne-reducing factor is weakened during periods 

when another is strengthened, could buffer the effective population size against crashes.  

 

Another factor that can limit a population’s effective size relative to its census size is population 

structure. Geographic barriers or differences in foraging or mating behaviour may skew the 

probability of pairings between individuals. In the previous section, the concept of a 

metapopulation was introduced, where subpopulations exhibit partial demographic 

independence, exchanging migrants with other subpopulations at a certain rate (Figure 1.1). In 

a population genetic sense, subpopulations can be further defined as groups of individuals 

within a population that are more likely to mate with each other than with individuals from 

outside their group. Over time, this mating bias would be expected to lead to greater genetic 

similarity among individuals in the same subpopulation. Wright developed a system of indices to 

quantify the degree to which genetic variation is unequally distributed within populations, 

including among subpopulations. If two subpopulations host the same alleles at identical 

frequencies, their fixation index (FST) will be 0. At the opposite end of the scale, two 

subpopulations sharing no alleles in common will have an FST of 1. In practice, population 

structure can be assessed by comparing the genetic distance between individuals from different 

subpopulations to the nucleotide diversity among individuals within the same subpopulation. 

 

What happens when the environment changes? 

So far, I have introduced the concepts and processes that control the short-term dynamics and 

genetics of a population and how these in combination can shape a population’s equilibrium 

state. Environmental change shifts the goalposts of any such equilibrium, and is therefore 

expected to induce demographic and/or evolutionary changes, including adaptation, migration, 

and population growth or decline. The precise effects of environmental change on a given 

population are in turn modulated by ecological and life history traits, such as reproductive rate 

and dispersal capability (Cayuela et al. 2018). 

 

An outstanding question in ecology and evolution concerns the rate and frequency with which 

populations typically grow and decline over geological time. Do populations most often 

grow/decline gradually in response to continuous incremental changes in their environment 

https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14848?casa_token=ioA3-4xPU2gAAAAA%3AqTBLcLXjkFWLtmpbf95SCXfY-NF_yjyCOxq4QHSbbVktGAtYJVvOuhXzL1ua3OlOMf_y5L6r1gR57rQv
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(abiotic and biotic), or is it more common for population sizes to remain relatively constant for 

centuries at a time, occasionally punctuated by rapid readjustments to new regimes?  

 

Populations can adjust demographically very fast in response to an instantaneous change in 

their carrying capacity. For example, the population of the South American sea lion (Otaria 

flavescens) is estimated to be growing at up to 5.5% per year since the end of legal hunting in 

1974. Assuming that rate was sustained, ~43 years would be required for the population to grow 

by an order of magnitude, i.e. a factor of ten (Romero et al. 2017). Based on the demographic 

vital rates (age-specific fecundity and survival) estimated for a healthy population of North 

American black bears (Ursus americanus) in Colorado, it would take an estimated ~68 years for 

their population to grow by an order of magnitude (Lewis et al. 2014). However, as we have 

seen, it can take much longer for Ne to catch up. Assuming a closed population, where mutation 

is the only source of new variation, it would take >1000 years for the effective size of the black 

bear population to approach its new census size (Ne~Nc). This is based on equations (based on 

the idea that effective population size can be approximated by the harmonic mean of a 

population’s past census sizes; Wright 1938) from Nei et al. (1975), who modelled a scenario in 

which a Drosophila population takes more than one million generations for its average 

heterozygosity to recover after an extreme founder event by two individuals. It has also been 

estimated that, following the explosive growth of the human population over the past few 

centuries and millennia, it would take billions of years to generate the amount of genetic 

diversity commensurate with our current census size (Kliman et al. 2008). In many natural 

cases, a metapopulation structure with migration between local populations can help accelerate 

both demographic and genetic recovery through the introduction of foreign alleles by migrants 

(e.g. Ims and Andreassen 2005; Cammen et al. 2018). For example, that recovering population 

of black bears in Colorado will likely attract or come into contact with other, older and more 

stable black bear populations and mix with them genetically, which could rapidly accelerate the 

Colorado population’s genetic recovery.  

 

With exponential growth, populations can almost always grow or shrink rapidly (relative to 

geological time) in response to changing conditions to reach a new demographic equilibrium or 

carrying capacity. Therefore, whether changes in population size occur gradually or in a 

punctuated manner over a geological timescale may not be limited by population dynamics so 

much as ecosystem dynamics. A population’s carrying capacity is shaped by its environment, 

including abiotic factors like climate and landscape (e.g. availability of suitable breeding sites), 

https://www.nature.com/articles/s41598-017-05577-6
https://www.sciencedirect.com/science/article/pii/S0304380014004098?via%3Dihub
https://www.jstor.org/stable/2407137?casa_token=f33qmMyfphMAAAAA%3Apr6UGuTauSi_Ct7Z3Nh7iZU94V-jzmhNghdDpZlfCAYv1UowMsm76Ts2i4pTIoEPWvXrsvCHBu1V68n7uhnQBuqCgxghO3_XL9O7lAeCS-Re9gTxan_f#metadata_info_tab_contents
https://www.nature.com/scitable/topicpage/genetic-drift-and-effective-population-size-772523/
https://royalsocietypublishing.org/doi/abs/10.1098/rspb.2004.3025
https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.4143
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and biotic factors like abundance of prey, competitors, and other density-related factors such as 

disease spread. Some of these variables are correlated or anti-correlated, and some may be 

independent. Some may change in the same direction, but at different rates. This heterogeneity 

has the potential to bring about abrupt changes in a population’s equilibrium state. If carrying 

capacity changes gradually, then demographic change will be gradual. On the other hand, if 

there are ‘tipping points’ (Lenton 2013) or 'regime shifts' (Woolway et al. 2017) in climate, or a 

different resource becomes limiting (Jentsch and White 2019), or another species (prey, 

predator, competitor) is introduced or goes extinct (Parmesan 2006), or new habitat opens up 

(Matthiopoulos et al. 2005; de Bruyn et al. 2009), then the ability of the environment to support a 

population of a given size may change abruptly. How fast do carrying capacities typically 

change? As in the debate between “gradualism” and “punctuated equilibrium” in 

macroevolution, there is probably no universal answer, but rather a spectrum of context-

dependent outcomes (Barnosky 1987). Ecological disturbances of these sorts occur frequently, 

implying that abrupt shifts in carrying capacity are common.Yet, as discussed above, the 

resulting demographic change will almost always leave a more gradual imprint on a population’s 

genetic diversity (corresponding to the harmonic mean of past population sizes). 

 

Ecological and life history toolkit 

A species’ ecological and life history traits can be thought of as an evolvable “toolkit” that 

constrains its range of possible responses to a given environmental change. Ecological traits, 

including their physiology and dietary preferences, largely determine the direction of their 

demographic response, whether changes in the environment are beneficial or deleterious. Life 

history traits then constrain the rate and mechanism(s) of that demographic response. For 

example, a species where reproductive adults disperse widely (owing to a combination of 

ecological and life history adaptations) may be able to exploit the opening of a remote new 

habitat (e.g. Southern sea lions: de Bruyn et al. 2009). On the other hand, in species with similar 

capabilities but stronger site fidelity behaviour or less intense density-dependent competition, 

suitable habitat may be left uncolonised for longer (Matthiopoulos et al. 2005; e.g. Adélie 

penguin Pygoscelis adeliae: Southwell et al. 2021). More fundamentally, species with a faster 

net reproductive rate (e.g. higher fecundity) can potentially complete their demographic 

response to an environmental change within fewer generations than another slower-living 

species would require (Romiguier et al. 2014; Healy et al. 2019). Even though a population’s 

genetic response (change in Ne) will always lag behind its pure demographic response (change 

https://www.annualreviews.org/doi/full/10.1146/annurev-environ-102511-084654
https://link.springer.com/content/pdf/10.1007/s10584-017-1966-4.pdf
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1002/ecy.2734
https://www.annualreviews.org/doi/abs/10.1146/annurev.ecolsys.37.091305.110100?casa_token=vG5X313iNVYAAAAA:wY7HBwBGeCyemmLo6ebQb3mfLNk1QCCo0om9u5rCS-L17E4gg-m5n65PqEhAzXcdxm8Q9sgtsrHoFA
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2656.2005.00970.x
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000554
https://link.springer.com/chapter/10.1007/978-1-4757-9909-5_4
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000554
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2656.2005.00970.x
https://link.springer.com/article/10.1007/s00442-021-04958-z
https://www.nature.com/articles/nature13685
https://www.nature.com/articles/s41559-019-0938-7
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in N), the rate of a demographic response may still have a significant effect on the time required 

for that genetic response, since a larger population means more mutation to regenerate 

variability after a bottleneck. Likewise, a reduced population, whether during a temporary 

bottleneck or at a new lower carrying capacity, takes time to lose the variation it previous 

harboured (Nei et al. 1975; Nei and Tajima 1981; Luikart et al. 2002; Romiguier et al. 2014). 

Species with high intrinsic reproductive rates are able to recover more rapidly from a population 

crash, allowing them to sustain higher average population sizes over time relative to a given 

disturbance frequency. This may help explain why highly fecund species are generally more 

diverse than slower-reproducing species (Romiguier et al. 2014). 

 

While life history traits clearly influence the rate of demographic and genetic responses to 

perturbation, and may affect the mechanism(s) of those responses, it is less obvious whether 

life history traits influence the direction - growth or decline - of a population’s response. One way 

this could happen is if a species’ life history strategy allowed for reproductive 

investment/potential to be effectively stored up, buffering against downturns. Examples of this 

may be found in capital breeders, like Southern elephant seals and some bears which, among 

other taxa, have evolved a tactic of intermittent breeding (Desprez et al. 2017). North American 

black bear (Ursus americanus) mothers, for example, may defer reproduction in a given year if 

they have not reached a threshold of weight gain that will allow them to sustain their cubs and 

themselves through the winter and into spring (Robbins et al. 2012). This sort of effect would 

only buffer against hard times lasting less than a generation, but that could be significant for 

iteroparous species with late maturity and long generation times. This sort of effect would also 

not be able to convert a period of decline into a period of growth, it could merely stabilize the 

population against a weak downturn. 

 

A third element potentially driving or moderating demographic change is a species' ecological 

dependencies. Environmental change need not directly impact the organisms in question (e.g. 

by causing them to freeze to death), but can be mediated by effects on other ecological 

dependencies, such as predators, prey, symbionts, hosts, or competitors. In general, the 

propagation of population dynamics from one species to another that feeds on or is fed upon by 

it is known as a trophic cascade or trophic shift (Madenjian et al. 2013). Decline in the 

population of a competitor, predator, or parasite can trigger a demographic “release” in a focal 

species (Torchin et al. 2003; Torchin and Lafferty 2009). On the other hand, decline in the 

abundance of prey, hosts or beneficial symbionts could cause the population of the focal 

https://www.jstor.org/stable/2407137?casa_token=f33qmMyfphMAAAAA%3Apr6UGuTauSi_Ct7Z3Nh7iZU94V-jzmhNghdDpZlfCAYv1UowMsm76Ts2i4pTIoEPWvXrsvCHBu1V68n7uhnQBuqCgxghO3_XL9O7lAeCS-Re9gTxan_f#metadata_info_tab_contents
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1214463/pdf/625.pdf
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-294x.1998.00414.x?casa_token=jiC8QWA2gmYAAAAA%3AmBUt8FZE4s2_8GNpEGKZAFglXKza68PfgqDzTkssuwAw5JjXnJHfBD5KxL0bhH3j1DzOFg5cAGlfCE2V
https://www.nature.com/articles/nature13685
https://www.nature.com/articles/nature13685
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/1365-2656.12775
https://academic.oup.com/jmammal/article/93/2/540/924692?login=true
https://pubs.acs.org/doi/full/10.1021/es404089y?casa_token=ZcCO-BjrUmMAAAAA:Wasjejq_3gek2HgozYAW0SmnGd_gZsu0-yHlzZ4s2JjJyh6bD0AULzRwnBDSRXJbVxwEO95x4V8AWpTv
https://www.nature.com/articles/nature01346
https://link.springer.com/chapter/10.1007/978-3-540-79236-9_11
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species itself to decline, with this effect being much stronger against highly specialised 

predators/pathogens than against generalists (e.g. Ferrer and Negro 2004).  

 

Molecular ecology 

The field of molecular ecology is preoccupied with the analysis of molecular markers - 

components of organisms’ biochemical makeup, including their genetics and the isotopic 

composition of their tissues - to make inferences about their evolution, behaviour and history 

that might otherwise be difficult or even impossible to observe. This primarily owes to the fact 

that some types of molecular changes accumulate over time. For example, genetic differences 

between individuals and populations accumulate over generations, while chemical differences 

analysed in stable isotope biogeochemistry can accumulate over the lifetime of an individual. By 

understanding the processes that govern their variation and accumulation, researchers can 

make inferences about history even when they are limited to samples corresponding to a single 

slice of time. For example, the radio signals used by animal-borne telemetry devices are 

attenuated by water, reducing their effectiveness for tracking animals during dives. The devices 

also have short lifetimes in some species, including sea lions, due to being lost, removed, 

damaged, or their batteries expiring (Riet-Sapriza et al. 2013). However, some of the questions 

telemetry is intended to answer can also be addressed by molecular analyses. Juvenile 

dispersal distances could be inferred retrospectively by measuring the stable isotopes 

assimilated into the bodies of adult individuals (Zenteno et al. 2013). Or, they could be studied 

over a longer term, with coarser resolution, by quantifying gene flow between populations. All 

these methods can provide independent lines of evidence at different scales and resolutions, 

and with situational advantages and disadvantages. On the other hand, drawing accurate 

ecological inferences from molecular markers requires a strong theoretical foundation, with 

mechanistic models of the processes that shaped your observed markers. 

 

One such theoretical foundation, coalescent theory, has been pivotal for enabling the 

reconstruction of historical demography from population genetic data. Coalescent theory 

essentially models population genetics in reverse, describing the distribution of ages of alleles in 

a population – the time since they shared a common ancestor, or “coalesce” (Kingman 

1982a,b). The average time to coalescence for a randomly selected pair of alleles is defined as 

2Ne generations (i.e. 2N generations in an idealised population; Wright 1931). Time to 

coalescence can be measured by creating gene trees from molecular data sampled from many 

https://conbio.onlinelibrary.wiley.com/doi/full/10.1111/j.1523-1739.2004.00096.x?casa_token=trE4WI6SG-YAAAAA%3A9s_GnBZKvn8Us5XJT6LWfoGrtXKhDsrBLg-mR-cC_o7QwJ2uAmG59HIo7tKqI1iVZye06787gGnLgIXJ
https://www.sciencedirect.com/science/article/pii/S0967064512001701
https://zslpublications.onlinelibrary.wiley.com/doi/full/10.1111/jzo.12051
https://www.sciencedirect.com/science/article/pii/0304414982900114
https://www.cambridge.org/core/journals/journal-of-applied-probability/article/abs/on-the-genealogy-of-large-populations/539757AA0FCA763216F502567CD01796
http://www.esp.org/foundations/genetics/classical/holdings/w/sw-31.pdf
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individuals. Just as species trees permit estimation of speciation rates over geological time, it is 

possible to recognise changes in coalescence rate from a gene tree based on the density of 

nodes (coalescence events) with respect to time (Rosenberg and Nordborg 2002; Kuhner 

2009). Given that the average number of generations to coalescence is equal to twice the 

effective population size, it may be inferred that a population was effectively smaller during 

periods when the estimated rate of coalescence was higher. That is to say, assuming the null 

model of the coalescent, where a population is evolving by neutral genetic drift alone, a 

population’s demographic history can be reconstructed from a genetic sample by analysing the 

interval between coalescences (i.e. genealogical nodes) over time under the mathematical 

expectation that coalescence to an ancestral allele occurs more rapidly in smaller populations. 

On the other hand, recent natural selection on the genes being analysed would violate the null 

model of the coalescent. Selective sweeps can leave coalescent signatures that are difficult to 

distinguish from population bottlenecks without examining many genetic loci (Galtier et al. 

2000).  

 

Demographic history reconstruction 

Demographic history has most often been studied using model-constrained methods, which 

require researchers to hypothesize a specific demographic history (e.g. “stability, then a 

bottleneck, followed by rapid expansion”), the parameters of which (e.g. the timing and severity 

of the bottleneck) are estimated based on how well results simulated under a given set of 

parameter values correspond to the actual data. With growing computer power, model-free 

methods that test a much wider range of possible demographic histories than a human 

researcher could hope to come up with have become increasingly feasible. A leading method of 

this type is the Bayesian Skyline Plot (BSP), introduced in 2005 by Drummond et al. Earlier 

methods took as input a single consensus genealogy, rather than the nucleotide data that 

genealogy was based on, and inferred effective population sizes without accounting for 

uncertainty in any of the data or calculations, essentially because the computational 

impossibility of considering every possible outcome of the coalescent. The BSP’s main 

innovation was the use of Markov chain Monte Carlo approximation to sample the range of 

possible histories given an input DNA alignment and nucleotide substitution model. This 

sampling procedure permits confidence intervals on each interval of the reconstructed 

demographic history, resulting in smoother and more accurate inference overall because 

uncertainty has been accounted for. The BSP has also been extended (Extended Bayesian 

https://www.nature.com/articles/nrg795
https://www.sciencedirect.com/science/article/pii/S0169534708003480?casa_token=4azyRoUTEFUAAAAA:UKRT9DP4QfVVIfS4myetCW5Cq6x_jfMR3xZ4hWNQhdYE_iOWLMfrkfEnAHj1Qn142OMSuHD01Q
https://www.sciencedirect.com/science/article/pii/S0169534708003480?casa_token=4azyRoUTEFUAAAAA:UKRT9DP4QfVVIfS4myetCW5Cq6x_jfMR3xZ4hWNQhdYE_iOWLMfrkfEnAHj1Qn142OMSuHD01Q
https://academic.oup.com/genetics/article/155/2/981/6048149
https://academic.oup.com/genetics/article/155/2/981/6048149
https://academic.oup.com/mbe/article/22/5/1185/1066885?login=true
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Skyline Plot; EBSP) to permit analysis of multiple loci simultaneously (Heled and Drummond 

2008; Ho and Shapiro 2011).  

 

This capability for multilocus analysis is extremely important for accurately and precisely 

reconstructing demographic history. Allele coalescence is an inherently stochastic process. For 

example, on average, in a population of constant size, the average time to coalescence of a 

randomly chosen pair of alleles is equal to 2Ne generations, while the expected coalescent time 

of all sampled alleles is less than 4Ne generations (Tajima 1983). Departure from this expected 

average rate is what coalescent-based methods use to infer historical departures from a 

constant population size. However, each locus is an independent roll of the dice, and some will 

depart from the average rate simply by chance (Figure 1.2). To avoid inaccurately calling a 

population size shift based on patterns observed in a single locus, methods like the BSP have to 

internalize this uncertainty, trading precision for accuracy in their reconstructions of 

demographic history in the form of wide confidence intervals. Therefore, it is preferable when 

possible to incorporate data from multiple independent loci, using capable methods like the 

Extended Bayesian Skyline Plot (EBSP).  

 

 

 

 

https://bmcecolevol.biomedcentral.com/articles/10.1186/1471-2148-8-289
https://bmcecolevol.biomedcentral.com/articles/10.1186/1471-2148-8-289
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1755-0998.2011.02988.x
https://academic.oup.com/genetics/article/105/2/437/5996285?login=true
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Figure 1.2. The average number of generations between coalescence events in a sample 

depends on the effective size of the population the samples were drawn from. However, 

because genetic loci are inherited more or less independently, the distribution of coalescence 

times can be quite different by chance, as if reflecting different demographic histories. In the 

Figure Bove, the error bars represent the standard deviation relative to the average number of 

generations to each sequential coalescence event up to 17, over 100 simulated loci. The 

coloured bars show the distribution of coalescence times for three randomly selected loci. 

These data were simulated using a custom program based on the simplest equations for the 

coalescent in a constant size population.  

 

 

In addition to predicting the distribution of genetic differences among a sample of DNA 

sequences, the coalescent can also be used to predict the distribution of allele frequencies, 

known as the site frequency spectrum (SFS), of a population of constant or changing size. For 

example, a population that has very recently experienced a bottleneck is expected to have an 

excess of intermediate-frequency alleles, as rare alleles existing prior to the bottleneck will have 

been disproportionately lost via random genetic drift. As the population begins to genetically 

recover, an excess of very rare (singleton) alleles may be expected to appear, representing new 
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mutations. The Stairway Plot method takes advantage of this relationship, and the incredibly 

simple data structure of an SFS, to enable model-free inference of demographic history from 

whole-genome datasets based on hundreds of individuals (Liu and Fu 2015). 

 

Linking demographic history to environmental factors 

Population bottlenecks often result from major ecological events, such as glaciation, but there 

are other more consistent ecological determinants of population size and connectivity that 

thereby shape the coalescent process and demographic history. For example, Zhou et al. 

(2014) found that the demographic history of leaf-eating snub-nosed monkeys (Rhinopithecus 

roxellana) correlated much more closely with that of leaf-eating pandas than of its congeners, 

suggesting diet as a historically primary factor in how the population fared. Presumably, if this 

interpretation is correct, the demographic histories of the plants they eat would also be 

correlated. Groenen et al. (2012) showed that the effective population size of wild boar (Sus 

scrofa) grew after boar from Asia first colonised Europe, relatively free from competition. 

European and Asian populations both experienced bottlenecks around the time of the last 

glacial maximum (LGM, ~18-24 Kya), though the bottleneck was stronger in Europe, probably 

due to more extensive glaciation. 

 

Demographic history reconstruction and phylogeography are two related population genetics-

based approaches that have been used to predict populations’ responses to contemporary 

climate change by extrapolating from the inferred responses of ancestral populations to similar 

environments. Such implications have been recognised with approval by many authors (e.g. 

Miller et al. 2012 and Alberto et al. 2013), although fewer have explicitly ventured predictions. 

 

Galbreath et al. (2009) attempted to derive predictions from their analysis of the historical 

demography of American pika (Ochotona princeps) by comparing it with a model that predicts 

suitable habitat space based on climatic conditions. The pika is a small mammal that is typically 

confined to high-altitude, low-temperature environments characterised as ‘sky islands’ due to 

the lack of connectivity between different mountain peaks. These authors found that although – 

according to the ecological niche model – pika populations inhabiting different peaks were often 

isolated during warm climate periods, genetic populations were primarily differentiated by 

mountain range, with smaller-scale peak-to-peak differences presumably being swamped out by 

gene flow during cooler periods that allowed the populations inhabiting adjacent peaks to 

https://www.nature.com/articles/ng.3254
https://www.nature.com/articles/ng.3137?luicode=10000011&lfid=231522type%3D1%26t%3D10%26q%3D%23%E7%8C%B4%E5%B9%B4%E5%90%89%E7%A5%A5%E7%89%A9%23&u=http://www.nature.com%2Fng%2Fjournal%2Fv46%2Fn12%2Ffull%2Fng.3137.html
https://www.nature.com/articles/nature11622
https://www.pnas.org/content/109/36/E2382.short
https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.12181
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1558-5646.2009.00803.x
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reconnect. This history bodes well for the preservation of genetic variability in this species, so 

long as warming temperatures do not force its habitat off even the tops of mountains. BSP 

analysis indicated effective population size decline over the Holocene interglacial period in all 

studied lineages, from northern and southern mountain ranges of North America, and suggested 

a stronger positive effect of the LGM in more northern populations, as expected. However, 

contrary to the authors’ expectations of very recent population growth in the north, in response 

to northward range expansion, none was evident in the demographic history plots. Instead, 

northern and southern populations all appeared to have declined recently. 

 

It is not always clear whether situations like this demonstrate the importance of coalescent-

based demographic history analysis as a line of evidence or reveal its limitations. In this case, 

the disagreement could be due to the countervailing effect of population structure, as several 

simulation and modelling studies (Heller et al. 2013; Mazet et al. 2016) have shown that 

demographic histories reconstructed based on samples from only a small fraction of the 

subpopulations (‘demes’) within a metapopulation can inaccurately suggest that the population 

declined when in fact it remained stable. A more “scattered” sampling scheme, where only one 

or few samples are taken from each subpopulation, can avoid this problem, but results in less 

power to resolve recent demographic history because recent coalescence events among the 

sample’s ancestors will be relatively rare unless migration is very frequent 

 

Ancient DNA 

As remarkably effective as coalescent modelling can be at reconstructing the historical 

relationships among modern samples, the inferred demographic history is susceptible to certain 

biases and uncertainties. Accuracy and precision can be dramatically improved by the inclusion 

of true ancient DNA samples as calibration points for coalescence and mutation rates, and to 

directly estimate the genetic diversity (=4Neµ) present at a specific point in history. Mutation rate 

calibration is especially important for reconstructing relatively recent demography, because 

long-term mutation rates tend to appear lower than short-term ones due to processes such as 

slow sorting by selection of nearly neutral alleles, and homoplasy (Orlando and Cooper 2014). 

This emphasises the need for accurate dating of ancient samples. Several coalescent 

simulation programs have been specially designed or modified to incorporate ancient, time-

calibrated samples. A pioneer in this regard was SerialSimCoal, which tests user-defined 

models of demographic history (Hadly et al. 2004). Since then, the program BEAST has 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0062992
https://www.nature.com/articles/hdy2015104
https://www.annualreviews.org/doi/abs/10.1146/annurev-ecolsys-120213-091712?casa_token=8G1G1bpDLaQAAAAA:7voarCtpDDh1b8dzE6GGVdC4VfWOhU6nIx1CKdIf-pbzWB_nBBhBDJl5FabBsbdpoO-Yg9E40jft2w
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0020290
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accommodated ancient DNA in its model-flexible EBSP method (Heled and Drummond 2008; 

Ho and Shapiro 2011).  

 

Prost et al. (2010) applied Bayesian coalescent methods to a combination of ancient and 

modern DNA to reconstruct the demographic history of a small arctic mammal, the collared 

lemming (Dicrostonyx torquatus). They found a general population decline associated with 

climate warming following the LGM, with a particularly strong impact around the Greenland 

Interstadial 1 period, ~14.5 Kya. They also infer more recent local population bottlenecks from a 

relative paucity of heterozygosity and net extinction of haplotypes (from seven at the dawn of 

the Holocene to three in the modern population). On the basis of these apparent impacts of 

historical climate change, the authors warn of further declines in genetic diversity resulting from 

future climate change against a species that has already lost much of its raw material for 

adaptation. 

 

Ancient DNA is also required for inferring local extinctions, since by definition, no contemporary 

samples exist (Chang and Shapiro 2016). Even with ancient samples, the signal of extinction 

can still be challenging to interpret. For example, if the structure of an ancient metapopulation is 

neglected or misunderstood, the genetic signal of extinction could be masked. If all 

subpopulations decline in concert, a decrease in population size may be accompanied by a 

decrease in subpopulation connectivity (migration rates). This can lead to greater pairwise 

genetic distance between individuals and the illusion of a growing population, which may drown 

out the signal of overall population decline. Orlando and Cooper (2014) showed that geographic 

sampling bias can fundamentally alter the shape of a species’ inferred demographic history 

curve, while the analyses of de Bruyn et al. (2009) highlight the importance of meaningfully 

grouping samples into populations in order to reconstruct true demographic history.  

 

The most significant challenges specific to ancient DNA analysis come from chemical damage 

and contamination that can accumulate over the centuries prior to its analysis (Dabney et al. 

2013; Orlando et al. 2021). It is common for DNA strands to break into ever smaller fragments 

over time, limiting the maximum length of sequencing reads. More perniciously, some types of 

damage can be misinterpreted as genuine genetic differences, such as when cytosine bases 

are deaminated to uracil, which may then be misinterpreted as a C-to-T substitution. This can 

potentially bias reconstructions of demographic history, especially when the true variability of 

the ancient population is low relative to the amount of damage (Axelsson et al. 2008). Programs 

https://bmcecolevol.biomedcentral.com/articles/10.1186/1471-2148-8-289
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1755-0998.2011.02988.x
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0010447
https://royalsocietypublishing.org/doi/full/10.1098/rsbl.2015.0822
https://www.annualreviews.org/doi/abs/10.1146/annurev-ecolsys-120213-091712?casa_token=yRC0VqqTxvcAAAAA:6vZmym6xlWvY3GPbVIBn_zrDw9zLzaknAtN6FDx6i-7OYlhwxM6AUqF2UjG_MKlIUajWcsD636DiOw
https://cshperspectives.cshlp.org/content/5/7/a012567.full.pdf+html
https://cshperspectives.cshlp.org/content/5/7/a012567.full.pdf+html
https://www.nature.com/articles/s43586-020-00011-0
https://academic.oup.com/mbe/article/25/10/2181/1030538?login=true
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have been developed to account for the likelihood of these changes in variant-calling (e.g. Zhou 

et al. 2017), and results are mixed on how much ancient DNA damage skews results in different 

datasets (Rambaut et al. 2009). For example, Axelsson et al. (2008) addressed this question by 

removing transitions (C-to-T and G-to-A substitutions) from an ancient bison dataset and 

checking how that affected the resulting inference of demographic history. They found that the 

resulting demographic history was constant, which they interpreted as showing that the 

apparent population expansion and recent decline that featured in the original reconstruction 

were artefacts of aDNA damage. However, the signal of this demographic history could have 

been lost simply because the discarding of transitions resulted in a loss of statistical power. 

Even though it is not possible to distinguish specific transitions that were caused by post-

mortem damage from true transition mutations, it is unlikely to be the case that all transitions 

were caused by damage (Rambaut et al. 2009). To test this, Rambaut et al. (2009) simulated 

DNA damage and evolution jointly, and found that after a plausible rate of post-mortem damage 

was accounted for (as opposed to writing off all transition substitutions), the original 

demographic history was largely unchanged.  

 

Contamination is not uniquely a problem of ancient DNA, and is usually easy for next-generation 

sequencing read-mapping software to recognise when it comes from distantly related species, 

such as bacteria (Peyrégne and Peter 2020). However, in poorly preserved ancient samples, 

the concentration of exogenous (contaminating) DNA may exceed the concentration of 

endogenous (native) DNA. All of this non-target noise makes the process of amplifying and 

sequencing the target DNA less efficient. The level of sequencing effort that is therefore 

required to obtain usable data from target ancient DNA also has the potential to amplify minute 

amounts of contaminating DNA from other ancient or modern samples being analysed in the 

same vicinity (Peyrégne and Prüfer 2020). This kind of contamination would not be easy for 

standard software to recognise and exclude, and so steps must be taken to mitigate cross-

contamination of samples during laboratory methods when working with ancient DNA (Orlando 

et al. 2021), such as using separate workspaces for modern and ancient samples, frequent 

cleaning of pipettes and surfaces, and even combining multiple DNA extractions and 

amplifications to make apparent mutations introduced by damage or contamination more 

obvious (e.g. as apparent heterozygosity in a haploid marker like mtDNA). 

 

https://link.springer.com/article/10.1007/s00438-017-1358-5
https://link.springer.com/article/10.1007/s00438-017-1358-5
https://academic.oup.com/mbe/article/26/2/245/1032496?login=true
https://academic.oup.com/mbe/article/25/10/2181/1030538?login=true
https://academic.oup.com/mbe/article/26/2/245/1032496?login=true
https://academic.oup.com/mbe/article/26/2/245/1032496?login=true
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-020-02123-y
https://onlinelibrary.wiley.com/doi/full/10.1002/bies.202000081
https://www.nature.com/articles/s43586-020-00011-0
https://www.nature.com/articles/s43586-020-00011-0
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Study system 

This thesis focuses on the coastal ecosystem of Argentina; specifically, as experienced by the 

South American sea lion Otaria flavescens and the Magellanic penguin Spheniscus 

magellanicus. I adopt a historical perspective, considering how these species have responded 

to a changing environment since the Last Glacial Maximum, through the Holocene, to the 

present. 

 

Ecological similarities and differences of Otaria flavescens and Spheniscus 

magellanicus 

The South American sea lion and Magellanic penguin both depend on the marine ecosystem for 

food, while also keeping one flipper on land so to speak, as they haul out onto beaches to 

breed. Terrestrially, the species also exhibit different habitat preferences. For example, the 

penguins select sites on slopes with dense, ideally clay-based substrate, into which they build 

burrows (Stokes and Boersma 1991). Gravel and sand beaches support less stable burrow 

constructions, so chick mortality by flooding and collapse can be common. In contrast, the sea 

lions favour relatively flat open beaches of gravel or sand, ideally with tidal pools for 

thermoregulation (Campagna and Le Boeuf 1988; Fernández-Juricic and Cassini 2007). These 

differences in terrestrial habitat preference lead to the two species occupying different sites for 

breeding along the coast of Argentina, and could cause their populations to respond differently 

to environmental changes affecting the availability of habitat with these characteristics. 

 

Considering that we are comparing a mammal and a bird, there are also dramatic differences in 

life history and breeding system between the two species. For example, social monogamy is 

common among Magellanic penguins, with pairs of penguins cooperating to raise chicks year 

after year; though extra-pair mating is also common (Marasco et al. 2020). Most South 

American sea lions, in contrast, have a generally polygynous mating system, where males strive 

to defend beach territories within which they control and mate with multiple females, while males 

who have failed to claim territory of their own occasionally form groups and raid beaches to 

seize them or individual females (Campagna and Le Boeuf 1988; Soto and Trites 2011; Franco-

Trecu et al. 2015). These differences in life history and breeding system may lead to differences 

in the proportion of the population who manage to breed in a given year (Ne:Nc), as well as the 

sensitivity of the species’ population growth rates to different life history parameters, such as 

juvenile survival (Finkelstein et al. 2010; Maniscalco et al. 2015; Gownaris and Boersma 2019). 

https://www.jstor.org/stable/pdf/4088322.pdf?casa_token=dFzf9pTv-IsAAAAA:R6MrqFWwEjPwxka-ELlTWdPXAmKsYQ1aqBNx6geMuziSu6-h13PMVSIchGwNmgYU44Syi0PuzjbfJDz9uLVpvgPL_I3ijgM-0BZyLHgSum6ZbDml0kIB
https://www.jstor.org/stable/4534669
https://link.springer.com/article/10.1007/s10211-006-0024-4
https://link.springer.com/article/10.1007/s10336-019-01720-4
https://www.jstor.org/stable/4534669
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1748-7692.2010.00405.x?casa_token=ykpuE79OhnwAAAAA%3Ac8TyvxHZGDoF6Wy0wELsCiZ1icP6zjln42DvoSs3SRRqobuTIrWL5p5l8OhOzmHlo9PY9TTivkQurzkE
https://link.springer.com/article/10.1007/s00265-015-2010-1
https://link.springer.com/article/10.1007/s00265-015-2010-1
https://zslpublications.onlinelibrary.wiley.com/doi/full/10.1111/j.1469-1795.2009.00311.x
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0140982
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1002/eap.1826
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In particular, the polygynous breeding system of the sea lion, where a large proportion of pups 

receive their paternal DNA from relatively few males, is expected to lead to a lower Ne:Nc ratio 

than in the penguin, and therefore slower genetic response to demographic changes, all else 

being equal. 

 

Modern climate change is already affecting the Magellanic penguin through extreme weather 

events that have directly increased juvenile mortality (Boersma and Rebstock 2014). Extreme 

pup mortality was also documented in Otaria flavescens following intense El Nino events, such 

as the one in 1997 (Soto et al. 2004; Oliveira et al. 2012). Juvenile mortality has also been 

increased indirectly by climate change, as parent penguins are required to travel increasing 

distances from their historic breeding colonies to find prey that are already shifting their range in 

response to climate-induced changes in the marine environment (Boersma and Rebstock 2009). 

If Magellanic penguins and South American sea lions are tracking the same prey, the sea lions 

may suffer similar effects. 

 

Coastal Argentina since the Last Glacial Maximum  

The Last Glacial Maximum (LGM), around 18-24 Kya, saw extensive glaciation at high latitudes. 

An ice sheet covered inland Patagonia and extended to Tierra del Fuego at the southern tip of 

the continent (Waldmann et al. 2009). However, the Atlantic coast of Argentina north of Tierra 

del Fuego was never glaciated. The coast did, however, still experience a global drop in sea 

level and temperature, and altered sedimentation due to altered precipitation and the glaciation 

occurring further inland. During the LGM, much of the continental shelf was exposed; thus the 

actual palaeo-coastline was farther east into what is now the Atlantic, a conclusion supported by 

sedimentation, landscape modeling, and palaeoclimatic indicators (Ponce et al. 2011; Violante 

et al. 2014; Berman et al. 2016) (Figure 1.3). 

 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0085602
https://www.cambridge.org/core/journals/journal-of-zoology/article/abs/effects-of-prey-availability-on-pup-mortality-and-the-timing-of-birth-of-south-american-sea-lions-otaria-flavescens-in-peru/711C59F32B95FB68E996F0817A07C009
https://www.cambridge.org/core/journals/journal-of-the-marine-biological-association-of-the-united-kingdom/article/abs/effective-population-size-for-south-american-sea-lions-along-the-peruvian-coast-the-survivors-of-the-strongest-el-nino-event-in-history/3DE4A470EFE400D41B1786E5B146593D
https://www.int-res.com/articles/meps2008/375/m375p263.pdf
https://onlinelibrary.wiley.com/doi/full/10.1002/jqs.1263?casa_token=-KLdjN-T_-cAAAAA%3AroWIiaicR5wlQmWos3fwRvedOlMIWpii3wIt0BnztbQaZ3WJazcKCLsQembjzFntcc5XdrUSBw61uffy
https://academic.oup.com/biolinnean/article/103/2/363/2452605?login=true
https://mem.lyellcollection.org/content/41/1/55.short?casa_token=UcYOwhOPuMIAAAAA:vQ_g-aMP9gD37e_zvedunfTFZNscJd7CkqqcVs0KE6h3CSRU-zf7XJ-3kVaGlFymRN-1winNPhYPmpU
https://mem.lyellcollection.org/content/41/1/55.short?casa_token=UcYOwhOPuMIAAAAA:vQ_g-aMP9gD37e_zvedunfTFZNscJd7CkqqcVs0KE6h3CSRU-zf7XJ-3kVaGlFymRN-1winNPhYPmpU
https://www.sciencedirect.com/science/article/pii/S0277379116303092
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Figure 1.3. Evolution of the Argentine coastline from the LGM to present. Adapted from Ponce 

et al. (2011). The coastline during the LGM was more broken up, but its large-scale profile 

straighter and connected than it has been since the Holocene onset, with the modern coast 

featuring more distinct bays separated by various peninsulas. 

 

 

The transition from the LGM into the early Holocene was characterised by global warming, 

glacial retreat and sea level rise (Jouzel et al. 2007; Berman et al. 2016). Warm temperatures, 

with increasing humidity, prevailed in the region during the early-mid Holocene (>6 Kya), but the 

climate has cooled over the most recent 6,000 years (Waldmann et al. 2009; Kaplan et al. 

2016).  

 

The Atlantic coast of Argentina has a broad continental shelf, which - under modern conditions - 

intersects several major marine fronts. Marine fronts are features where water bodies with 

different properties mix while maintaining sharp boundaries (Acha et al. 2004). These boundary 

waters tend to be very productive, due to the high nutrient content of upwelling waters and the 

way the currents concentrate plankton, attracting fish and higher predators. For example, 

Mauna et al. (2011) sampled benthic organisms along a transect intersecting the highly 

productive shelf-break front off the coast of northern Argentina, near Mar del Plata. They found 

that sampled organisms differed in their carbon and nitrogen isotopic signatures according to 

their proximity to the front boundary, specifically becoming more enriched in δ13C and depleted 

https://academic.oup.com/biolinnean/article/103/2/363/2452605?login=true
https://academic.oup.com/biolinnean/article/103/2/363/2452605?login=true
https://science.sciencemag.org/content/317/5839/793.abstract?casa_token=Csy8YBK9pkkAAAAA:1pcs0m6glpDEV3rPlimiIzZhNXNDx7oXjVtqdEhPGRPSnP_YZtu-0EQOqoAXPloySs76mNDuf7sxvns
https://www.sciencedirect.com/science/article/pii/S0277379116303092
https://onlinelibrary.wiley.com/doi/full/10.1002/jqs.1263
https://www.sciencedirect.com/science/article/pii/S0277379116300750
https://www.sciencedirect.com/science/article/pii/S0277379116300750
https://www.sciencedirect.com/science/article/pii/S0924796303001271
https://www.sciencedirect.com/science/article/pii/S1385110111001213
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in δ15N nearer the front, consistent with phytoplankton being concentrated by marine conditions 

along the front. 

 

Because fronts are defined by sharp transitions in conditions such as temperature and salinity, 

they can define the range of small prey and possibly serve as reference points for navigation of 

larger fish (Acha et al. 2004; Alemany et al. 2014). Thus, marine fronts become important even 

to the marine mammals and birds who predate these smaller animals. For example, elephant 

seals from northern Patagonia travel far to forage along the Antarctic Polar Front and the front 

formed far from shore along the continental shelf of South America (Campagna et al. 1998). 

Marine fronts also occur nearer to shore. For example, fronts occur east and north of the Valdés 

Peninsula, creating distinct bodies of water in the San Matías Gulf (Figure 1.4) (Pisoni et al. 

2015). Other fronts occur to the south, including from the southern edge of the San Jorge Gulf. 

While all of these fronts are characterised by elevated biological productivity, the precise 

species and community dynamics differ (Acha et al. 2004). For example, Valdés Peninsula 

coastal front (Figure 1.4) hosts large numbers of anchovy, hake and squid, while the San Jorge 

Gulf coastal front is specifically abundant in hake. The continental shelf front that the elephant 

seals of Campagna et al. (1998) focused on is notable for the abundance of squid.  

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0924796303001271
https://www.sciencedirect.com/science/article/pii/S1385110113002463?casa_token=gEoXL3eFuDYAAAAA:QD7nklk61cyMwdu2i8wN_PkESE3iZguX_VQD05WFkC53uhcguuOtRYVKMmpjQIa9-JK1VwVZsw#bb0225
https://sonoma-dspace.calstate.edu/handle/10211.1/1412
https://www.sciencedirect.com/science/article/pii/S0967064514000332
https://www.sciencedirect.com/science/article/pii/S0967064514000332
https://www.sciencedirect.com/science/article/pii/S0924796303001271
https://sonoma-dspace.calstate.edu/handle/10211.1/1412


31 

 

 

Figure 1.4. Marine fronts adjacent to the Valdés Peninsula defined by abrupt change in sea 

surface temperature. Reproduced from Pisoni et al. (2015). VP = Valdés Peninsula, NG = Golfo 

Nuevo, SJG = Golfo San Jorge, SMG = Golfo San Matias, VF = Valdés Front. 

 

 

The changes in temperature, precipitation and sedimentation (including freshwater runoff from 

the melting of glaciers), as well as the reshaping of the Argentine coastline, would have 

dramatically altered the strength and position of marine fronts during the LGM and the 

subsequent Holocene transition (Berman et al. 2016). This in turn could have shifted the ranges 

of fish hunted by marine mammals and birds such as Otaria flavescens and Spheniscus 

magellanicus. 

 

Objectives and outline 

The central theme of this thesis is the role of ecological traits and dependencies in shaping 

populations’ responses to environmental change. To address these questions, I combine 

genetic and ecological information to infer and attempt to explain population structure and 

demographic history. These analyses initially focus on the South American sea lion (Otaria 

flavescens) and the Magellanic penguin (Spheniscus magellanicus), before widening to include 

a global range of pinniped and other populations.  

https://www.sciencedirect.com/science/article/pii/S0967064514000332
https://www.sciencedirect.com/science/article/pii/S0277379116303092
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In Chapter 2, I present the highest-resolution genetic data yet available for Otaria flavescens, 

including a SNP dataset and full mitochondrial genomes, and use them to investigate the 

relationships between individuals from geographically distinct colonies. The observed patterns 

are then interpreted in the context of previous evidence for sex differences in dispersal 

proclivity. Most notably, although previous studies have not detected geographic structure using 

a handful of nuclear microsatellite markers, I will test whether a large SNP dataset produced by 

ddRADseq is able to detect more subtle structure.  

 

In Chapter 3, I add ancient DNA samples to the modern genetic datasets from the Chapter 2 

and use them to improve inferences about the demographic histories of Otaria flavescens and 

Spheniscus magellanicus. To better understand possible influences on their histories, I also use 

the stable isotope composition of some of the same animals to test whether their species’ 

typical diet varies geographically or has varied over time, and whether change in diet has been 

related to past population growth or decline.  

 

In Chapter 4, I investigate on a larger taxonomic and geographic scale whether patterns of 

similarity and difference in demographic histories across populations and species can be 

informative about their ecology. I also test and what factors (e.g. taxonomy, geographic range, 

life history, diet) explain the composition of clusters of species that appear to have experienced 

similar demographic histories. Specifically I investigate whether and how species of penguin 

were affected by historical climate change around the LGM, whether breeding strategy has 

shaped the demographic histories of pinnipeds, and whether the demographic histories of 

silverside fish species have been shaped by their habitat or range. To enable these analyses, I 

also describe and test a new program for quantitatively comparing demographic histories 

inferred by the program Stairway Plot 2 from SNP datasets. 

 

In Chapter 5, I revisit the broad questions raised in this introduction in light of the results 

presented in the previous chapters. The results of Chapters 2 and 3 will enable me to describe 

an updated view of the modern population structure of O. flavescens and how it came to be that 

way through the combined influences of diet, climate, breeding strategy, and demographic 

change. Also based on the results of Chapter 3, I will describe the demographic history of S. 

magellanicus in relation to its dietary history and informed by ancient DNA calibration. Having 

reconstructed the demographic and isotopic (i.e. dietary) histories of these two distantly related 
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but ecologically similar and sympatric species, I will begin to address broader questions about 

the consistency and comparability of demographic histories across species, and the biological 

factors that influence them. These broader questions will be the focus of Chapter 4, which tests 

them quantitatively within species, within clades (pinnipeds, penguins), and between clades. 
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Chapter 2: Population structure of modern Otaria flavescens 

 

Introduction 

Background 

South American sea lions (Otaria flavescens) may be found almost anywhere off of the Atlantic 

coast of Argentina. Males have been known to undertake very long migrations to mate in 

breeding colonies hundreds of kilometres from their usual haul-out and foraging grounds 

(Giardino et al. 2016). Based on this continuous distribution of individuals and potential for long-

distance dispersal, one might expect that all Otaria flavescens in Argentina make up a single 

large population; perhaps with a gradual decline in migration rate between more distant 

colonies, but no hard boundaries. This is what has been found by most genetic research to date 

when considering markers inherited from both parents via the nuclear genome. As early as 

1999, Szapkievich et al. were unable to distinguish between Argentine and Uruguayan 

populations using allozymes. However, this could have been a matter of the capacity of the 

markers to display variation that could be used to statistically distinguish populations. Feijoo et 

al. returned to the question in 2011 using thirteen microsatellite markers and found no evidence 

of differentiation between regions within Argentina or between Argentina and the Falklands or 

Uruguay based on the fixation indices Fst and Φst. Using ten microsatellite loci and a much 

larger sample of 111 individuals, Oliveira et al. (2017) found similar results, with no statistically 

significant differentiation between Argentine and other Atlantic populations (including the 

Falklands and Uruguay), though differentiation from Pacific populations was well supported. 

 

The long-distance dalliance of males is in stark contrast to the philopatry, or birth-site fidelity, of 

female sea lions (Campagna et al. 2001). While the evidence so far points to an absence of 

overall population structure, based on the nuclear genomes of Otaria flavescens, mitochondrial 

DNA (mtDNA) markers that are almost exclusively inherited from the female parent do show 

differentiation between some populations in Argentina. The earliest reported mtDNA work in 

Atlantic Otaria flavescens was by Tunez et al. (2007), who found strong differentiation between 

Argentina and Uruguay, and within Argentina between the Patagonian provinces of Chubut or 

Santa Cruz and Buenos Aires province, based on only three polymorphic sites in a 445-bp 

fragment of the cytochrome b gene. Subsequent work by Tunez et al. (2010) focused in to look 

for finer-scale genetic structure by using a more variable marker, a 508-bp fragment including 

https://link.springer.com/content/pdf/10.1016/j.mambio.2014.12.003.pdf
https://www.semanticscholar.org/paper/Genetic-relatedness-in-two-Southern-sea-lion-in-the-Szapkievich-Mudry/4f9473a3947e68f1ac739551ce97497a04bfb386
https://link.springer.com/article/10.1007/s00227-011-1697-4
https://link.springer.com/article/10.1007/s00227-011-1697-4
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442
https://www.cambridge.org/core/journals/journal-of-zoology/article/abs/movements-and-location-at-sea-of-south-american-sea-lions-otaria-flavescens/0FC6C7F30738AC1834A6A55A33F6B1CA
https://link.springer.com/article/10.1016/j.mambio.2006.08.002
https://link.springer.com/content/pdf/10.1007/s10709-010-9466-8.pdf
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the hypervariable D-loop region of the mitochondrial genome featuring 12 polymorphic sites 

across 49 individuals. This dataset exposed statistically significant differentiation between 

colonies from the Valdes Peninsula of northern Chubut and colonies in northern Santa Cruz, but 

not within those regions. Feijoo et al. (2011) also expanded on Tunez’ mitochondrial analysis 

with samples from additional colonies, and analysed their structure hierarchically, by region, 

rather than merely pairwise between colonies. Feijoo reported significant differentiation in the 

mitochondrial D-loop between the north and south sides of the Valdes Peninsula; they did not 

report tests for differentiation with the south Chubut-Santa Cruz region, grouping these colonies 

a priori based on demographic information compiled by Tunez et al. (2008) suggesting that they 

make up a single population based around focal colonies.  

 

If structure exists within the Argentine population of Otaria flavescens, it is most likely delineated 

by features of breeding behaviour or geography. According to Tunez et al.(2008), the 

localization of focal colonies is determined over a large geographic scale by the tidal range, with 

sea lions favouring beaches for breeding where the water line does not change too dramatically 

with the tides. This preference has led to relatively few breeding colonies being formed in 

southern Chubut and Santa Cruz; therefore, individuals sampled from diverse haul-outs and 

foraging grounds may come from a smaller set of breeding communities. A much larger number 

of breeding colonies are found in northern Chubut and Rio Negro, where the tidal range is 

smaller and fish are more abundant (Tunez et al. 2008).  

 

There are also ecological and behavioural differences between sea lions from different regions. 

For example, on a small geographic scale, sea lions foraging on the northern side of the Valdes 

Peninsula, in the Golfo San Matias, mainly fish prey out of the pelagic waters, whereas sea lions 

on the south side of the peninsula, foraging in the Golfo Nuevo, primarily feed on benthic 

animals (Jarma et al. 2019). Benthic prey have a lower lipid content than pelagic prey, and 

therefore have lower energetic value, requiring more individual prey to be caught, while also 

potentially requiring more energy due to the challenges of diving (Hückstädt et al. 2016). In 

modern times, Otaria colonies on the north side of the peninsula are growing more rapidly than 

those in the south, despite (or perhaps because of) greater anthropogenic disturbance, and this 

dietary difference is one plausible factor (Jarma et al. 2019). The difference in accessibility of 

pelagic versus benthic prey in these local water bodies is influenced by differences in key 

environmental variables, such as seafloor depth (bathymetry) and nutrient availability. They are 

https://link.springer.com/article/10.1007/s00227-011-1697-4
https://link.springer.com/article/10.1007/s10750-007-9150-x
https://link.springer.com/article/10.1007/s10750-007-9150-x
https://link.springer.com/article/10.1007/s10750-007-9150-x
https://www.sciencedirect.com/science/article/pii/S2352485518304468
https://journals.biologists.com/jeb/article/219/15/2320/15472/Regional-variability-in-diving-physiology-and
https://www.sciencedirect.com/science/article/pii/S2352485518304468
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also separated by marine fronts that concentrate smaller prey - and therefore sea lion foraging 

activity - in specific areas. 

 

Given these demographic and environmental mechanisms that might be expected to produce 

signatures of genetic structure in both sexes, the lack of evidence for it in past work involving 

nuclear DNA markers requires explanation. There are four main possibilities. First, gene flow 

mediated by males dispersing between the colony clusters identified by Tunez (2008) may 

simply be prevalent enough to overcome contemporary forces of differentiation (genetic drift or 

positive selection) and swamp any signature of historical differentiation. There are strong 

indications that this is at least partially true, between evidence of long-distance male dispersal 

and reproduction (e.g. Giardino et al. 2016) providing the mechanism and the contrasting results 

between strong differentiation in maternally inherited mtDNA markers yet very weak 

differentiation in nuclear (biparental) DNA markers, even between other countries in the South 

Atlantic, such as Uruguay and the Falkland Islands territory. This contrasts with the Magellanic 

penguins (Spheniscus magellanicus), who face similar ecological pressures and barriers, but 

have a different breeding system and life history. They also show weak genetic structure, but 

this structure is actually better supported by microsatellite markers (Bouzat et al. 2009; Dantas 

et al. 2018). This may be because Magellanic penguins do not have such sexually dimorphic 

breeding behaviour as sea lions, and so the greater statistical power of multi-locus microsatellite 

markers is decisive here, whereas it is overpowered by the effect of female-specific philopatry 

on mtDNA markers in Otaria. There is also less evidence of long-distance mating dispersal in 

these penguins; individuals roam far, and it is possible that some copulate before settling down 

with a permanent mate, but members of both sexes tend to return to their place of birth to settle 

and raise offspring year on year (Boersma 2008). 

 

Another explanation for the apparent lack of genetic structure in Argentine sea lions is that the 

populations have not been in the current regime for long enough to differentiate. Due to the 

lower mean sea level that prevailed from the LGM into the early Holocene, the coastline of 

Argentina was much farther out on the continental shelf and many of its modern contours, such 

as the Valdes Peninsula, along with its adjacent bays and their ecological differentiation, did not 

exist (Ponce et al. 2011; Figure 1.3). As a result, what we now see as semi-independent 

populations in the different regions could have been even more linked than they are today. The 

mitochondrial genome has an effective population size one quarter that of the nuclear genome, 

due to it being haploid and inherited from only one parent. As a result, differentiation would be 

https://link.springer.com/article/10.1007/s10750-007-9150-x
https://link.springer.com/content/pdf/10.1016/j.mambio.2014.12.003.pdf
https://academic.oup.com/auk/article/126/2/326/5148267?login=true
https://link.springer.com/article/10.1007/s10336-018-1538-z
https://link.springer.com/article/10.1007/s10336-018-1538-z
https://academic.oup.com/bioscience/article/58/7/597/236979
https://academic.oup.com/biolinnean/article/103/2/363/2452605?login=true
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expected to develop more rapidly if the populations are separated, due to stronger genetic drift 

in allele frequencies. This scenario may also apply to the Magellanic penguin, which are thought 

to have expanded their range into northern Patagonia relatively recently. However, multilocus 

markers, such as microsatellites, are expected to better record recent demographic and 

migratory history. This has been true for the Magellanic penguin, with only microsatellites 

providing evidence of recent differentiation between northern and southern Patagonia (Dantas 

et al. 2018), but as noted, microsatellites have so far not revealed any finer-scale differentiation 

in O. flavescens. 

 

There may also simply not be enough genetic variation in the population(s) to discern the 

shallow level of genetic structure that does exist. Our understanding of the variability of the 

nuclear genome of Otaria flavescens is so far limited to a handful of microsatellite loci, between 

studies by Feijoo et al. (2011) and Oliveira et al. (2017). The levels of allelic richness and 

heterozygosity they reported for these markers, which did not show evidence of genetic 

structure, were not unusual (Garner et al. 2005; Hoffman et al. 2009; Pinsky and Palumbi 2013). 

Similarly, mitochondrial nucleotide diversity reported at the cytochrome b gene (Tunez et al. 

2007) and the mitochondrial D-loop (Feijoo et al. 2011: π=0.014; Oliveria et al. 2017: π=0.010) 

have been within the typical range for a mammal (Santamaria et al. 2007; Nabholz et al. 2008) 

and geographic genetic structure has been detectable with these markers.  

 

A final possibility is that evidence of population structure in the nuclear genome has eluded 

previous studies not because of an innate lack of variation in the markers used, but because the 

number of markers has been insufficient. The number of alleles determines the number of 

different genotypes that can be distinguished at a single locus, and the use of multiple 

independent loci allows genotypes to be defined combinatorially, exponentially increasing the 

number of possible genotypes that can be resolved (Sunde et al. 2020). More importantly, 

multiple loci should represent independent outcomes of genetic drift, which is the random 

process expected to be chiefly responsible for allowing allele frequencies to diverge between 

populations with limited gene flow. Single loci are more susceptible to chance events that could 

produce misleading pictures of the relatedness between populations. For example, due to 

incomplete lineage sorting, the mitochondrial genome of the European bison (Bison bonasus) 

implies that the species is most closely related to cattle, despite the overwhelming majority of 

gene trees putting it closer to the bison and yak (Wang et al. 2018).  

 

https://link.springer.com/article/10.1007/s10336-018-1538-z
https://link.springer.com/article/10.1007/s10336-018-1538-z
https://link.springer.com/article/10.1007/s00227-011-1697-4
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442
https://conbio.onlinelibrary.wiley.com/doi/full/10.1111/j.1523-1739.2005.00105.x?casa_token=X8rMItODz54AAAAA%3Av_-MS4T7-RTID3F39Natv2CJk7h4oLowHkFyqo1Z1NFT-c8X6xa7YrjFFq3lDm6aLv3TsaFkIo3LDrmq
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-294X.2009.04246.x?casa_token=MMt1W6s8UJcAAAAA%3ApoXFdZnN3a11RoAlb_GnCHTHB9YGDXqQTeUIr0ikt9EEJCjPG-KmH-3s4EDBT_4n4z_Q9j0SMGrNPEC-
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.12509?casa_token=_VEo2dJYqAIAAAAA%3A4OQhRGd5RWUliZhM6x05lzcWlJfOZpZiSsCFr5_tqCRGTUCD5kq1PGvgefwP9S99O3DS01LT-U26bNB_
https://link.springer.com/article/10.1016/j.mambio.2006.08.002
https://link.springer.com/article/10.1016/j.mambio.2006.08.002
https://link.springer.com/article/10.1007/s00227-011-1697-4
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442
https://www.degruyter.com/document/doi/10.1515/BC.2007.121/html
https://academic.oup.com/genetics/article/178/1/351/6062289?login=true
https://www.frontiersin.org/articles/10.3389/fgene.2020.00218/full
https://www.nature.com/articles/s42003-018-0176-6
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The characterization of a dozen or so microsatellite loci between Feijoo et al. (2011) and 

Oliveira et al. (2017), with each locus featuring multiple alleles, was a great advancement over 

the sole reliance on mtDNA. However next-generation sequencing technologies now allow for 

thousands of loci to be analysed. One method that is especially efficient for studies focusing on 

population structure and demography in non-model species is RADseq, or restriction site-

associated DNA sequencing. This method uses restriction enzymes to cut the genome at 

homologous sites across many individuals of the same species. Fragments within a certain size 

range can then be concentrated and sequenced, yielding a catalogue of loci from across the 

genome without the need for a high-quality, species-specific reference genome to map them to 

(Davey and Blaxter 2011; Peterson et al. 2012). Studies bringing RADseq datasets to bear on 

species where prior work has been done with microsatellites have commonly reported finer 

levels of population structure than had previously been detected (though this could be affected 

by publication bias) (McKinney et al. 2017). For example, Hodel et al. (2017) found that RADseq 

datasets resolved a biogeographic margin that was not apparent in microsatellites from the 

same samples. Jeffries et al. (2016) found that a RADseq data set of 13,189 single-nucleotide 

polymorphisms (SNPs) supported roughly the same population structure for Crucian carp 

(Carassius carassius) as 13 microsatellite loci, but the RADseq dataset facilitated assignment 

individuals to their correct population with greater confidence, despite being based on less than 

20% as many individuals as microsatellite dataset. Similarly, from a direct comparison between 

RADseq and microsatellite datasets containing the same samples, Bohling et al. (2019) 

reported that RADseq more confidently consistently assigned samples to while also providing 

finer estimates of the amount of admixture between populations. This owes to the fact that 

SNPs may be fixed for one of their two alleles in certain populations, allowing admixed 

individuals to be identified from their heterozygous genotypes at many such loci. Fixation of a 

single allele is less common with microsatellites, as one of their strengths is the generation of 

many alleles.  

 

Objectives 

Aiming to better understand the nature of population structure of Otaria flavescens within 

Argentina and the reasons why it has not been evident in nuclear genetic data thus far, I 

analysed 2,497 SNPs from across the nuclear genomes of 49 individuals. These samples were 

concentrated in northern Patagonia, but extend into southern Santa Cruz. This dataset was 

used to characterise the degree of genetic variability present in the nuclear genomes of 

https://link.springer.com/article/10.1007/s00227-011-1697-4
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442
https://academic.oup.com/bfg/article/9/5-6/416/182576
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0037135
https://onlinelibrary.wiley.com/doi/full/10.1111/1755-0998.12649?casa_token=qaNc5pUPe9sAAAAA%3As4GU6HP8wvmvFX3v4MxAK0dRahUDdo4PAY97XispZwuLlC6uU94lHjoxQOlDFpGrmXFGn-gt-YOv0I-g
https://www.nature.com/articles/s41598-017-16810-7
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.13613?casa_token=hBq06MNNcIwAAAAA%3AK6OtJAMJ3apzAIuULWZyZuVGDC9Kuh7FmpM5nd5Q6X3OmEFdKBAoxS0oPAW12ANlXepmhjPcXpC4GKhs
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Argentine Otaria and test for genetic structure and natural selection. I hypothesized that some 

level of population structure would be found in the nuclear genome, owing to the far greater 

power afforded by ddRADseq data compared to microsatellites. 

 

 

This chapter also describes innovation in the use of mitochondrial DNA markers for this species. 

Whole mitochondrial genomes of 53 individuals were sequenced to obtain a much larger 

number of segregating sites than were available with previous analyses using only cytochrome 

b or the mitochondrial control region. These mitogenome sequences were also combined with 

control region sequences from additional samples, both novel and previously published, to 

obtain a new alignment that retains a large number of segregating sites while maximizing 

geographic coverage and number of individuals. The novel samples from this study include a 

large number from Rio Negro - specifically the northern shore of the Golfo San Matias - which 

had been largely absent from previous studies. I hypothesized that the mitochondrial control 

region will exhibit significant population structure and that this will persist when looking at full 

mitogenomes, which may also reveal finer levels of structure by more finely distinguishing 

individuals. 

 

Materials and Methods 

Data generation 

Sample preparation 

A total of 132 modern samples from Otaria flavescens were processed for population genetics 

analysis. The vast majority of these (125) were obtained via skin biopsy, while the remaining 7 

were bone. To prepare samples for DNA purification, tissue was minced using surgical scissors 

and approximately 30 mg was then digested for three hours at 55 °C in proprietary TL 

(digestion) buffer and added proteinase K, according to the recommended protocol of the EZNA 

Tissue DNA kit (Omega Bio-Tek). Bone samples were cut into small (~1 mm3) pieces with a 

Dremel manual drill, and these pieces were pulverized into a fine powder using ball bearings in 

a steel capsule, vibrated at high speed as part of a Mixer Mill MM 200 system. Approximately 30 

mg of bone powder was then dissolved overnight at 55 °C, in 400 μl of solution composed of 

50% TL buffer and 50% 0.5 M EDTA (final concentration 0.25 M EDTA), plus 25 μl of proteinase 

https://uk.vwr.com/store/product/2103912/e-z-n-a-tissue-dna-kit
https://uk.vwr.com/store/product/2103912/e-z-n-a-tissue-dna-kit
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K. Following the digestion step, DNA from tissue and bone samples was extracted and purified 

using silica binding columns according to the manufacturer’s instructions. 

 

Mitogenome sequencing 

Seventy-five modern Otaria flavescens samples were selected for sequencing of the full 

mitochondrial genome. Illumina libraries were prepared closely following the BEST protocol 

(Carøe et al. 2017; Mak et al. 2017), which is optimised for degraded DNA. For samples with a 

borderline low DNA concentration, the input sample volume was increased from the 

recommendation of 32 μl to achieve as close to 500 ng DNA as possible. First, genomic DNA 

was sonicated to fragment it into pieces of 200-600 bp and an initial end-repair step was 

performed on all samples to give them blunt ends for adapter ligation. Then, Illumina barcode 

(P5) and index (P7) adapters were ligated and libraries were amplified, quantified, and cleaned 

of excess adapters and other reagents using a size-selection protocol with magnetic beads.  

 

A hybridisation capture approach was selected to make downstream high-throughput 

sequencing as cost-effective as possible by maximizing the proportion of reads mapping to the 

mitogenome. This was especially important for archaeological samples (to be discussed in 

chapter 4), which could contain large amounts of microbial contamination, resulting in inefficient 

sequencing of endogenous DNA. Hybridisation capture is based on the strong affinity of biotin 

for streptavidin. Biotin can be attached to a DNA probe with a custom sequence and hybridised 

with complementary “target” DNA. Streptavidin-coated magnetic beads can then be added to 

the solution, to which only DNA molecules which have hybridised with a “bait” probe will bind. 

The mixture can then be separated by applying a polarised magnetic field, allowing non-target 

molecules to be preferentially removed in the supernatant while target molecules remain bound 

to the beads via their hybridised biotinylated probes. Subsequently, the bound DNA can be 

released back into solution, yielding a sample enriched in target molecules. 

 

The mitochondrial reference genomes of Otaria flavescens (accession NC049152; Tian et al. 

2019) and Arctocephalus australis (accession NC063561; Tian et al. 2021) were used as 

templates for probe tiling design by masking an especially repetitive stretch of the mitochondrial 

control region (D-loop/origin of replication) known from related species (Hoelzel et al. 1993, 

1994). These masked reference sequences were sent to Arbor Biosciences, who returned a 

custom version of their MyBaits® (Arbor Biosciences) kit containing a set of custom probes 

https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/2041-210X.12871
https://academic.oup.com/gigascience/article/6/8/gix049/3888813?login=true
https://www.tandfonline.com/doi/full/10.1080/23802359.2019.1617051
https://www.tandfonline.com/doi/full/10.1080/23802359.2019.1617051
https://link.springer.com/article/10.1134/S1022795421050124
https://www.sciencedirect.com/science/article/pii/0959437X9390010M
https://link.springer.com/article/10.1007/BF00163807
https://arborbiosci.com/genomics/targeted-sequencing/mybaits/
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designed to tile across Otariid mitochondrial genomes. All libraries were processed according to 

the manufacturer’s instructions for degraded samples, including extended hybridization time (48 

hours). The resulting enriched libraries were again amplified by PCR and quantified by qPCR. 

At this stage, eleven libraries displaying the lowest concentrations were discarded. Finally, 64 

libraries - each bearing uniquely identifying adapter sequences - were pooled in approximately 

equimolar concentrations and sequenced on a single lane of an Illumina HiSeq 2500 shared 

with samples from another project. 

 

The resulting reads were demultiplexed and cleaned using the process_shortreads command in 

Stacks (version 2.2). This command was set to discard reads with any uncalled bases or 

average phred quality scores of less than 20, or trim sections of reads where the quality score 

drops below 20 within a sliding window of 30% of the read’s total length. This typically leads to 

trimming at the 3’ end of reads, where quality tends to decline. Forward and reverse read pairs 

were then mapped to the indexed Otaria flavescens mitogenome reference sequence using the 

‘mem’ command in BWA (version 0.7.12), with default settings. Samtools (version 1.2) was 

used to filter out reads with a MAPQ, or mapping score, of less than 20, and produce a sorted 

.bam file for further analyses. MAPQ is a metric of how specifically a read aligns to its inferred 

position on the reference relative to alternative alignments, and a MAPQ of >20 means that 

there is a <1% chance that the read is mapped to the wrong position. Potential duplicate reads 

were then removed using the ‘MarkDuplicates’ command of Picard (version 1.141). Eleven 

assemblies with less than 90% reference coverage were excluded from further analyses, as 

inclusion of these additional samples was not thought to be worth the loss of informative sites 

from the mitogenome alignment. Although a multi-sequence alignment covering less than 90% 

of the mitogenome would still have been very useful, the combination of them would have 

rapidly reduced the coverage of the final alignment because each was missing coverage in 

different areas of the mitogenome.  

 

Site-specific genotype probabilities were estimated using bcftools (version 1.13) ‘mpileup’ into 

bcftools ‘call’ for each site represented in the reference mitogenome. A Python script by Ortiz 

(2019) was then used to convert these genotype calls into a consensus sequence alignment 

limited to sites called in 100% of these 53 high-quality assemblies, resulting in an alignment of 

14554 bp (Appendix A). The assemblies were also analysed in Geneious v6.1.8, where 

significant heteroplasmy (multiple mitochondrial genotypes in the same individual) or 

propagation of PCR errors was ruled out based on the fact that at every called site across all 

https://github.com/edgardomortiz/vcf2phylip/blob/master/README.md
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samples a single base was represented in >50% of reads; that is to say, the 50% consensus 

sequences lacked any ambiguous base calls. 

 

Mitochondrial D-loop sequencing 

An additional 18 modern Otaria flavescens samples were sequenced in the D-loop only. These 

were all samples from the south of Chubut province, which had uniformly yielded low DNA 

concentrations. For this procedure, primers needed to be designed with the objectives of 

amplifying a sequence that would overlap with several previously published datasets (Tunez et 

al. 2010; Artico et al. 2010; Feijoo et al. 2011) and obtaining a high density of variable sites. 

Density of variable sites was especially important here due to the constraint of needing to 

amplify degraded DNA from archaeological samples with the same primers, which would likely 

be highly fragmented, resulting in exponentially fewer molecules containing both primer binding 

sites as the length of the target region increases. Ultimately, a set of four primers was selected. 

Primers F1 (AATCCCACCACCAACACCC)/R3 (ACAAGGGTTGCTGGTTTCTC) were used to 

amplify a 300-bp fragment of the D-loop. Successful amplification of the target fragment size 

was verified by gel electrophoresis. Excess primer was removed using ExoSap Express-IT. The 

cleaned amplicons were then sequenced using Sanger technology. The resulting 

electropherograms were analysed in Geneious and aligned with sequenced mitogenomes to 

validate base calls and determine consensus sequences (Appendix A). 

 

Published datasets 

These mitochondrial D-loop sequences were supplemented with overlapping sequences 

published in two prior studies. Forty-nine sequences came from Tunez et al. (2010): 19 from 

northern Chubut (Valdes Peninsula), 20 from southern Chubut, and 10 from northern Santa 

Cruz. Fifteen sequences were taken from Feijoo 2011: 11 from northern Chubut and 4 from 

southern Santa Cruz. A subset of 145 overlapping base pairs (within the 300-bp fragment 

described above) was selected to contain as many variable sites as possible while being 

present in the published datasets and being sequenced to a good quality in all individuals novel 

to this study, including ancient samples which will be discussed in the next chapter (Chapter 4). 

The resulting alignment comprised a total of 141 sequences from modern Otaria flavescens 

(Appendix A). 
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Nuclear genome sequencing 

Double digest restriction-site associated DNA sequencing (ddRADseq) was also performed to 

complement the single locus of the maternally inherited mitochondrial genome with numerous 

independent loci from the biparental nuclear genome. ddRADseq uses a pair of endonucleases 

to cleave the genome at numerous sites that are mostly homologous among members of the 

same species, allowing for a fraction of the genome to be sequenced at the same sites across 

many individuals, facilitating population genetics analysis in species without reference genomes 

at a lower cost than whole-genome sequencing. For application to Otaria flavescens, the 

endonucleases MspI and HindIII were selected. This pair of enzymes is good for SNP discovery 

as it is expected to cut the genome into a larger number of fragments for sequencing than many 

alternative pairs, with the trade-off of obtaining lower read depth per fragment (Jiang et al. 

2016).  

 

Sixty-four modern tissue samples were selected for ddRAD sequencing following the ddRADseq 

protocol described by Peterson et al. (2012). This number was selected based on the number of 

barcode combinations available and to achieve decent coverage per individual within a single 

Illumina HiSeq 2500 lane. The template DNA of each sample was digested by MspI and HindIII 

simultaneously. Then, Illumina barcodes were ligated to the ends of the digested fragments and 

samples with different barcodes were pooled. Each pool was size-selected using a Pippin Prep 

machine to select fragments of approximately between 250 and 400 bp long (mean 325 bp), to 

obtain a reduced pool of fragments that would be shared among individual samples. Each 

selected pooled library was divided into triplicates to reduce the impact of PCR duplicates, then 

amplified using pool-specific index primers, leaving each sample with a unique combination of 

barcode and index. Next, the libraries were quantified by both qPCR and TapeStation (Agilent), 

and all pooled in approximately equimolar concentrations for sequencing on a single lane of an 

Illumina HiSeq 2500. 

 

The resulting reads were demultiplexed using the ‘process_radtags’ command of Stacks v2.2. 

The settings were the same as those previously described for the mitogenome reads using 

‘process_shortreads’ (i.e. minimum average phred quality score of 20 across the whole read or 

in any 30% sliding window), except that the ddRADseq reads were also truncated to a uniform 

length of 110 bp for downstream applications. Samples with less than 500,000 reads retained at 

this stage were excluded. The reads were then mapped to the reference genome of Otaria 

flavescens (accession CNP0000758; Yuan et al. 2021) using the ‘mem’ command of BWA 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4983294/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4983294/
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0037135
https://www.agilent.com/en/product/automated-electrophoresis/tapestation-systems/tapestation-dna-screentape-reagents
https://www.pnas.org/doi/abs/10.1073/pnas.2106080118#data-availability
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v0.7.12. Variant sites were then called using Stacks’ ref_map.pl. Each site was required to be 

present in at least 70% of individuals in every pre-defined population to be included in the 

overall SNP catalogue. Only the first SNP encountered per locus was included in the final 

catalogue to avoid close physical linkage. 

 

Data analysis 

Geographic structuring 

Samples were grouped by region, reflecting an initial hypothesis of structure. Defined regions 

included Rio Negro (RN), North Peninsula Valdes (NPV), South Peninsula Valdes (SPV), North 

Santa Cruz (NSC), South Santa Cruz (SSC), and Tierra del Fuego (TdF) (Figure 2.1). Some 

regions were combined a priori to compensate for weaknesses in geographic coverage of each 

genetic dataset. For the mitochondrial analyses, North Santa Cruz, South Santa Cruz, and a 

small number of samples from the southern end of Chubut province (within the Golfo San Jorge) 

were analysed together as Santa Cruz (SC) because of low numbers of whole-mitogenome 

sequences available from each of these regions compared to the others, which would otherwise 

lead to inaccurate and imprecise estimates of regional haplotype frequencies. Pooling of 

samples from these regions also follows one of the most recent papers to address genetic 

population structure within Argentina (Feijoo et al. 2011). For the ddRADseq analyses, samples 

from southern Chubut were not available, however the division between North Santa Cruz 

(NSC) and South Santa Cruz (SSC) was kept. ddRADseq data from the Valdes Peninsula was 

also relatively sparse in comparison with other regions, and so North Peninsula Valdes and 

South Peninsula Valdes were treated together as North Chubut (NCh). Only a few samples 

were sequenced from Tierra del Fuego, and so these will be considered exclusively in the next 

chapter, alongside additional archaeological samples from the same region. Final sample sizes 

per region or site are shown in Figure 2.2. All samples and datasets they were included in are 

detailed in Appendix A. 
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Figure 2.1. Identification of geographic groupings of samples and their abbreviations. RN=Rio 

Negro, NCh=North Chubut. North Chubut comprises North Peninsula Valdes (NPV) and South 

Peninsula Valdes (SPV). The water body, Golfo San Matias, is located between RN and NPV. 

North Santa Cruz (NSC) comprises the northern part of Santa Cruz province (including specific 

haulout sites at Monte Loayza and Isla Pinguino), as well as the southern end of the Chubut 

province. NSC contains the water body Golfo San Jorge. Santa Cruz (SC) combines NSC with a 

southern population at Cerro Bayo (SSC). Modern samples from Tierra del Fuego (TdF) were 

scarce and were not analysed quantitatively in this chapter. 
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Figure 2.2. Geographic distribution of modern Otaria flavescens samples considered in this 

study that are included in the 145-bp mtDNA alignment (A), 409-bp mtDNA alignment (B), full 

mitogenome alignment (C), or the final RADseq dataset (D).  
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mtDNA analyses 

Three mitochondrial DNA alignments were built for population structure analyses. First, a full 

mitogenome alignment, optimizing for the largest total sequence length (53 individuals x 14554 

bp). The amount of variability present in the full-length mitogenomes allowed for very few 

shared haplotypes, and so a second version of this alignment was constructed by clustering 

similar haplotypes into ten haplogroups based on principal components analysis (PCA) guided 

by a Bayesian information criterion and using each haplogroup’s consensus sequence in the 

alignment. Third, a short D-loop alignment was constructed including all available samples (141 

individuals x 145 bp), including the sequences published by Tunez 2010 and Feijoo 2011. A 

fourth alignment struck a balance between D-loop sequence length and sample size (84 

individuals x 409 bp), also including published sequences.  

 

Arlequin was used to calculate regional and global summary statistics for genetic diversity 

(Excoffier and Lischer 2010). Fixation indices based on differences in haplotype frequencies 

(Fst) and their degree of similarity (Φst) were calculated between all pairs of regions, using 

10,000 permutations to test statistical significance. The program SAMOVA2 (spatial analysis of 

molecular variance; Dupanloup et al. 2002) was used to search for the best-supported higher-

level groupings of regional and/or local populations, which were tested for statistical significance 

by performing analyses of molecular variance (AMOVA) in Arlequin. A median-joining network 

was also generated in Popart to help visualise the phylogeographic relationships among 

mitochondrial haplotypes (Leigh and Bryant 2015). 

 

Nuclear SNP analyses 

Variable call format (VCF) files generated by Stacks following variant-calling on the ddRADseq 

data were filtered using VCFtools to remove individuals containing missing genotype calls at 

>50% of variable sites, then sites missing genotype calls in >5% of individuals, and finally, sites 

where the minor allele was observed only once (i.e. as heterozygous in a single individual).  

 

Diversity statistics were calculated and visualised using the SambaR package in R (de Jong et 

al. 2021). Fixation indices (Φst) were calculated in Arlequin as described for the mtDNA 

alignments above (Excoffier and Lischer 2010). Discriminant analysis of principal components 

(DAPC) implemented in the R package Adegenet (Jombart and Ahmed 2011) was also used to 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1755-0998.2010.02847.x?casa_token=KATdv9z_bIIAAAAA%3Axlk6PJhtyVXHn9yS5aJzgu8c-8wPKyn_8K9tWyp4KjDYuEbcm-PGN8j37WaLOb7aTP4rrxg6UyctXvI0
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-294X.2002.01650.x?casa_token=PRUTY3I2i_4AAAAA%3AxlTcN4bsbjTb1iO0fgmOsZkypJxSo06fVOHgcVSm5f7Ra8W3vCIhtLRD4mgkHd08yyrMmdZe_Ur5hnkJ
https://asset-pdf.scinapse.io/prod/1946252112/1946252112.pdf
https://onlinelibrary.wiley.com/doi/full/10.1111/1755-0998.13339
https://onlinelibrary.wiley.com/doi/full/10.1111/1755-0998.13339
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1755-0998.2010.02847.x?casa_token=KATdv9z_bIIAAAAA%3Axlk6PJhtyVXHn9yS5aJzgu8c-8wPKyn_8K9tWyp4KjDYuEbcm-PGN8j37WaLOb7aTP4rrxg6UyctXvI0
https://academic.oup.com/bioinformatics/article/27/21/3070/218892?login=false
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test for structure in the genetic data by identifying the most parsimonious number of clusters (K). 

DAPC combines principal components analysis (PCA) to identify clusters of individuals within 

the data, with discriminant analysis (DA) to identify combinations of characters (in this case, 

segregating nucleotide sites) that most clearly differentiate those clusters (Jombart et al. 2010). 

The find.clusters() function was run using the maximum number of principal components and 

the optimal number of clusters (K) was selected as that at which the value of the Bayesian 

information criterion (BIC) reached a minimum plateau. A DAPC analysis was then performed 

on these clusters after selecting the most parsimonious and stable number of principal 

components to use to separate the clusters without overfitting (using a-score optimization). The 

resulting genetic clusters were compared with a priori expectations based on geography. DAPC 

was also used to evaluate the support of the data for the a priori geographic relationships based 

on the amount of data (number of principal components) required to discriminate the pre-

defined clusters.  

 

Further analyses of population structure could be applied to the nuclear SNP dataset thanks to it 

being composed of numerous independently segregating loci. First, the snmf function of the R 

package LEA was used to complement DAPC, implementing a STRUCTURE-like approach to 

detect genetic structure and admixed individuals through Bayesian clustering (Frichot and 

Francois 2015). In LEA, K was tested over a range of 2-6 with up to 10,000 iterations, tolerance 

set to 1e-10, and alpha set to 10. The tolerance parameter defines how stable the result of the 

optimization algorithm must be across iterations before the optimization procedure is halted. 

The parameter alpha is a regularization parameter that is intended to control over-fitting. Ten is 

the default value, with smaller values leading to a more generally accurate but less precise 

model, and vice versa for larger values (Frichot et al. 2014). A minimum plateau of the cross-

entropy criterion signalled the optimal value of K. The program STRUCTURE was also used to 

round out this selection of tools for detecting population structure and for direct comparability 

with previous studies (Pritchard et al. 2000). STRUCTURE was run with a burn-in of 5,000, 

followed by 10 replicates of the MCMC chain. K values 1 to 4 were tested, and the optimal K 

was identified as the one where the estimated likelihood of the data plateaued. 

 

PCAdapt (Prive et al. 2020) was used to scan for evidence of positive selection. In contrast to 

most tools for detecting selection, such as OutFLANK and Bayescan, PCAdapt does not require 

populations to be pre-defined. Instead, PCAdapt uses principal components analysis (PCA) to 

identify clusters in the data, similar to the first stage of DAPC. The essence of PCA is to 

https://bmcgenomdata.biomedcentral.com/articles/10.1186/1471-2156-11-94
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/2041-210X.12382
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/2041-210X.12382
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3982712/
https://academic.oup.com/genetics/article/155/2/945/6048111
https://academic.oup.com/mbe/article/37/7/2153/5826356?login=false
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summarise the underlying structure of a dataset with few variables (components). Most neutral 

loci, those whose frequencies are determined entirely by chance and demographic processes, 

would be expected to follow the trends represented by the principal components. PCAdapt 

identifies outlier loci potentially under selection as those whose SNP frequencies are not well 

predicted by the selected principal components (i.e. display a large error when regressed 

against the components). As a result of this flexibility, the results of PCAdapt are not seriously 

compromised by the presence of admixed individuals or misidentification of populations, such 

as might occur when biogeographic structure is shallow (Luu et al. 2016). PCAdapt was 

ultimately run with K=2 and potential outlier SNPs were identified using the using the Bonferroni 

correction method.  

 

Results 

Sequence data quality control 

Mitogenome filtering and assembly 

A total of 172,225,412 reads were obtained bearing the assigned barcodes of the 64 Otaria 

flavescens mitogenome libraries, of which 99% passed filters. After read mapping, a median of 

1655x mean coverage was achieved across all libraries, with a minimum of 0.7x. Forty-six 

assemblies had 100% coverage of the reference sequence by at least one high-quality base 

call, while fifty-four assemblies had >90% reference coverage. Eight assemblies had a 

reference coverage of 90-99%, and the median of mean coverage among them was 17x with a 

minimum of 8x. Individuals missing genotype calls at >10% of sites and sites that were uncalled 

in any of the remaining individuals were filtered out. One additional individual (CB10, P509-

N711) that passed this filter was nevertheless excluded as an outlier, as it exhibited many 

nucleotide variants not found in any other sample. These variants appeared to be genuine, but 

were not parsimony-informative and had the potential to obscure population structure. At the 

conclusion of these filtering steps, a consensus sequence alignment was obtained containing 

14554 bp each from 53 individuals (Appendix A).  

 

Mitochondrial D-loop dataset 

Eighteen additional modern Otaria samples were successfully sequenced over the 300-bp D-

loop fragment defined by the primers. These sequences were trimmed and integrated with the 

https://onlinelibrary.wiley.com/doi/full/10.1111/1755-0998.12592?saml_referrer
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145-bp alignment made up of fragments from other mitogenome sequences and published 

alignments (Appendix A). 

 

ddRADseq filtering, assembly, and SNP calling 

A total of 307,316,720 reads were obtained across 64 libraries, a median of 3,713,674 reads per 

sample. Of these, 188,206,808 (63%) reads were retained after filtering for quality and radtag 

presence, leaving a median of 1,945,232 per sample. On the basis of low read count, 13 

samples were excluded, leaving 51. Seventy-four percent of reads mapped with a MAPQ score 

>20; the remainder were filtered out. This left a final total of 145,721,886 high-quality mapped 

reads, with a median of 1,770,581 per sample. These allowed for an average effective per-

sample coverage of 12.4x across 859,468 loci identified by Stacks. After initial filtering in 

Stacks, 44,575 loci composed of 10,534,779 sites were retained, including 14,514 variable sites 

genotyped in all regional populations. Further filtering for population structure analyses 

(maximum proportion missing data per individual = 0.5, maximum proportion missing data per 

locus = 0.05, minimum minor allele count = 2) resulted in a dataset containing 49 individuals 

and 2,497 biallelic SNPs. These individuals were split over four geographic populations: 10 from 

North Chubut (primarily the Valdes Peninsula), 10 from northern Santa Cruz, 23 from Rio 

Negro, and 6 from southern Santa Cruz (Appendix A).  

 

Nuclear genome diversity 

The greatest total genetic diversity was found in the northern (RN) population, and the least was 

found in the southern (SSC) population (Figure 2.3). However, this was driven by the larger 

number of individuals sampled in RN. For an equally small sample size, slightly fewer 

segregating sites were identified in the RN population than in the other three populations (Figure 

2.4). The rarefaction curve of SNP discovery suggests that none of the regional populations 

were exhaustively represented, but the number of sites shows signs of stabilizing in RN. The 

ratio between the number of segregating sites (Waterson’s theta) and nucleotide diversity 

indicates that there is consistently an excess of rare alleles, resulting in a negative value of 

Tajima’s D in every population (RN: D=-0.21; NCh: D=-0.20; NSC: D=-0.19; SSC: D=-0.19) 

(Figure 2.5).  
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Figure 2.3. Left: The proportion of all sequenced sites that were found to be segregating in 

each population. Right: The proportion of all sequenced sites that were genotyped as 

heterozygous, on average, per individual, in each population.  

 

Figure 2.4. The total number of sites found to be segregating in each population, as a function 

of the number of individuals genotyped.  
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Figure 2.5. The ratio between nucleotide diversity and Watterson’s theta for each population.  

Nucleotide diversity refers to the frequency of differences (in this case, considering only 

segregating sites) between randomly drawn pairs of samples. Watterson’s theta is an estimator 

of the number of segregating sites. A low ratio of nucleotide diversity to the number of 

segregating sites indicates an excess of rare alleles. 

 

Mitochondrial diversity 

Only 154 variable sites were identified across the 14554-bp mitogenome alignments of 53 

individuals, leading to a mean nucleotide diversity (π) of 22.215 differences between any pair of 

individuals on average, or 1.53e-3 per site. The D-loop alignment of 141 individuals was only 

0.1% as long (145 bp), but contained 16.2% as many (25) variable sites, leading to 2.415 

average pairwise differences between individuals (π) or 1.67e-2 per site (Figure 2.6). The ratio 

between π and the number of variable sites is much closer between the two alignments, with a 

higher value in the mitogenome (0.144) compared to the D-loop alignment (0.097). This is 

probably because the number of variable sites found would be expected to scale with both the 

number of individuals and the number of sites sequenced. However, adding individuals has 

strong diminishing returns for variant discovery; although the D-loop alignment includes 2.57x 

as many individuals as the mitogenome alignment, alleles found uniquely in this sample set and 

not in the 53-individual mitogenome sample set would have to occur at a frequency of less than 

2%, limiting their contribution to nucleotide diversity. 
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Figure 2.6. Overview of the distribution of variable sites across the mitochondrial genome. 

Gene annotations are shown at the top. The density of variable sites is greatest in the D-loop 

region (far right). 

 

Nuclear population structure 

Evidence of genetic structure in this nuclear SNP dataset was first assessed by DAPC in the R 

package Adegenet, using the find.clusters() function to identify the most parsimonious number 

of clusters in the data, without any a priori population assignments, based on a Bayesian 

information criterion (BIC). This returned an optimal K of 1, indicating little correlation among 

SNPs in their presence or absence across individuals. This test was repeated on variations of 

the dataset with filtering strategies, all yielding qualitatively the same result (Figure 2.7). Forcing 

the program to separate individuals into four clusters resulted in very imbalanced clusters, which 

had no correlation to the samples’ geographical origin (Figure 2.8). Finally, DAPC was used to 

test whether the data supported the pre-defined geographic structure of the samples. Six 

principal components were selected, based on the a-score, as the optimum amount of 

information to use for discriminating these populations without overfitting. However, even with 
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prior assumptions about population structure, the analysis was unable to separate the clusters 

(Figure 2.9). 

 

 

 

Figure 2.7. Bayesian information criterion as a function of number of clusters (K) assumed for 

DAPC. The optimal value of K is that at which BIC is minimized or plateaus after an initial sharp 

decline. Here, BIC is minimized at K=1, suggesting a lack of discernible population structure. 

Qualitatively the same result was obtained for other levels of SNP filtering, both more and less 

stringent (not shown). 
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Figure 2.8. When forced to define multiple clusters (in this case, four clusters) despite its 

suboptimality according to the Bayesian information criterion, the resulting clusters identified by 

DAPC are not related to regional proximity, but rather defined by the distinctiveness of a few 

specific samples. Each of four columns represents a different cluster that samples (rows) were 

statistically assigned to. Sample origins are given on the left side. 
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Figure 2.9. When DAPC is run with the a-score-indicated optimum of 6 principle components 

(PCs), the a priori geographic clusters are not distinguished. The two axes of this plot reflect the 

two most significant discriminant analysis eigenvectors (the first two shaded columns in the 

bottom right inset). The bottom left inset shows the proportion of total variance accounted for by 

the top 6 PCs (shaded bars). Although the 6 only account for a small proportion of total variance 

(~10%), the a-score optimisation procedure identified that number as an optimal balance 

between under-fitting and over-fitting to the data. The relatively monotonic increase in variance 

that would be accounted for by additional PCs (the lighter bars) is also consistent with the lack 

of genetic structure.  

 

 

Similar results were returned by LEA. The program’s cross-entropy criterion indicated that a 

single ancestral population most parsimoniously explained the data (Figure 2.10). When the 

assumption of higher levels of structure was imposed, the resulting clustering of individuals did 

not reflect their geographic source (Figure 2.11).  
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Figure 2.10. Cross-entropy statistic from LEA used to determine the optimal number of clusters 

(K). As with DAPC, the test statistic is minimized at K=1, suggesting a lack of structure to the 

genetic variation. 

 

 

 

Figure 2.11. LEA result with K=3 selected. Most individuals are inferred to have significant 

ancestry from multiple clusters, and there is no correlation with the regional sources of the 

samples. 

 

 

The genetic significance of geographically-based sample groupings was also tested using F-

statistics in Arlequin. This analysis also returned no evidence of population structure, as Φst was 

extremely low and not statistically significant between samples from any pair of regions (Table 

2.1). An AMOVA testing a possible north-south division, with Rio Negro and North Chubut 
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grouped against North and South Santa Cruz, also returned a low and non-significant value of 

Fst (-0.00507, p=0.89). 

 

 

Table 2.1. Pairwise fixation indices between regional populations based on the ddRADseq 

dataset. Fst is shown above the diagonal and Φst below. RN=Rio Negro, NCh=North Chubut, 

NSC=North Santa Cruz, SSC=South Santa Cruz. 

 
RN NCh NSC SSC 

RN 
 

0.018 
(p=0.694) 

0.017 
(p=0.695) 

0.019 
(p=0.757) 

NCh 0.000 
(p=0.362) 

 
0.027 
(p=0.654) 

0.035 
(p=0.719) 

NSC -0.002 
(p=0.417) 

-0.003 
(p=0.499) 

 
0.033 
(p=0.719) 

SSC -0.012 
(p=0.928) 

-0.007 
(p=0.624) 

-0.008 
(p=0.672) 

 

 

 

Given the lack of genetic structure identified by these other methods, PCAdapt also did not 

identify distinct clusters of individuals (Figure 2.12). This afforded relatively little power to detect 

outlier SNPs. Thirty-five outliers were detected using the Bonferroni correction method. 

However, these were distributed relatively uniformly across the genome, suggesting that they do 

not represent hotspots of recent divergence or adaptation (Figure 2.13).  
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Figure 2.12. Left: Proportion of variance explained per additional principal component. The 

optimal number of PCs to retain should be the point at which the line stabilizes. Here, the line 

does not stabilize. The first PC accounts for a much greater share of variance than later PCs do 

individually, but collectively they still account for significant variance. Right: PCs 1 and 2 do not 

separate individuals into distinct clusters, whether linked to geography or not.  

 

 

Figure 2.13. Manhattan plots showing the location in the O. flavescens draft genome 

(accession CNP0000758; Yuan et al. 2021) scaffold of putative outlier SNPs (green) identified 

by the Bonferroni correction method. The blue and red horizontal lines represent 10% and 0.1% 

thresholds of expected false discovery rate, respectively. 

https://www.pnas.org/doi/abs/10.1073/pnas.2106080118#data-availability
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Mitochondrial population structure 

Initial exploratory analysis of mitochondrial population structure was carried out by generating 

haplotype networks to visualize the distribution of variation in the mitogenome (Figure 2.14) and 

D-loop (Figure 2.15) alignments.  

 

 

Figure 2.14. Median-joining network of mitogenome haplotypes. Samples are coloured by 

population assignment, with samples from South Santa Cruz (SSC) and Tierra del Fuego (TdF) 

pooled together (refer to Figure 2.1 for region definitions). Notably, at the scale of the whole 

mitogenome, most samples displayed unique haplotypes. 
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Figure 2.15. Median-joining network of mitochondrial D-loop haplotypes. Samples are coloured 

by population assignment, with samples from South Santa Cruz (SSC) and Tierra del Fuego 

(TdF) pooled together (refer to Figure 2.1 for region definitions). At the much smaller genetic 

scale of the mitochondrial D-loop, most haplotypes were shared, and arrayed around a single 

most common haplotype. 

 

 

Discriminant analysis of principal components was also applied to the mitochondrial alignments 

to assess haplotype clustering and see whether there was evidence of geographic structure in 

the evolutionary history of the haplotypes (i.e. whether closely related haplotypes are associated 

with the same regions. For both the mitogenome (Figure 2.16) and D-loop (Figure 2.17), three 

clusters were identified as optimal. These clusters corresponded to the haplotype networks of 

their respective datasets, but the geographic makeup of the clusters differed greatly between 

the datasets (Figure 2.18). In the case of the whole mitogenomes, two main clusters were 

identified that appeared to be evenly represented across samples with respect to latitude. The 

third cluster was much smaller, composed of four samples from the Valdes Peninsula and 

northern Santa Cruz. In the D-loop analysis, one main cluster was identified, including most 

samples from across the geographic range. However, the other two clusters appeared to have 

geographic associations: cluster 1 contained more samples from the middle of the range 
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(Chubut and northern Santa Cruz), while cluster 3 was primarily composed of samples from the 

northern and southern extremes (Rio Negro and southern Santa Cruz) (Figure 2.18). 

 

 

 

 

Figure 2.16. DAPC analysis of whole mitogenomes. Three clusters were identified as optimal 

based on BIC score (top left), and 6 principal components were identified as optimal based on 

a-score (top right). The two axes of the main plot reflect the two most significant discriminant 

analysis eigenvectors (the first two shaded columns in the bottom right inset), while the bottom 

left inset shows the proportion of total variance accounted for by the top 6 principal components 

(shaded bars).  
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Figure 2.17. DAPC analysis of mitochondrial D-loop sequences. Again 3 clusters were 

identified as optimal, based on an a-score optimised number of 4 principal components (bottom 

left inset). However, the sample makeup of these clusters was entirely different from those 

identified in the mitogenome analysis (Figure 2.16).  
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Figure 2.18. Assignment plots for 3 clusters identified by DAPC in the mitochondrial D-loop 

(left) and whole-mitogenome (right) datasets. The sample order is sorted by latitude, with 

samples from Rio Negro at the top and South Santa Cruz-Tierra del Fuego at the bottom. 

Clusters 1 and 3 of the D-loop set appear to disproportionately involve samples from the centre 

and extremes of the range, respectively. However, no geographic pattern is apparent in 

membership of the mitogenome clusters. 

 

 

Following the exploratory analyses with DAPC, population structure was formally assessed 

using F-statistics (Fst/Φst) and AMOVA. In general, pairwise Fst values were much higher and 

more often statistically significant than pairwise Φst values. Pairwise Φst was small and non-

significant for all populations based on the mitogenome dataset, while pairwise Fst was 

significant in all cases (Table 2.2). Fst was significant in all cases for the 145-bp D-loop dataset, 

and Φst was also significant between Rio Negro and South Peninsula Valdes and Santa Cruz 

(Table 2.3). The 409-bp D-loop alignment gave intermediate results, with Fst being significant in 

all cases and Φst being non-significant in all cases (but nearly significant for Rio Negro x Santa 

Cruz) (Table 2.4).  
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Table 2.2. Pairwise fixation indices between regional populations based on the mitogenome 

alignment with 10 haplogroups. Fst is shown above the diagonal and Φst below. RN = Rio Negro, 

NPV = North Peninsula Valdes, SPV = South Peninsula Valdes, SC = Santa Cruz. 

 
RN NPV SPV SC 

RN 
 

0.149 
(p<0.001) 

0.079 
(p<0.001) 

0.081 
(p<0.001) 

NPV -0.006 
(p=0.382) 

 
0.145 
(p<0.001) 

0.144 
(p<0.001) 

SPV 0.006 
(p=0.403) 

-0.041 
(p=0.562) 

 
0.075 
(p<0.001) 

SC -0.029 
(p=0.768) 

0.029 
(p=0.226) 

-0.035 
(p=0.403) 

 

 

 

Table 2.3. Pairwise fixation indices between regional populations based on the 145-bp 

mitochondrial D-loop alignment. Fst is shown above the diagonal and Φst below. RN = Rio Negro, 

NPV = North Peninsula Valdes, SPV = South Peninsula Valdes, SC = Santa Cruz. 

 
RN NPV SPV SC 

RN 
 

0.258 
(p<0.001) 

0.312 
(p<0.001) 

0.233 
(p<0.001) 

NPV 0.018 
(p=0.212) 

 
0.367 
(p<0.001) 

0.293 
(p<0.001) 

SPV 0.130 
(p=0.004) 

0.041 
(p=0.062) 

 
0.332 
(p<0.001) 

SC 0.087 
(p=0.014) 

0.020 
(p=0.132) 

0.022 
(p=0.087) 
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Table 2.4. Pairwise fixation indices between regional populations based on the 409-bp 

mitochondrial D-loop alignment. Fst is shown above the diagonal and Φst below. RN = Rio Negro, 

NPV = North Peninsula Valdes, SPV = South Peninsula Valdes, SC = Santa Cruz. 

 
RN NPV SPV SC 

RN 
 

0.086 
(p<0.001) 

0.084 
(p<0.001) 

0.081 
(p<0.001) 

NPV -0.168 
(p=0.656) 

 
0.075 
(p<0.001) 

0.072 
(p<0.001) 

SPV 0.021 
(p=0.229) 

-0.002 
(p=0.399) 

 
0.070 
(p<0.001) 

SC 0.026 
(p=0.160) 

0.006 
(p=0.307) 

0.002 
(p=0.379) 

 

 

 

 

The program SAMOVA was used to assess evidence for higher-level population structure (i.e. 

differentiation among regions) in the mitochondrial markers. SAMOVA operates by using a 

simulated annealing algorithm to locate the population structure hypothesis that yields the 

highest Fct value (measuring the proportion of genetic variation accounted for by membership in 

different population groupings) according to a Φst-based AMOVA implemented in Arlequin. The 

results showed that no higher-level grouping of the regional populations was statistically 

significant. Although not statistically significant, both D-loop alignments gave the most support 

for grouping geographically adjacent populations, while the mitogenome alignment supported 

grouping Rio Negro and South Chubut-Santa Cruz to the exclusion of the Valdes Peninsula 

(Table 2.5).  
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Table 2.5. SAMOVA assessments of super-regional population structure. The best-scoring 

structure is shown, along with its support values. RN = Rio Negro, NPV = North Peninsula 

Valdes, SPV = South Peninsula Valdes, SC = Santa Cruz. 

 
K=2 K=3 

Mitogenome 
(RN + SC) x (NPV + SPV)  
Fct=0.030; p=0.315 

(RN + SC) x NPV x SPV 
Fct=0.031; p=0.165 

409-bp D-loop 
(RN + NPV + SPV) x SC 
Fct=0.025; p=0.257 

(RN + NPV) x SPV x SC 
Fct=0.032; p=0.160 

145-bp D-loop 
RN x (NPV + SPV + SC) 
Fct=0.053; p=0.258 

(RN + NPV) x SPV x SC 
Fct=0.036; p=0.167 

 

Discussion 

A sequence alignment with a large number of segregating sites affords greater power to 

distinguish individuals or to more accurately group individuals, while a larger number of 

individuals allows for population-specific allele frequencies to be estimated more accurately and 

precisely. These virtues must inevitably be traded off against one another, by sequencing a 

greater number of individuals or a larger amount of their genomes. In the present study, there is 

a tension between utilizing the power of full mitogenome sequences to distinguish individuals 

and using the many published sequences that are available for O. flavescens, supplemented by 

novel sequences, to achieve better geographic representation. The full mitogenomes almost 

over-distinguished individuals, with few instances of complete haplotypes being shared by 

multiple individuals. This made direct estimation of Fst impossible, so similar haplotypes were 

clustered into families, or haplogroups, and mitogenome Fst was calculated based on 

differences in the frequencies of these haplogroups across regions. With this correction, the 

mtDNA analyses confirmed previous findings of geographic structure in matrilineages, finding 

significantly different alleles frequencies (Fst) between all regional pairs. This result was 

consistent regardless of which mtDNA alignment was used, ranging from 145 sites represented 

across 141 individuals to 14554 sites represented across 53 individuals.  
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Despite far greater power to recognise geographic differences than nuclear (microsatellite) 

markers used by previous studies (Feijoo et al. 2011; Oliveira et al. 2017), the ddRADseq 

analyses presented here still do not reveal any geographic structuring of nuclear genomic 

variation. Although consisting of a large number of SNPs and broad geographic representation, 

the dataset is far from exhaustive, as indicated by the rarefaction curves of new SNP discovery 

per individual added (Figure 2.4), which continue to increase approximately linearly at the 

sample sizes available for central-southern Patagonian populations (NCh, NSC, SSC) and only 

begin to level off in the northern-most population (RN), at twice the sample size. However, rare 

alleles are also necessarily less likely to diagnose major divisions among populations. The most 

parsimonious explanation at this point, considering the consistency of this result across studies, 

is that there is indeed no meaningful geographic structure to be found in the variation of the 

nuclear genome writ large.  

 

The main explanation for geographic structure in mtDNA but not nuclear markers is based on 

female philopatry, the tendency of females to return to the place they were born during each 

mating season (Tunez et al. 2010; Feijoo et al. 2011). In contrast, male Otaria typically haul out 

near their feeding grounds and mate with local females. This may result in long-distance nuclear 

gene flow being common while introgression of maternally transmitted mtDNA haplotypes from 

other regions remains rare. Female philopatry and male-biased dispersal has been observed in 

O. flavescens (e.g. Oliveira et al. 2017) and is reasonably common across pinniped species 

(e.g. Mirounga leonina, Fabiana et al. 2003; Arctocephalus galapagoensis, Lopes et al. 2015). 

Grandi et al. (2018) have suggested that female O. flavescens do move between adjacent 

colonies within range of key foraging sites, with regional-scale philopatry being related to 

familiarity with ideal foraging grounds that will allow them to reliably sustain themselves and 

their pups during the breeding season.  

 

Historical population dynamics could also contribute to explaining why the nuclear genome does 

not show geographic structure while the mitochondrial genome does. Structure would develop 

over time, as regional populations differentiate. The effective population size of the 

mitochondrial genome is approximately half that of the nuclear genome, since only females 

pass on their mtDNA. While this would mean that the mitochondrial genome should evolve half 

as quickly as the nuclear genome, it is outweighed by the fact that the mitochondrial mutation 

rate of vertebrates is on average ~20x faster than the nuclear mutation rate (Allio et al. 2017). 

Moreover, the strength and rate of genetic drift, which is generally the most common force 

http://www.eleseal.org/papers/sci_03.pdf
https://link.springer.com/article/10.1007/s10592-015-0725-1
https://www.researchgate.net/profile/Rocio-Loizaga/publication/321776836_Is_recolonization_pattern_related_to_female_philopatry_An_insight_into_a_colonially_breeding_mammal/links/5a56224f45851547b1beecbb/Is-recolonization-pattern-related-to-female-philopatry-An-insight-into-a-colonially-breeding-mammal.pdf
https://academic.oup.com/mbe/article/34/11/2762/3976052
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behind allele frequency divergence, is inversely proportional to effective population size. 

Therefore, if regional differentiation has begun only recently (on an evolutionary timescale), we 

would expect to see mtDNA divergence sooner than divergence in the nuclear genome.  

 

Shallow differentiation 

The sequencing of full mitogenomes afforded far greater power to discriminate individual 

haplotypes and count the nucleotide differences between them, allowing for the calculation of 

Φst. This revealed that while the frequencies of specific haplogroups differ between regions, the 

most common haplotypes in each region are not especially closely related. Therefore, Fst is 

significant while Φst is not, because population identity does not explain much of the absolute 

genetic distance between individuals even if it does predict which precise haplotypes they are 

likely to carry. There were not extended haplotype families associated with particular Argentine 

regions, in contrast to the level of differentiation that has been found for Atlantic versus Pacific 

lineages (Oliveira et al. 2017). Mutation, which is required for the generation of families of 

similar haplotypes from single ancestral haplotypes, typically occurs over a longer period than is 

required for genetic drift, which would be the process responsible for regional differentiation in 

the frequencies of shared haplogroups. This is consistent with the idea that regional matrilineal 

differentiation has developed relatively recently within a historically mixed population (i.e. the 

Atlantic lineage). 

 

The nuclear SNP data actually display a similar pattern despite no indication of regional 

structure. They include an excess of low-frequency SNPs (low nucleotide diversity despite a 

high number of segregating sites, i.e. negative Tajima’s D; Tajima 1989). Rare alleles are most 

likely to have been derived relatively recently, and a negative Tajima’s D is normally interpreted 

as reflecting geologically recent population expansion. The demographic history of O. 

flavescens will be investigated in more detail in the next chapter. 

 

A possible environmental mechanism for bringing about reduced connectivity between regional 

populations of O. flavescens was the large-scale crenulation of the coastline of Argentina, the 

formation of distinct gulfs and proximal foraging grounds associated with marine fronts. These 

changes began after the LGM and stabilized around the beginning of the Holocene after 

thousands of years of post-glacial sea level rise (Ponce et al. 2011). During the LGM and for 

several thousand years after, the coastline was likely a sprawling coastal plain that would have 

https://academic.oup.com/genetics/article/123/3/585/5998755
https://academic.oup.com/biolinnean/article/103/2/363/2452605
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been more homogeneous in characteristics like tidal width and rockiness (substrate type), 

factors which in modern times contribute to the heterogeneous distribution of O. flavescens 

colonies (Tunez et al. 2008). The Golfo San Jorge is thought to have formed ~15 kya, while the 

gulfs surrounding the Valdes Peninsula (San Matías, San José and Golfo Nuevo formed ~12 

kya (Ponce et al. 2011). These gulfs are associated with different marine fronts (Acha et al. 

2004; Pisoni et al. 2015) – ideal foraging grounds – and, as we have seen, they now define 

regional populations that exhibit partial mtDNA differentiation.  
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https://www.sciencedirect.com/science/article/pii/S0924796303001271
https://www.sciencedirect.com/science/article/pii/S0924796303001271
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Chapter 3: Environmental influences and demographic 

history of Otaria flavescens and Spheniscus magellanicus 

 

Introduction 

Populations of the same species have some degree of demographic dependence, given an 

ongoing exchange of migrants and their genes (e.g. White et al. 2011). This means that growth or 

decline in one population is likely to be either mirrored or contrasted in other populations. One of 

the main practical applications of understanding population structure, as discussed in the 

previous chapter, is to recognise partially differentiated groups that have the potential to 

respond differently to changes in their environment. At the extreme end of this are separate 

biological species, defined by a complete absence of gene flow and full demographic 

independence. However, even distantly related species also have the potential to respond 

similarly to environmental change in a shared environment. Individuals’ ecological traits 

determine aspects of the environment to which they and their population are vulnerable to 

change. For example, a population of dietary specialists is likely to decline when the species 

they feed on becomes more rare, and grow when their food source proliferates. This means that 

predators are also dependent on the environmental conditions and resources required by their 

prey.  

 

The main species of interest in this chapter are the South American sea lion (Otaria flavescens) 

and the Magellanic penguin (Spheniscus magellanicus). These species coexist along the 

Atlantic coast of Patagonia, foraging in the same waters and breeding on the same beaches 

(Hernández-Orts et al. 2017). Sea lions and penguins both take prey from the ocean along the 

coast of Patagonia. Marine conditions, such as depth, temperature and overall biological 

productivity, vary along the length of this coastline. The width of the continental shelf also 

differs, determining how far individuals must travel to reach certain prey. Both species are 

capable of travelling great distances on foraging trips (e.g. >500 km in S. magellanicus; Kochi et 

al. 2018), potentially allowing them to access preferred prey species that do not occur near their 

home colony.  

 

https://www.nature.com/articles/hdy2010108
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0183809
https://www.sciencedirect.com/science/article/pii/S2352409X16305442
https://www.sciencedirect.com/science/article/pii/S2352409X16305442
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Diet 

The diet of wild animals can be studied through direct observation of their foraging behaviour or 

through analysis of their stomach or scat contents. The dietary history of an individual can also 

be reconstructed through analysis of the stable isotope composition of their tissues, including 

bone (Ben-David and Flaherty 2012). Nitrogen isotope composition (δ15N) is associated with 

trophic level, with the tissue of predators typically being enriched in δ15N relative to their prey. 

However, δ15N values of a marine consumer can also be influenced by the distance from shore 

and depth at which they or their prey forage, because intertidal plants may assimilate nitrogen 

from terrestrial runoff, and there are differences between typical native marine and terrestrial 

nitrogen values (Sealy et al. 1987; Griffin and Valiela 2001). This difference can propagate up to 

higher trophic levels to also affect the δ15N composition of predators who feed on nearshore 

fish or molluscs, for example. Carbon isotope composition (δ13C) can also be affected by 

trophic level, but for marine vertebrates, differences in δ13C values are mainly thought to reflect 

differences in water depth and distance to shore at which they forage (e.g. Hückstädt et al. 

2007; Barros et al. 2010; Zenteno et al. 2015a; Szpak and Buckley 2020). Sulphur isotope 

composition (δ34S) is thought to be the most sensitive of these isotopes to distance from shore, 

because terrestrial sulphates have dramatically lower δ34S values than marine sources. 

However, because δ34S is specifically so strongly influenced by terrestrial/freshwater input to 

the marine ecosystem, it may be especially sensitive to local conditions along the shore (e.g. 

river interfaces), not simply proximity to shore (Gorski et al. 2015; MacAvoy et al. 2014). At the 

same time, δ34S is thought to be the least sensitive to variations in trophic level (Szpak and 

Buckley 2020). Measuring each of these isotopes can provide clues to overall diet composition 

and foraging behaviour (Ben-David and Flaherty 2012). 

 

O. flavescens diet 

The most consistent message from past research on the diet of Otaria flavescens is that 

individuals adapt their diet to what is available in their environment, with a preference for 

demersal-pelagic prey, including anchovy (Ergraulis anchoita), when available (Alonso et al. 

2000). Bustos et al. (2012, 2014) used fecal analysis to study the diet of sea lions in Rio Negro 

and its seasonal variability. They found that during the summer breeding season this population 

forage on fish, especially the eel Raneya brasiliensis, followed by cephalopods, with a lower 

amount and diversity of prey being consumed in the winter. 

 

https://academic.oup.com/jmammal/article/93/2/312/919457?login=true
https://www.sciencedirect.com/science/article/abs/pii/0016703787901517
https://www.int-res.com/abstracts/meps/v214/p299-305/
https://www.sciencedirect.com/science/article/pii/S0022098107001785
https://www.sciencedirect.com/science/article/pii/S0022098107001785
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1748-7692.2009.00315.x
https://link.springer.com/article/10.1007/s00227-014-2597-1
https://www.int-res.com/abstracts/meps/v653/p205-216/
http://cibas.cl/wp-content/uploads/sites/47/2018/04/1_Gorski_et_al_2015_dS_G_Maculatus.pdf
https://www.researchgate.net/profile/Stephen-Macavoy/publication/265297133_Sulfur_isotopes_show_importance_of_freshwater_primary_production_for_Florida_manatees/links/5afee708a6fdcc722af56057/Sulfur-isotopes-show-importance-of-freshwater-primary-production-for-Florida-manatees.pdf
https://www.int-res.com/abstracts/meps/v653/p205-216/
https://www.int-res.com/abstracts/meps/v653/p205-216/
https://academic.oup.com/jmammal/article/93/2/312/919457?login=true
https://ri.conicet.gov.ar/handle/11336/70210
https://ri.conicet.gov.ar/handle/11336/70210
https://www.scielo.br/j/isz/a/ZCPrCRZHW39VGWSgKYM8sRG/?lang=en
https://www.int-res.com/abstracts/ab/v20/n3/p235-243/
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In general, benthic prey (those living on the seafloor) are less densely aggregated than pelagic 

prey (those living in the water column), and as a result are less efficient targets for foraging. 

Benthic prey also physiologically have lower energetic value, due to having lower lipid content 

on average than pelagic prey (Hückstädt et al. 2016). Through analysis of the stomach contents 

of accidentally killed and stranded individuals, Alonso et al. (2000) found that females 

consumed a greater proportion of benthic prey than males, suggesting that females fed closer to 

shore in shallower waters. This is consistent with the findings of a GPS tracking study by 

Campagna et al. (2001), which showed that members of both sexes disperse widely, but 

lactating females took shorter trips on average that did not allow them to reach the edge of the 

continental shelf where pelagic prey would be more abundant. The tracking also showed that 

most female dives were “U-shaped”, meaning that they spent a significant amount of time 

moving horizontally along the seafloor, indicative of benthic feeding (Campagna et al. 2001). 

Based on a combination of their own stable isotope analysis and previous stomach content 

analyses, Zenteno et al. (2015a) described that males primarily ate demersal fish, with a shift 

towards more pelagic fish in Patagonia in recent decades, potentially as a reaction to the rise of 

bottom-trawling fisheries in the area, which has depleted some of their preferred prey. They also 

found that juvenile O. flavescens consume more pelagic prey than adults on average. 

 

Evidence of geographic differences in sea lion diet is mixed, and has been explicitly addressed 

by relatively few studies. For example, Alonso et al. (2000) did not find differences in stomach 

contents in a large-scale comparison between Rio Negro/north Chubut and south Chubut/north 

Santa Cruz. However, Jarma et al. (2019) found differences in diet on a much smaller scale 

between sea lions of the Golfo San Matias and the Golfo Nuevo on the north and south sides of 

the Valdes Peninsula, respectively. Based on stomach samples, they found that pelagic fish 

were central to the diet of sea lions in the Golfo San Matias, while those in the Golfo Nuevo ate 

more benthic prey. This is consistent with the higher overall productivity of the Golfo San Matias’ 

waters, but may be more directly related to the presence of human fishing boats that gather fish, 

making them more accessible to the sea lions. These waters have been fished by humans for 

thousands of years, but the scale has grown dramatically since industrialisation. Based on 

analysis of carbon and nitrogen isotopes, Baylis et al. (2016) found dietary differences between 

the West and East Falkland Islands among female sea lions. This, despite substantial individual 

variability in diets within colonies. They also found that a colony’s main foraging areas were not 

simply determined by geographic proximity, suggesting a role for individual preferences, 

perhaps informed by prior experience of foraging in different areas.  

https://journals.biologists.com/jeb/article/219/15/2320/15472/Regional-variability-in-diving-physiology-and
https://ri.conicet.gov.ar/bitstream/handle/11336/70210/CONICET_Digital_Nro.9785519d-eb35-4738-b50c-38accd23d2fd_A.pdf?sequence=2&isAllowed=y
https://www.cambridge.org/core/journals/journal-of-zoology/article/abs/movements-and-location-at-sea-of-south-american-sea-lions-otaria-flavescens/0FC6C7F30738AC1834A6A55A33F6B1CA
https://www.cambridge.org/core/journals/journal-of-zoology/article/abs/movements-and-location-at-sea-of-south-american-sea-lions-otaria-flavescens/0FC6C7F30738AC1834A6A55A33F6B1CA
https://link.springer.com/article/10.1007/s00227-014-2597-1
https://ri.conicet.gov.ar/handle/11336/70210
https://www.sciencedirect.com/science/article/pii/S2352485518304468
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0157394
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S. magellanicus diet 

The diet of Magellanic penguins in northern Patagonia appears to be dominated by anchovy 

(Yorio et al. 2017; Castillo et al. 2019). They even follow the anchovy north to Uruguay and 

Brazil during the winter, between breeding periods (Marques et al. 2018). Juveniles also eat 

anchovies, but also eat a much larger share of cephalopods (e.g. Doryteuthis sanpaulensis) 

(Marques et al. 2018).  

 

Areas with high competition among penguins or between penguins and human fisheries exhibit 

lower average individual consumption of anchovies (Ramirez et al. 2014). For example, when 

anchovies are hard to find, juveniles and females may shift focus to other prey (Castillo et al. 

2019). Yorio et al. (2017) found that anchovies were the most important prey for penguins in the 

Golfo San Jorge, based on stomach content and stable isotope analysis. However, older chicks, 

arguably weak competitors, were the only group to have a different main item, shortfin squid 

(Illex argentinus). Forero et al. (2002) determined based on carbon and nitrogen isotopes that 

chicks who were being provisioned by parents ate more anchovies than adults, and that 

anchovy proportion in diet was predictive of chick body condition. Independent yearlings, on the 

other hand, ate less anchovy than adults. It is not clear how large of a role competition plays in 

these age and sex differences. Females and juveniles are both smaller than males on average, 

which could make them less competent competitors. However, they may also have dietary 

needs and different behaviours or diving capabilities. It may simply be a matter of smaller and/or 

less experienced individuals being less competent at catching their preferred prey. 

 

While anchovies form the bulk of the penguin diet in northern Patagonia, Scolaro et al. (1999) 

found that Magellanic penguins from farther south (Santa Cruz) ate little anchovy, but instead 

had a more diverse diet including silverside fish (Odontesthes smitti), squid and other fish. 

Notably, these were all fish that are also commercially hunted by humans. In the far south, 

Tierra del Fuego, Magellanic penguins mainly consumed sprat, lobster and squid, with adults 

eating more lobster while juveniles ate more sprat (Scioscia et al. 2014; Dodino et al. 2020). 

Similarly, Otley et al. (2004) found squid to be the main food of chicks in the Falkland Islands.  

 

https://www.tandfonline.com/doi/abs/10.1080/17451000.2016.1273529
https://onlinelibrary.wiley.com/doi/full/10.1111/aec.12706
https://www.sciencedirect.com/science/article/pii/S027277141730817X
https://www.sciencedirect.com/science/article/pii/S027277141730817X
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES13-00297.1
https://onlinelibrary.wiley.com/doi/full/10.1111/aec.12706
https://onlinelibrary.wiley.com/doi/full/10.1111/aec.12706
https://www.tandfonline.com/doi/abs/10.1080/17451000.2016.1273529
https://www.int-res.com/abstracts/meps/v234/p289-299/
https://www.jstor.org/stable/1521999
https://link.springer.com/article/10.1007/s00300-014-1532-8
https://www.int-res.com/abstracts/meps/v655/p215-225/
https://bioone.org/journals/Waterbirds/volume-27/issue-4/1524-4695(2004)027%5B0396:AOTBBO%5D2.0.CO;2/Aspects-of-the-Breeding-Biology-of-the-Magellanic-Penguin-in/10.1675/1524-4695(2004)027%5B0396:AOTBBO%5D2.0.CO;2.short
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Interspecific dietary overlap 

Overall, previous studies suggest that Otaria flavescens and Spheniscus magellanicus have 

overlapping trophic niches (e.g. both consume pelagic fish), but they are not identical. 

Throughout Patagonia, O. flavescens consume far more benthic prey than penguins. In 

contrast, penguins seem to be somewhat more specialised on anchovy or other pelagic fish.  

 

South American sea lions and Magellanic penguins also co-occur with other potential 

competitors. Magellanic and gentoo penguins (Pygoscelis papua) coexist in Tierra del Fuego, 

where gentoos focus on diving for benthic prey while Magellanics prioritise pelagic or other 

opportunistically acquired prey, similar to the relationship that seems to exist with sea lions 

(Sabrina et al. 2020). In sympatric Uruguayan populations, breeding females of O. flavescens 

and the fur seal Acrocephalus australis have largely distinct trophic niches, with sea lions mainly 

foraging in the intertidal zone nearer to shore while fur seals forage in the water column farther 

from shore (Franco-Trecu et al. 2012).  

 

Life history and behaviour 

Life history traits are also potentially important mediators of demographic history. They affect 

the rate at which a species adapts to changing circumstances (demographically or 

evolutionarily), shape habitat preferences (breeding site requirements), and influence which 

environmental variables species are sensitive to.  

 

Females belonging to species that follow a “capital” breeding strategy, such as Southern 

elephant seals (Mirounga leonina), accumulate most of the energy they will use for sustaining 

themselves and their offspring until the offspring is weaned in their bodies prior to giving birth. 

Therefore, proximity to optimal foraging areas does not need to be an important factor in 

selection of the site where they will actually nurse their pup(s). In species that follow an 

“income” breeding strategy, which includes both O. flavescens and S. magellanicus, breeding 

sites need to be as close as possible to good foraging grounds because a juvenile’s survival 

and fitness depends on their mother’s ability to efficiently provide food for both of them during 

the nursing period. This strategy also means that the availability of prey during the breeding 

season is especially important for setting offspring up for healthy lives. For example, Soto et al. 

(2004) reported that interannual variation in pup recruitment in Peruvian O. flavescens was 

strongly correlated with anchovy biomass during the summer breeding season, which was in 

https://link.springer.com/article/10.1007/s00227-020-03722-w
https://academic.oup.com/jmammal/article/93/2/514/924264?login=true
https://zslpublications.onlinelibrary.wiley.com/doi/pdfdirect/10.1017/S0952836904005965
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turn related to the El Niño climatic oscillation. Intuition and modelling suggests that populations 

of income breeders are generally more sensitive to short-term (e.g. seasonal) disturbance than 

populations of capital breeders, since capital breeders can accumulate and retain resources for 

breeding (i.e. body mass) over a longer period of time (Jonsson et al. 1997; Simmons et al. 

2010; McHuron et al. 2016; Holser et al. 2021).  

 

Otaria life history and behaviour 

Mating system, the process by which individuals find and select mates, also influences genetic 

diversity (i.e. Ne) and adaptive potential by determining what proportion of the population 

actually contributes to the genetic makeup to the next generation. Otaria generally practice a 

polygynous mating system, in which males may mate with multiple females and defend them as 

a “resource” against rival males. To do this, males strive to defend beach territories where they 

can guard their harem, while other males (typically younger) who have failed to claim territory of 

their own occasionally form groups and raid beaches to seize individual females (Campagna 

and Le Boeuf 1988; Soto and Trites 2011; Franco-Trecu et al. 2015). The intensity of 

territoriality and polygyny appears to be flexible to environmental conditions, with at least one 

population of Otaria flavescens, in Peru, having a lek-like breeding system, emphasizing female 

choice in mates (Soto and Trites 2011). This is thought to have come about locally, in part due 

to a warm climate driving females to require more access to the ocean than they need in the 

cooler climate of modern Patagonia, where tidal pools or limited shoreline access are usually 

sufficient to keep females content in a male’s territory, where the females can be prevented 

from coming into contact with competing males, ultimately limiting the role of female choice in 

mate selection.  

 

While male sea lions are largely occupied with territorial defence during the breeding season, 

females continue to make journeys out to sea to forage in order to sustain themselves and their 

pup. Sea lion pup mortality is strongly affected by fluctuations in prey availability, such as those 

that result from El Nino events on the Pacific coast (Soto et al. 2004; Oliveira et al. 2012). 

Variation in the frequency or intensity of extreme weather events in the past or present, due to 

climate change, might especially impact juvenile survival rate (Sepúlveda et al. 2020), which 

could have secondary effects on population size and growth rate, as well as generation time if 

disproportionate reduction in juvenile survival were to push the population’s age structure and 

median age higher. Pups are also threatened by predation (e.g. by orcas: Vila et al. 2008) and 

https://www.jstor.org/stable/pdf/3545800.pdf
https://www.int-res.com/articles/esr2010/10/n010p233.pdf
https://www.int-res.com/articles/esr2010/10/n010p233.pdf
https://users.soe.ucsc.edu/~msmangel/McHuron%20et%20al%202016%20MEE.pdf
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2021.1258
https://www.jstor.org/stable/4534669
https://www.jstor.org/stable/4534669
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1748-7692.2010.00405.x?casa_token=ykpuE79OhnwAAAAA%3Ac8TyvxHZGDoF6Wy0wELsCiZ1icP6zjln42DvoSs3SRRqobuTIrWL5p5l8OhOzmHlo9PY9TTivkQurzkE
https://link.springer.com/article/10.1007/s00265-015-2010-1
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1748-7692.2010.00405.x?casa_token=xjs3muiB96QAAAAA%3ARJd9jcgd56rAR9ysC_iHQiag-23g97HrcgL3iXdi-bmjKVUsTFCzPBB4--hwqNuWuem0f9_M7e7JiWNk
https://www.cambridge.org/core/journals/journal-of-zoology/article/abs/effects-of-prey-availability-on-pup-mortality-and-the-timing-of-birth-of-south-american-sea-lions-otaria-flavescens-in-peru/711C59F32B95FB68E996F0817A07C009
https://www.cambridge.org/core/journals/journal-of-the-marine-biological-association-of-the-united-kingdom/article/abs/effective-population-size-for-south-american-sea-lions-along-the-peruvian-coast-the-survivors-of-the-strongest-el-nino-event-in-history/3DE4A470EFE400D41B1786E5B146593D
https://www.nature.com/articles/s41598-020-69124-6#auth-M_-Sep_lveda
https://d1wqtxts1xzle7.cloudfront.net/44688864/South_American_Sea_Lions_Otaria_flavesc20160413-5724-nkbzd-with-cover-page-v2.pdf?Expires=1663877968&Signature=BXt8YvVamMxkJ3r-6OeScdcrPV-R29J6FI~797iLvVZKkKHq9V1zNX9Vo3qX-01KE0hSge27uAnF05nJ19buVCoiKTT1I2ckUn~TJn4uV8yt4YO5uU1048ch2FbkQkJBkkZqmO63hH5sWCdsUjMPwQjuOguLRsPlqLhGquDhUswdMOXQ48YEwGhY9u386SO7g8O0rPViti4Pgm41uUPRHSu6ZBAHAyz5Hl8bjjrW6hHDAWdxAcTJ2MMW2a1MlNkdFm8o~3rRxFgCSWET17cEpeYjDAfiF3-KOB4UNBbR5Kl6kfHzm3~WKg~ziMYL3nu6wIPNH6-v3Eo554MKpXf1LA__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA


77 

 

infanticide (Campagna et al. 1988; Cassini 1998). Individual females and pups receive less 

harassment from males in large breeding groups, with males spending more time simply 

corralling and securing their harem of females against other males (Cappozzo et al. 2008).  

 

Outside of the breeding season, males and females both hunt for food in open waters, but 

females generally return each breeding season to the same area where they were born, while 

males are much less loyal to place, prioritising areas where they are most likely to be able to 

defend a territory (Giardino et al. 2016). Early arrival could give them an advantage in this 

regard, and so, many males may end up breeding at beaches near the preferred feeding 

grounds.  

 

Spheniscus life history and behaviour 

In contrast to sea lions’ polygynous breeding system, social monogamy is common among 

Spheniscus magellanicus, with pairs of penguins cooperating to raise chicks year after year. 

Despite social monogamy, extra-pair mating is also common (Marasco et al. 2020). All else 

being equal (e.g. excluding recent population bottlenecks), this more egalitarian breeding 

system should lead to Magellanic penguins having a higher genetic diversity (Ne) relative to their 

numbers (Nc) than sea lions, thanks to reproductive output being distributed more evenly across 

individuals. 

 

Penguin parents share the responsibilities associated with caring for their chicks. Barrionuevo et 

al. (2018) analysed a spectrum of factors that could plausibly affect hatchling growth and 

survival rate. They found that parents’ body condition was related to hatchling growth rate and 

survival, presumably reflecting the ability of the parent(s) to provide food. The nutritional quality 

of food provided was also highly predictive of chick growth and survival. As noted previously, 

benthic prey have a lower lipid content than pelagic prey on average, and therefore have lower 

energetic value, requiring more prey – in terms of count and bulk mass – to be caught, while 

also potentially requiring more energy due to the challenges of diving (Hückstädt et al. 2016).  

 

Across breeding seasons (as opposed to within breeding seasons or geographically), hatchling 

survival was also inversely related to chlorophyll-a concentration. Chlorophyll-a is a proxy of 

primary productivity near the ocean surface, but differences from one breeding season to the 

next may also reflect differences in weather, such as more severe weather leading to churned-

https://www.jstor.org/stable/4534718
https://brill.com/view/journals/beh/135/8/article-p1005_1.xml
http://link.springer.com/10.1007/s00114-008-0363-2
https://link.springer.com/content/pdf/10.1016/j.mambio.2014.12.003.pdf
https://link.springer.com/article/10.1007/s10336-019-01720-4
https://link.springer.com/article/10.1007/s00227-018-3358-3
https://journals.biologists.com/jeb/article/219/15/2320/15472/Regional-variability-in-diving-physiology-and
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up oceans leading to greater abundance of chlorophyll-bearing phytoplankton at the surface. 

Nest-flooding and hypothermia, which would be more likely during periods of severe weather, 

are important causes of chick mortality. Modern climate change is already affecting the 

Magellanic penguin through extreme weather events that have directly increased juvenile 

mortality (Boersma and Rebstock 2014). Juvenile mortality has also been increased indirectly 

by climate change, as parent penguins are required to travel increasing distances from their 

historic breeding colonies to find prey that are already shifting their range in response to 

climate-induced changes in the marine environment (Boersma and Rebstock 2009). If 

Magellanic penguins and South American sea lions are tracking the same prey, the sea lions 

may suffer similar effects.  

 

In contrast to the female philopatry and male dispersal that characterises Otaria flavescens, 

Magellanic penguins of both sexes are more-or-less equally philopatric. This leads to much 

greater consistency between their nuclear and mitochondrial DNA markers (Dantas et al. 2018). 

It could also imply that their colonies are more demographically independent, which could leave 

them with more distinct genetic signatures of past demographic change as well as leaving their 

colonies more vulnerable to local collapse. 

 

Environmental influences in Patagonia since the LGM  

During the last glacial maximum (LGM; ~18-22 kya), lowered global sea levels led to much of 

the Atlantic continental shelf of Argentina being exposed. During this period, the modern coastal 

front systems – hotspots of primary productivity over the continental shelf – would not have 

existed. Modern examples include the Peninsula Valdes tidal front and the Atlantic Patagonia 

cold estuarine front (Acha et al. 2004; Zangrando and Tivoli 2015). Other coastal fronts could 

have existed, but their existence is facilitated in modern times by the unusually broad 

continental shelf, which provides space for the development of distinct water bodies and diverse 

local conditions (Acha et al. 2004). On the other hand, for shoreline-dwelling species such as 

Otaria flavescens and Spheniscus magellanicus, this would have meant that their haul-out and 

breeding sites were closer to the edge of the continental shelf (the shelf break), which generally 

hosts even more productive fronts. For example, some modern O. flavescens and S. 

magellanicus make long foraging trips out towards the shelf edge (Campagna et al. 2001; 

Boersma et al. 2009). The net effect of these changes on penguin and sea lion populations is 

unclear, but would mainly depend on the resulting change in two factors. First, foraging journey 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0085602
https://www.int-res.com/articles/meps2008/375/m375p263.pdf
https://link.springer.com/article/10.1007/s10336-018-1538-z
https://www.sciencedirect.com/science/article/pii/S0924796303001271?casa_token=q922g1Opn04AAAAA:PDzfY4M5oBIU1HwaBQOVErQAB4UzzmmXhcl-dujSEL2ABAV0Xcglx04kRFdHRjzkfJxrFowbDQ
https://www.sciencedirect.com/science/article/pii/S104061821400915X
https://www.sciencedirect.com/science/article/pii/S0924796303001271?casa_token=q922g1Opn04AAAAA:PDzfY4M5oBIU1HwaBQOVErQAB4UzzmmXhcl-dujSEL2ABAV0Xcglx04kRFdHRjzkfJxrFowbDQ
https://zslpublications.onlinelibrary.wiley.com/doi/pdf/10.1017/S0952836901001285?casa_token=okg3kS0Ij88AAAAA:OKYZkEmbPH-TqRGprrrP_tftte0Tt0iAOv7nGl5HN8v8FwswQe5mgJcfBcv6uS7ktc5_eWd4aCuc2JUq
https://www.int-res.com/articles/meps2008/375/m375p263.pdf
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distance, as long journeys waste energy and keep parents away from offspring for longer, 

reducing their survival (e.g. Boersma and Rebstock 2014). Second, changes in forage quality, 

such as a shift towards even more benthic feeding (e.g. due to lower sea level), or less benthic 

and more pelagic feeding (e.g. due to closer proximity to the deep ocean waters of the shelf 

break). Implied by the question of how these two species would have responded to the 

minimum sea level during the LGM is also the question of how they would have responded to 

sea level rising again for ~6,000 years before a coastline approximating the modern one was 

reached in the early Holocene. 

 

Previous evidence on demographic history  

Otaria flavescens 

Existing evidence on the prehistoric demographic histories of O. flavescens and S. magellanicus 

has mainly come from population genetics work based on mtDNA markers. Tunez et al. (2007) 

sequenced the mitochondrial cytochrome b gene (445 bp) of 60 individuals of O. flavescens. 

They then used an estimated rate of sequence divergence of 2e-8 nucleotide substitutions per 

site per year (s/s/y) to estimate the timing of the common ancestor of all haplotypes currently 

circulating in the population. They estimated a divergence time of ~110 kya, and suggested that 

the Atlantic lineage of O. flavescens had undergone a bottleneck around that time that limited 

the diversity from which all extant haplotypes could have been derived. A major limitation of 

their study was that they only identified six distinct haplotypes in their cytochrome b alignment. 

Tunez et al. (2010) followed up on this work by sequencing the hypervariable D-loop region of 

the mtDNA, which revealed 10 haplotypes. This alignment was subject to mismatch distribution 

analysis, which can indicate whether a population has expanded in the geologically recent past 

based on the distribution of the frequency of genetic distances between pairs of haplotypes. 

Histograms of pairwise genetic difference for populations that have expanded from a bottleneck 

are expected to show a single peak at a number of pairwise differences corresponding to the 

amount of time (scaled by mutation rate) elapsed since the population began to expand. This is 

similar to the expectation of a star-shaped haplotype network, as the existence of a single 

common number of pairwise differences suggests that all haplotypes have been evolving 

independently for approximately the same amount of time, presumably from a single ancestral 

haplotype that became very common in the population due to genetic drift during a bottleneck. 

Tunez et al. (2010) did find such a peak. Using a mitochondrial mutation rate estimated for 

Steller sea lions (Eumetopias jubatus) of 2.745e-7 s/s/y (Phillips et al. 2009), they estimated that 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0085602
https://link.springer.com/article/10.1016/j.mambio.2006.08.002
https://link.springer.com/article/10.1007/s10709-010-9466-8
https://link.springer.com/article/10.1007/s10709-010-9466-8
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-294X.2009.04283.x
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the peak corresponded to ~64 kya, suggesting that the north-central Patagonian population of 

O. flavescens began to expand around that time. Feijoo et al. (2011) performed a nearly 

identical analysis, except with a larger and more geographically disparate population sample. 

Their mismatch distribution analysis suggested that the population expanded around ~23-27 

kya, but that this expansion was concentrated in north Patagonia.  

 

More recent work has taken advantage of the Skyline Plot family of methods for inferring 

demographic history (Oliveira et al. 2017). These methods use coalescent theory to model the 

genealogical branching pattern among sampled DNA sequences as a function of population 

size (Ho and Shapiro 2011). Many coalescence events (i.e. common ancestry events between 

sampled haplotypes) occurring within a small space of time suggests that the population was 

relatively small during that time, whereas coalescence events are expected to have occurred 

less frequently when a population was relatively large, and to occur at a consistent rate across 

the whole genealogy if the sampled population maintained a constant size (large or small) 

(Figure 3.1).  

 

Oliveira et al. (2017) used the Extended Bayesian Skyline Plot (EBSP) to reconstruct the history 

of O. flavescens from Argentina, southern Chile, and Peru based on 147 sequences of the 

mitochondrial D-loop. Their analysis indicated that all three regional populations of O. 

flavescens had grown dramatically, by two orders of magnitude, since ~10 kya. They found no 

evidence of population growth or decline within the prior ~40 kya. These results contrast sharply 

with those of Tunez and Feijoo. Oliveira et al. assumed a much slower mutation rate than Tunez 

et al. (2010) and Feijoo et al. (2011) had used, at 5.8e-8 s/s/y compared to 2.745e-7 s/s/y. This 

slower rate was based on a comparison by Dickerson et al. (2010) of northern fur seals 

(Callorhinus ursinus) against Steller sea lions and California sea lions (Zalophus californianus), 

using estimates of the divergence times between the species. In contrast, the faster rate 

reported by Phillips et al. (2009) for E. jubatus, and used by Tunez and Feijoo, was based on a 

survey of populations within the single species and homoplasy was controlled for by also 

sequencing a slower-evolving locus on the same mtDNA haplotypes. In general, rates based on 

interspecific divergence times are likely to underestimate the mutation rates that apply to the 

shorter timescales of population genetics because homoplasy (mutation of the same site) is 

more likely to occur over these timescales and be missed in the analysis (Hoffman et al. 2011). 

 

 

https://link.springer.com/article/10.1007/s00227-011-1697-4
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1755-0998.2011.02988.x
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442
https://link.springer.com/article/10.1007/s10709-010-9466-8
https://link.springer.com/article/10.1007/s00227-011-1697-4
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0010671
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-294X.2009.04283.x
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-294X.2011.05248.x
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Figure 3.1. Figure taken from Hecht et al. 2020. The frequency of inferred coalescent events 

with respect to time can be indicative of historical population sizes. In particular, populations that 

experienced a bottleneck during a given period (blue), and then recovered, are expected to 

show a higher density of branching events in their genealogy around the time of the bottleneck, 

and a lower density after the bottleneck as the population grew, relative to a population that 

remained at a constant size (orange) (Eriksson et al. 2010). 

 

 

The most recent work on O. flavescens demographic history has come from Peralta et al. 

(2021). They built on these prior studies by using the arguably more appropriate, faster mutation 

rate in conjunction with a large and geographically broad sample to supplement the dataset 

previously published by Tunez et al. (2010). Their BSP analysis showed no clear evidence of 

population growth or decline over the past million years, albeit very weak evidence for modest 

growth, specifically in the Patagonian population, sometime within the last 200,000 years. 

However, this analysis was based exclusively on modern samples, which would have provided 

less power to reveal past demographic change than if they had been able to use ancient DNA to 

more directly represent historical coalescences. This null finding is at odds with all prior work on 

the demographic history of O. flavescens, but is based on the most comprehensive dataset and 

arguably the most plausible set of assumptions that have been used in published studies. 

 

https://www.sciencedirect.com/science/article/pii/S1567134820302720?casa_token=8PHW-1cicZgAAAAA:MsTpQ5w94khf6irhL0bz3asn8aY7tRYm1Q0vf5dF4B2JbU2p2TKcqAhU9C-dkKxJz3Ec4awleA
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2954466/
https://academic.oup.com/biolinnean/article-abstract/134/1/11/6287631
https://link.springer.com/article/10.1007/s10709-010-9466-8
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Spheniscus magellanicus 

The literature on the prehistoric demography of S. magellanicus is much smaller than the 

literature on O. flavescens. Several studies have discussed the penguins’ modern demographic 

history, including the fact that new colonies have been founded farther north since the 1920s 

(e.g. Boersma 2008; Bouzat et al. 2009). However, only one study seems to have used 

population genetics to reconstruct the species’ demographic history. Dantas et al. (2018) 

applied EBSP analysis to a mitochondrial D-loop alignment of 210 individuals from the Beagle 

Channel in the far south to the Valdes Peninsula in northern Patagonia. They found strong 

evidence for historical population growth, which they estimated to have begun ~17.5 kya in 

parallel to the warming of the region and possible exposure of additional breeding sites along 

the coast. This time estimate was based on an assumed mutation rate of 8.6e-6 s/s/y, originally 

estimated for the same locus in Adélie penguins (Pygoscelis adeliae) by Millar et al. (2008). The 

methodology behind this mutation rate estimate was very good, utilising ancient DNA samples 

to follow change in a single population over thousands of years. However, this rate was derived 

for Adélie penguins, who are thought to have last shared a common ancestor with S. 

magellanicus ~20 million years ago (Vianna et al. 2020). 

 

Objectives 

In this chapter, I aim to update knowledge of the demographic histories of O. flavescens and S. 

magellanicus, drawing for the first time in the study of either species on ancient DNA samples to 

improve the accuracy of estimates of the timing of key demographic events by providing direct 

evidence of historical coalescence events and serving to calibrate estimates of mutation rate, 

which directly determines how far back in time a given coalescence event (and associated 

demographic change) is inferred to have taken place. For O. flavescens, I will also present the 

first demographic reconstruction based on nuclear genomic data, as opposed to mitochondrial 

data, potentially offering greater temporal resolution and a completely distinct line of evidence. 

These historical demographic trends and the population genetics they are inferred from will be 

interpreted in the context of time referenced stable isotope data, which give insight into possible 

shifts in foraging behaviour, and the environmental history of the region. The timing of features 

of their demographic histories will be compared with any shifts in SI composition of ancient 

samples and other aspects of environmental history. This chapter will also investigate genotype-

by-environment associations with SI data and other environmental variables. 

 

https://academic.oup.com/bioscience/article/58/7/597/236979
https://academic.oup.com/auk/article/126/2/326/5148267
https://link.springer.com/article/10.1007/s10336-018-1538-z
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000209
https://www.pnas.org/doi/full/10.1073/pnas.2006659117
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Methods 

Data generation 

Sample processing 

In addition to the tissue samples of modern O. flavescens described in the previous chapter, 38 

additional bone samples were processed, ranging from modern bone to archaeological samples 

up to 7,000 years old. In addition, bone from 25 individuals of S. magellanicus up to 5,845 years 

old were processed. The data from some these novel samples was ultimately combined with 

published mtDNA sequences from 84 individuals of O. flavescens from three studies (Artico et 

al. 2010; Feijoo et al. 2011; Tunez et al. 2010) and 195 of S. magellanicus from one study 

(Dantas et al. 2018). Metadata for all of these samples is given in Appendix A. 

 

DNA extraction and sequencing 

To prepare samples for DNA purification, tissue was minced using surgical scissors and 

approximately 30 mg was then digested for three hours at 55 °C in proprietary TL (digestion) 

buffer and added proteinase K, according to the recommended protocol of the EZNA Tissue 

DNA kit (VWR). Bone samples were cut into small (~2 mm3) pieces with a Dremel manual drill, 

then pulverised into a fine powder using ball bearings in a steel capsule vibrated at high speed 

as part of a Mixer Mill MM 200 system. Approximately 30 mg of bone powder was then 

dissolved overnight at 55 °C, in 400 μl of solution composed of 50% TL buffer and 50% 0.5 M 

EDTA (final concentration 0.25 M EDTA), plus 25 μl of proteinase K. Following the digestion 

step, DNA from tissue and bone samples was extracted and purified using silica binding 

columns as part of the EZNA Tissue DNA kit (VWR) or the QIAquick PCR purification kit 

(Qiagen) according to the manufacturer’s instructions. Bone samples (including ancient) were 

processed in a dedicated laboratory to minimise contamination from abundant modern DNA. 

This laboratory included separate fume hoods for sample preparation, DNA extraction and PCR 

preparation, which were cleaned regularly with diluted bleach. Tools for cutting and pulverising 

bone were also soaked in diluted bleach overnight between uses, or were disposed of. DNA 

extractions were carried out with negative controls to test for contamination during the process, 

including from reagents. All DNA amplifications were carried out in a separate, normal 

laboratory once the tubes had been filled and sealed in the ancient laboratory. 

 

https://www.scielo.br/j/bjmbr/a/sZPhPBsTKxHTGtfX9qJWkZk/abstract/?lang=en
https://www.scielo.br/j/bjmbr/a/sZPhPBsTKxHTGtfX9qJWkZk/abstract/?lang=en
https://link.springer.com/article/10.1007/s00227-011-1697-4
https://link.springer.com/article/10.1007/s10709-010-9466-8
https://link.springer.com/article/10.1007/s10336-018-1538-z
https://uk.vwr.com/store/product/2103912/e-z-n-a-tissue-dna-kit
https://uk.vwr.com/store/product/2103912/e-z-n-a-tissue-dna-kit
https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/dna-purification/dna-clean-up/qiaquick-pcr-purification-kit/
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As described in Chapter 2, DNA isolated from 88 O. flavescens samples was amplified and 

sequenced at a 300-bp segment of the hypervariable D-loop of the mitochondrial genome. The 

full mitochondrial genome was sequenced using a target enrichment approach for 53 samples. 

Mitochondrial D-loop sequences successfully derived from either targeted or whole-mitogenome 

sequencing were ultimately combined with published samples into 145-bp and 409-bp 

alignments (Appendix A). Whole-mitogenome sequences (purely from this study) were also 

aligned. Homologous fragments of the nuclear genome were sequenced in a subset of samples 

using a RADseq reduced representation library approach. These methods, including 

bioinformatic processing and assembly of the mitogenome and RADseq reads, were described 

in more detail in Chapter 2. Original and previously published samples contributing to these 

datasets are identified in Appendix A. 

 

DNA isolated from 22 S. magellanicus samples (including 13 ancient) was amplified and 

sequenced using a pair of primers which had previously been used by Dantas et al. (2018) to 

target a 376-bp fragment of the mitochondrial D-loop (F: CCTGCTTGGCTTTTYTCCAAGACC 

["D-loop C"] R: CTGACCGAGGAACCAGAGGCGC ["D-loop D"]). These novel sequences were 

aligned with the previously published dataset of Dantas et al. (2018), comprising 195 modern 

samples (Appendix A). 

 

Demographic history reconstruction 

Nuclear genome 

Single-nucleotide polymorphisms (SNPs) called in the O. flavescens RADseq dataset were 

used to estimate the folded site frequency spectrum (SFS) using the program easySFS 

(https://github.com/isaacovercast/easySFS). easySFS is essentially a wrapper for the program 

dadi (Gutenkunst et al. 2009), with additional features to inform user decisions. The main 

advantage of easySFS over similar tools is its convenient implementation of an algorithm for 

retaining as many SNPs and samples as possible while eliminating missing calls from the 

dataset. It does this in part by imputing the most likely SNP calls based on the observed 

frequencies at each site after eliminating sites and individuals with the most missing data.  

 

The folded SFS is a summary of the distribution of minority allele counts in a population sample, 

represented by a vector of the number of alleles in each frequency class beginning with 

singletons (SNPs that are heterozygous in a single individual). A population’s SFS can be 

https://link.springer.com/article/10.1007/s10336-018-1538-z
https://link.springer.com/article/10.1007/s10336-018-1538-z
https://github.com/isaacovercast/easySFS
https://github.com/isaacovercast/easySFS#easysfs
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000695
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shaped by historical changes in demographic history. A population that has remained at a 

constant size forever is expected to maintain an equilibrium exponential distribution of allele 

frequencies based on a balance between mutation, which introduces new rare alleles, and 

genetic drift, which causes some alleles to randomly increase in frequency while others are lost. 

In comparison, a population that has recently grown from a much smaller size, for example, is 

expected to feature fewer rare alleles than expected due to chance loss of rare alleles from 

many sites and insufficient time for this variation to have been regenerated through mutation.  

 

With the SFS estimated, the program Stairway Plot 2 was then used to estimate demographic 

history based on the folded SFS. Stairway Plot 2 implements model-flexible inference of a 

population’s demographic history (Liu and Fu 2015; 2020). It begins by first estimating the single 

best-fitting average Ne of a population based on its SFS and supporting information such as 

sample size, mutation rate, and the total number of observed sites. This basic model is then 

elaborated upon several times through a genetic algorithm randomly proposing new 

“breakpoints” at times when Ne might have changed in the historical demographic model, and 

estimating the likelihood of the new model. If the new model passes a likelihood ratio test, it is 

accepted and the process continues. In its final form, a model specifies Ne at n historical time 

points, with up to (but usually significantly less than) n-1 distinct values of Ne separated by 

breakpoints that were accepted over the course of the model’s evolution. This whole process is 

repeated from the beginning a number of times (default I=200 iterations), and all iterations are 

combined to give the final result of the Stairway Plot 2 run.  

 

Previous studies have found Stairway Plot to be especially robust to differences in underlying 

genetic data, such as from different genome assembly strategies (e.g. Patton et al. 2019). 

However, this averaging over many replicates of much lower resolution gives a somewhat 

misleading impression of smoothness and continuity to stairway plots. The smoothness of the 

final plot does not necessarily reflect actual history, but it is still meaningful because it does 

reflect uncertainty about that history in the underlying replicates. For example, uncertainty in the 

timing of an abrupt change could result in it being indistinguishable from a longer period of more 

gradual change.  

 

In addition to the SFS, Stairway Plot 2 requires estimates of the population’s generation time 

and per-generation mutation rate, and the total number of genomic sites analysed (i.e. the total 

number of sites that could have been identified as SNPs). For O. flavescens, a generation time 

https://www.nature.com/articles/ng.3254
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-020-02196-9
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6878949/
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of 12 years was assumed, taken directly from Feijoo et al. (2011) and similar to other estimates 

for them and close relatives (e.g. 10.4 years; Peart et al. 2020). The genomic mutation rate has 

not yet been directly estimated for O. flavescens by any published study, so the per-generation 

nuclear genome mutation rate was assumed to be 2.5e-8 substitutions/site/year, a common 

ballpark estimate for mammals (e.g. Li and Durbin 2011; Foote et al. 2021) which is comparable 

(on the scale of mutation rate variation; Hodgkinson and Eyre-Walker 2011) to that estimated by 

Peart et al. (2020) for the closely related genus of Arctocephalus (1.31e-8 s/s/y). . The total 

number of genomic sites analysed was given by the “all sites” line in the “populations.log” file 

produced by Stacks, which was then multiplied by the proportion of the original SNP count 

remaining after the aforementioned down-projection by easySFS.  

 

Mitochondrial genome 

The matrilineal demographic history of both O. flavescens and S. magellanicus was 

reconstructed via the Extended Bayesian Skyline Plot method implemented in BEAST v2.6 

(Heled and Drummond 2008; Boukaert et al. 2014). Both analyses used an HKY substitution 

model with rate parameters estimated as part of the BEAST run. 

 

For O. flavescens, two alignments were analysed. First, the 145-bp alignment, which maximises 

the number of samples (especially ancient samples) at the expense of sequence length, was 

analysed to estimate the annual mutation rate of the mitochondrial D-loop, using the time 

calibration afforded by archaeological samples. This rate was then assumed in a subsequent 

analysis of the 409-bp alignment consisting of only modern samples, which contained the 145-

bp segment from the original alignment and was also located within the hypervariable region of 

the mitogenome. This EBSP was taken to be the best estimate of the matrilineal demographic 

history. 

 

For S. magellanicus, the 277-bp alignment was analysed by EBSP, and the included ancient 

samples were used to estimate the mitochondrial D-loop mutation rate simultaneously as part of 

the analysis. Although the final rate was estimated from the data, a rate of 8.6e-5 

substitutions/site/year was used as the prior, following Dantas et al. (2018). 

 

https://link.springer.com/article/10.1007/s00227-011-1697-4#CR40
https://www.nature.com/articles/s41559-020-1215-5
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.16137
https://www.nature.com/articles/nrg3098
https://bmcecolevol.biomedcentral.com/articles/10.1186/1471-2148-8-289
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1003537
https://link.springer.com/article/10.1007/s10336-018-1538-z
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Stable isotope analysis 

Analysis of carbon (δ13C), nitrogen (δ15N) and sulphur (δ34S) isotopes was carried out on 

bone and tissue samples. Sections of samples used for isotope analysis were removed by drill 

(bone) or scalpel (tissue) as described above for DNA extractions. Collagen and lipid extraction, 

and quantification of stable isotope composition, was subsequently carried out by Darren 

Gröcke at the Stable Isotope & Biogeochemistry Laboratory (SIBL) of Durham University. 

Collagen was extracted from bone using a modified Longin method (Longin 1971). The bone 

was digested in 0.5 M hydrochloric acid, gelatinised in pH3 HCl at 75°C overnight, and then 

then the collagen residue was freeze-dried for analysis (King et al. 2018). Tissue samples were 

subjected to lipid extraction to isolate the signal of protein δ13C composition (lipids are relatively 

depleted in δ13C through their biochemical manufacture; Elliott et al. 2017). Isotope 

concentrations were quantified using a ECS 4010 elemental analyser (Costech, Valencia, CA, 

USA) connected to a Delta V Advantage isotope ratio mass spectrometer (Thermo Scientific, 

Bremen, Germany) (Gröcke et al. 2021).  

  

Values of δ13C and δ15N measured from ancient samples were corrected for changes in the 

isotopic baseline by the addition of factors based on the results of Zenteno et al. (2015b). 

Zenteno et al. (2015b) measured δ13C and δ15N in the shells of ancient molluscs (limpets and 

mussels) off the coast of Patagonia, which are expected to reflect the isotopic composition of 

food sources in their area at the lowest trophic level. Some of the samples in the present study 

do not come from the same archaeological strata as any of the samples analysed by Zenteno et 

al. (2015b), with several being older than any of the samples they considered. For samples in 

this study belonging to different strata within the age range of those published, a correction 

factor was imputed by taking the weighted average of nearest known correction factors (i.e. 

assuming that the isotopic baseline changed linearly between the two time points). This is the 

same approach Zenteno et al. (2015b) followed for sea lion samples that were not from the 

same strata as their mollusc shells. For samples falling outside of the age range of the mollusc 

shell data, a correction factor was estimated by extrapolation of the best-fit line through all of the 

other younger correction factors.  

 

Archaeological samples from the same or similar (temporally and geographically) sites were 

grouped for statistical analysis of temporal and geographic trends in stable isotope values. 

Unfortunately, latitude and age were highly correlated (R2=0.77, p<0.001) among the ancient O. 

flavescens samples represented in this study, making it impossible to confidently disentangle 

https://www.tandfonline.com/doi/full/10.1080/20548923.2018.1443548
https://link.springer.com/protocol/10.1007/978-1-4939-6996-8_2
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/full/10.1002/rcm.8985
https://www.cambridge.org/core/journals/paleobiology/article/abs/shifting-niches-of-marine-predators-due-to-human-exploitation-the-diet-of-the-south-american-sea-lion-otaria-flavescens-since-the-late-holocene-as-a-case-study/7EAFB497F11BDAB27380186F292C17F2
https://www.cambridge.org/core/journals/paleobiology/article/abs/shifting-niches-of-marine-predators-due-to-human-exploitation-the-diet-of-the-south-american-sea-lion-otaria-flavescens-since-the-late-holocene-as-a-case-study/7EAFB497F11BDAB27380186F292C17F2
https://www.cambridge.org/core/journals/paleobiology/article/abs/shifting-niches-of-marine-predators-due-to-human-exploitation-the-diet-of-the-south-american-sea-lion-otaria-flavescens-since-the-late-holocene-as-a-case-study/7EAFB497F11BDAB27380186F292C17F2
https://www.cambridge.org/core/journals/paleobiology/article/abs/shifting-niches-of-marine-predators-due-to-human-exploitation-the-diet-of-the-south-american-sea-lion-otaria-flavescens-since-the-late-holocene-as-a-case-study/7EAFB497F11BDAB27380186F292C17F2
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change over time from potential geographical variation in isotope values. To partially get around 

this, because most samples came from the north or south ends of each species’ range 

(Appendix A), changes over time were tested for the north and south separately. Samples were 

considered “northern” if they were from north of the Golfo San Jorge (>-45° latitude), “mid” if 

they were from the Golfo San Jorge or northern Santa Cruz province (-45° to -50° latitude), or 

“southern” if they were from southern Santa Cruz province or Tierra del Fuego (<-50° latitude). 

This scheme was applied for both O. flavescens and S. magellanicus. Difference of means 

between pairs of sample sets grouped by age and latitude was tested using Welch’s t test 

implemented in R v4.0.3. Welch’s variant of the test was selected because it does not assume 

equal variance between the groups, which would often not be met given the small sample sizes 

that result from dividing the data up by both age and latitude (Welch 1947). Effect size of the t 

tests was quantified using Cohen’s d (Cohen 1998), which standardises the difference in means 

(if any) by the standard deviation of both groups combined.  

 

Of the samples analysed for stable isotope composition, sex metadata was only available for 

modern skin samples from Golfo San Matias (N = 7 female, 10 male). A multivariate analysis of 

variance (MANOVA) was used to test for sex-associated differences in trophic niche (δ15N and 

δ13C) in this population. MANOVA was also used to test interspecific overlap in trophic niche 

between O. flavescens and S. magellanicus. 

 

Environmental data 

Bathymetric data was obtained as a product of the GEBCO project (GEBCO 2020). Sea surface 

temperature (SST) and chlorophyll A (ChlA) concentration data were downloaded from NASA 

Goddard Space Flight Center via the MODIS spectroradiometer aboard the Aqua satellite 

(NASA 2018, 2019). From these global datasets, values were assigned to samples by 

averaging within one degree of latitude and longitude of the sample location.  

 

Genotype-by-environment associations 

Redundancy analysis (RDA) was used to detect SNPs associated with stable isotope values or 

specific environmental variables within the O. flavescens genomic SNP dataset. RDA 

essentially combines PCA with GLM by first regressing the SNPs against the predictive model 

of environmental variables, resulting in a matrix of new fitted values (i.e. the mean value that 

would be predicted based on the model, as opposed to the actual observed value), which are 

https://academic.oup.com/biomet/article-abstract/34/1-2/28/210174?redirectedFrom=fulltext
https://www.taylorfrancis.com/books/mono/10.4324/9780203771587/statistical-power-analysis-behavioral-sciences-jacob-cohen
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then subjected to PCA to identify covarying combinations of SNPs associated with factors in the 

model. The factors initially considered in this analysis were δ13C, δ15N, ChlA, SST, and 

latitude. In order to not violate the assumptions of the GLM, only one factor was retained out of 

pairs of factors that were correlated at r > 0.7.  

 

Relationship between demographic history and diet 

To test whether historical change in diet had been associated with changes in population size, 

stable isotope measurements of ancient samples were paired with the age of the sample whose 

bone collagen were measured from, and with the effective size (Ne) of the population at that 

time according to the Stairway Plot 2 reconstruction (O. flavescens) or EBSP reconstruction (O. 

flavescens and S. magellanicus). A generalized additive model (GAM) was fit, using the R 

package “mgcv” (Wood 2011), to model Ne as a smooth function of δ15N and δ13C. The 

complexity of the curve was limited to no more than three degrees of freedom, and 

automatically optimized within this range by the restricted maximum likelihood (REML) method. 

This was a conservative tactic to limit overfitting while acknowledging the potential for some 

non-linearity. In addition to testing whether there was a statistically significant relationship 

between diet (stable isotope composition) and demographic history overall, the absolute value 

of the residuals of this model were themselves modelled as a function of time (sample age) to 

investigate whether the strength of the modelled relationship between diet and population size 

had varied over time. 

 

Sample geography (latitude) was not considered in this analysis because of the aforementioned 

multicollinearity between age and latitude among the ancient samples, particularly of O. 

flavescens. Although it would have been good to control for any effect of latitude (i.e. 

geographic variation) on historical isotope values, to do so properly would have required a 

vastly more comprehensive dataset, with multiple localities represented at each time point to 

account for the strong possibility that any latitudinal gradient in isotope values (diet) would have 

itself changed over time due to Holocene climate change and recent anthropogenic impacts. 

Demographic history is, by definition, about change over time at the population scale. Therefore, 

for the purpose of this specific analysis, the assumption is made – out of necessity and with 

uncertainty – that the isotope values of samples over time are representative of the whole 

population and not just their locale.  

 

https://rss.onlinelibrary.wiley.com/doi/full/10.1111/j.1467-9868.2010.00749.x?casa_token=QrLaKTGPG0gAAAAA%3ATMmBcPhQpQhJwSbH_9ITQo1S0ULoKMLeEPELCXI4WnzsQH4UEuS9L3H3_g4Z05IGaVuAaBNRDoqQLDYq
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Results 

Demographic history analyses 

Otaria flavescens  

The demographic history of the Atlantic/Patagonian lineage of the South American sea lion as 

inferred by Stairway Plot 2 analysis suggests that the population underwent a major expansion 

around 40 kya, but has since remained relatively stable with an Ne of approximately 20,000, 

except for a temporary low during the mid-Holocene, ~1-6 kya, during which it was reduced to 

an Ne of ~4,000 (Figure 3.2).  

 

EBSP analysis of the 409-bp D-loop alignment was not able to rule out the hypothesis of a 

constant population size, but did suggest that population has grown since ~2,000 years ago 

(Figure 3.3). The inclusion of ancient DNA made it possible to directly estimate the mutation rate 

of a portion of the hypervariable region of the mitochondrial D-loop for O. flavescens. Based on 

the 145-bp alignment, BEAST estimated a rate of 1.84e-6 [95% CI: 1.69e-7–3.69e-6] s/s/y. 

Repeating the EBSP analysis of the 409-bp alignment (which itself includes no ancient samples) 

with this faster rate yields a result that only covers the past ~3,000 years, but matches the 

Stairway Plot reconstruction over the same period (Figure 3.2).  
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Figure 3.2. Demographic history of Otaria flavescens reconstructed by Stairway Plot 2 analysis 

based on RADseq data. The central line represents the median time-specific Ne estimate while 

the inner (darker) shaded area represents the 12.5th-87.5th percentiles of Ne estimates and the 

lighter shaded area represents the 2.5th-97.5th percentiles of Ne estimates over 200 Stairway 

Plot iterations. Note that these are not equivalent to formal confidence intervals, but rather 

comparable to bootstraps, showing the robustness of the analysis to variation in the data. 
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Figure 3.3. Demographic history of Otaria flavescens reconstructed by EBSP analysis based on 

mitochondrial D-loop sequences. This uses a mutation rate calibrated following a separate 

analysis that used a shorter alignment including ancient DNA sequences. The dotted line shows 

the central estimate of Ne over time, while the shaded area represents the 95% confidence 

interval. 

 

 

Spheniscus magellanicus  

The demographic history of the Magellanic penguin reconstructed by the EBSP method strongly 

indicates that the population grew during the Holocene, with the best estimate being that the 

population grew by a factor of ~20, beginning around 5,000 ybp. This estimate of timing was 

based on a new estimate of the annual mutation rate for the mitochondrial D-loop of S. 
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magellanicus, 2.3e-6 [95% CI: 1.19e-6–3.52e-6] s/s/y, which was calibrated by incorporating 

ancient samples of known ages (Figure 3.4). 

 

  

Figure 3.4. Demographic history of S. magellanicus reconstructed by EBSP analysis based on 

mitochondrial D-loop sequences, including 15 ancient samples (specified in Appendix A). The 

dotted line shows the central estimate of Ne over time, while the shaded area represents the 

95% confidence interval. 
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Stable isotope analyses 

Otaria flavescens  

δ15N 

Significant differences were found between the mean δ15N values of ancient samples from the 

north and south, with northern samples displaying higher d15N values (p<0.001, Cohen’s 

D=2.68) (Figure 3.5). The samples from each region did not belong to exactly the same time 

periods, but there was no significant difference between the means of oldest northern samples 

from ~7,000 ybp and ~2,188 ybp (p=0.60, D=-0.34), or between the means of southern samples 

from ~1,234 ybp and ~580 ybp (p=0.115, D=-1.06). The δ15N profiles of modern samples were 

not significantly different between the north and south (p=0.08, D=1.33), but there was a 

respectable effect size. The modern mean was lower than the mean of ancient samples from 

the north (p<0.001, D=-1.91), and higher than the mean of ancient samples from the south 

(p=0.002, D=1.55). If samples are assumed to represent only their local region (this cannot be 

determined from the data because the ages of northern and southern samples are too distinct), 

these results imply that δ15N profiles were regionally distinct but locally stable until at least as 

recently as ~2,000 ybp, but that their trophic levels have converged in recent times, with δ15N 

decreasing in the north and increasing in the south.  

 

 

 

Figure 3.5. (left) Measured δ15N in O. flavescens bones with respect to the age and latitude of 

the sample. (right) Average δ15N values of samples from the same or similar sites. 
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δ13C 

Modern samples from the north and south did not differ in δ13C profiles (p=0.24, D=0.81) 

(Figure 3.6). Younger ancient samples from the north (~2,188 ybp) and south (~580 bp) did not 

significantly differ in δ13C values relative to each other (p=0.93, D=-0.05) or to modern samples 

(p=0.89, D=-0.06). However, the δ13C values of younger ancient samples were higher were 

significantly higher than those of the oldest ancient samples within both regions (p<0.001, 

D=3.42). Taken together, these results suggest that similar changes in δ13C profile occurred 

asynchronously in the north and south, but have remained relatively stable over at least the past 

~500-2000 years.  

 

 

 

Figure 3.6. (left) Measured δ13C in O. flavescens bones with respect to the age and latitude of 

the sample. (right) Average δ13C values of samples from the same or similar sites. 

 

δ34S 

There does not appear to have been significant change over time in δ34S values, irrespective of 

region (p=0.065, D=-0.712), but the effect is on the margin of significance (Figure 3.7). 

However, there does appear to be a latitudinal gradient in δ34S values among modern samples, 

with northern samples significantly higher in δ34S (p=0.008, D=2.79). There is also a significant 

linear relationship between δ34S and latitude (AdjR2=0.63, p<0.001), considering only modern 

samples (Figure 3.8). 
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Figure 3.7. (left) Measured δ34S in O. flavescens bones with respect to the age and latitude of 

the sample. (right) Average δ34S values of samples from the same or similar sites. 

 

 

Figure 3.8. δ34S of modern O. flavescens bone samples with respect to latitude.  

 

Trophic niche 

Considering δ15N and δ13C isotopes together, it is clear that modern samples from a range of 

latitudes cluster together at lower δ15N and higher δ13C (Figure 3.9). There were also no 

statistically significant differences related to sex in δ15N (p=0.52, D=-0.34) or δ13C (p=0.54, 

D=-0.32), or their combination (MANOVA: p=0.61, effect size ηp
2=0.07), found among modern 



97 

 

O. flavescens, although this analysis was limited to samples from Rio Negro and the Valdes 

Peninsula, located in the north (Figure 3.10). 

 

 

 

Figure 3.9. Isotopic niche plot of δ15N and δ13C from O. flavescens bone samples with respect 

to age and latitude.  
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Figure 3.10. Isotopic niche plot of δ15N and δ13C from modern tissue samples of O. flavescens 

from the Rio Negro province, with respect to sex.  

 

Spheniscus magellanicus  

δ15N 

There was no statistically significant difference in the δ15N values of early ancient samples from 

north and south (p=0.74, D=0.22) (Figure 3.11). There was also no significant regional variation 

in modern samples (p=0.18, D=1.56), although the effect size was large. However, the mean 

δ15N of early ancient samples (north and south considered together) was slightly higher than 

that of modern samples (p=0.049, D=0.89). δ15N may have declined prior to modern times, 
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based on samples from 500-1220 ybp which show δ15N values even lower than those of 

modern samples (p=0.022, D=-2.27). 

 

 

Figure 3.11. (left) Measured δ15N in S. magellanicus bones with respect to the age and latitude 

of the sample. (right) Average δ15N values of samples from the same or similar sites. 

 

 

δ13C 

There were large and statistically significant differences in δ13C between early ancient samples 

of the north and south (p<0.001, D=4.31), with higher values found in the north compared to the 

south (Figure 3.12). On the other hand, no difference was found in the mean δ13C values of 

modern samples (p=0.205, D=1.25). Two more recent ancient samples (500 ybp) from the south 

showed higher δ13C values, suggesting that the history of δ13C in this population may have 

been more complex than is able to be inferred from the majority of the samples, which otherwise 

show that higher values in the ancient north and lower values in the ancient south converged on 

less variable intermediate values in modern times. 
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Figure 3.12. (left) Measured δ13C in S. magellanicus bones with respect to the age and latitude 

of the sample. (right) Average δ13C values of samples from the same or similar sites. 

 

 

δ34S 

The variability of δ34S in S. magellanicus with respect to time or latitude appears to be very low, 

with all samples falling between 15 and 16.5 per mil (Figure 3.13). There were negligible 

differences between the δ34S values of ancient samples from the north and south (p=0.98, D=-

0.01), and between ancient and modern samples (p=0.73, D=-0.16).  
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Figure 3.13. (left) Measured δ34S in S. magellanicus bones with respect to the age and latitude 

of the sample. (right) Average δ34S values of samples from the same or similar sites. 

 

Trophic niche 

Considering δ15N and δ13C isotopes together, samples from the oldest samples (>4000 ybp) 

from the far south (<-52 degrees latitude) seem to cluster separately at lower δ13C, while later 

samples (including modern samples) from all latitudes are more mixed together at higher δ13C 

values and across a greater range of δ15N values (Figure 3.14). 
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Figure 3.14. Isotopic niche plot of δ15N and δ13C from S. magellanicus bone samples with 

respect to age and latitude.  

 

Interspecific comparison 

There was a clear difference in isotopic niche between modern bone samples of O. flavescens 

and S. magellanicus, with O. flavescens being significantly higher in δ15N (p=0.002, D=1.52), 

δ13C (p<0.001, D=2.83), and their combination (MANOVA: p=0.006, effect size ηp
2=0.16) 

(Figure 3.15).  
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Figure 3.15. Plot showing the partial differentiation of isotopic niche in modern bone samples 

between O. flavescens and S. magellanicus.  

 

Genotype-by-environment associations 

Preliminary to the RDA of the O. flavescens genomic SNP dataset, SST was excluded as a 

factor because it was correlated with latitude at r = 0.9. ChlA was also correlated with latitude, 

but it was retained because the correlation coefficient was lower (r = 0.7) and it appeared to 

show a novel pattern, with higher values at the far south of the species’ range, as well as the 

north. The remaining factors, which were considered, were δ13C, δ15N, latitude, and ChlA. The 

adjusted-R2 value of the final model was -0.008, indicating that the factors included in the model 
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explained a trivial and statistically non-significant (p=0.923) proportion of the variance in SNP 

calls among individuals. A total of 461 candidate outlier SNPs were identified, defined by their 

fitted values falling >1 SD from the mean for one or more factors. The bulk of these (N=351) 

were associated with δ13C. However, given the statistical weakness of the model, these outliers 

are overwhelmingly likely to be artefacts of chance and not truly environmentally-associated 

SNPs. This is further suggested by their roughly symmetrical distribution around the edges of 

the ‘cloud’ of SNPs (Figure 3.16). 

 

 

Figure 3.16. RDA triplot with putative outlier SNPs colour-coded according to their association 

with the four explanatory variables. However, as the model explained a trivial and statistically 

non-significant (p=0.923) proportion of the variance in SNP calls among individuals, these 

outliers are very likely to be due to chance. 
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Relationship between demographic history and diet 

Otaria flavescens 

Considering isotope values across time for the whole Patagonian population of O. flavescens, 

δ15N remained roughly stable from ~7000 ybp to ~2000 ybp. According to the Stairway Plot 2 

results (Figure 3.2), population growth beginning ~2,000 ybp appears to have coincided with a 

decline in sample δ15N values (Figure 3.17). Both trends reached an inflection at ~500 ybp, 

then began to reverse slightly up to the present. However, this recent downturn in population 

size is only apparent in the Stairway Plot reconstruction; the EBSP reconstruction (Figure 3.3), 

while similar, was simpler, with less temporal resolution, and did not reflect this apparent recent 

event. 

 

The history of δ13C was more dynamic in the ~1000-4000 ybp period. Although δ13C trended 

upwards alongside population size, it appears to have been less consistent, with some high-

δ13C samples preceding population growth and some low-δ13C samples coming after the 

population had grown (Figure 3.18).  
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Figure 3.17. O. flavescens demographic history (black dotted line) reconstructed by EBSP (top) 

and Stairway Plot 2 (bottom), against δ15N (green; note inverted axis) values from ancient bone 

samples over the past 7,000 years.  
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Figure 3.18. O. flavescens demographic history (black dotted line) reconstructed by EBSP (top) 

and Stairway Plot 2 (bottom), against δ13C (blue) values from ancient bone samples over the 

past 7,000 years.  
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The relationship between effective population size and trophic niche over time was tested using 

a GAM with both isotopes. Given the greater resolution and timescale of the Stairway Plot 

reconstruction, and considering its overall similarity to the EBSP reconstruction, only the 

Stairway Plot values of Ne were modelled for O. flavescens. The model explained 52.5% of 

deviance. The δ15N term was significant (p<0.001; Figure 3.19), while the δ13C term was not 

(p=0.446; Figure 3.20). Ne was generally inversely related to δ15N, although high values of 

δ15N (>23) were not associated with any change in Ne within the scope of this dataset (Figure 

3.19). The absolute value of the residuals of the model exhibited a parabolic shape with respect 

to time, peaking at ~3000 ybp (Figure 3.21), although sample age was not overall a statistically 

significant factor in explaining the absolute residuals (p=0.435, deviance explained=6.53%). 

This makes sense, as the population size was apparently stable at this time, while there was still 

some variation in δ15N (Figure 3.17) and several major outliers in δ13C (Figure 3.18). 

 

 

Figure 3.19. The relationship between δ15N and O. flavescens population size over the last 

7,000 years, modelled in a GAM alongside δ13C. Interior ticks on the horizontal axis indicate 

the presence of actual data points at those values. 
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Figure 3.20. The relationship between δ13C and O. flavescens population size over the last 

7,000 years, modelled in a GAM alongside δ15N. 

 

 

Figure 3.21. The absolute value of the residuals with respect to sample age, for the GAM fitting 

δ15N and δ13C to the O. flavescens population size. 
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Spheniscus magellanicus 

Among S. magellanicus, little to no change occurred in population-wide average δ15N values 

over the last 6,000 years, while the population apparently grew by a factor of ~20 over the same 

period (Figure 3.22). On the other hand, δ13C values increased dramatically sometime between 

3,000 and 4,500 ybp, following the initiation of population growth ~5,000 ybp (Figure 3.23).  

 

 

 

Figure 3.22. S. magellanicus demographic history (black dotted line) reconstructed by EBSP, 

against δ15N (green) values from ancient bone samples over the past 6,000 years.  
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Figure 3.23: S. magellanicus demographic history (black dotted line) reconstructed by EBSP, 

against δ13C (blue) values from ancient bone samples over the past 6,000 years.  

 

 

The GAM considering both isotopes as predictors of Ne (EBSP reconstruction) explained 56.9% 

of deviance. The δ15N term was not significant (p=0.24; Figure 3.24), while the δ13C term was 

significant (p=0.002; Figure 3.25). Ne had a positive relationship with δ13C, peaking around 

values of -14, which correspond to modern times (Figure 3.25). There was no relationship – 

statistically significant or otherwise – between the absolute value of the residuals of the model 

and sample age (p=0.465, deviance explained=2.34%), implying that the correlation between 

δ13C and Ne held over the last 6,000 years, at least as far as the data are capable of showing 

(Figure 3.26). 
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Figure 3.24. The relationship between δ15N and S. magellanicus population size over the last 

5,845 years, modelled in a GAM alongside δ13C. Interior ticks on the horizontal axis indicate 

the presence of actual data points at those values. 

 

 

Figure 3.25. The relationship between δ13C and S. magellanicus population size over the last 

5,845 years, modelled in a GAM alongside δ15N. 
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Figure 3.26. The absolute value of the residuals with respect to sample age, for the GAM fitting 

δ15N and δ13C to the S. magellanicus population size. 

 

Discussion 

Modern trends in stable isotopes 

Previous reports on the diet of O. flavescens have not indicated regional differences in diet 

(Alonso et al. 2000), but rather suggested that differences in diet occur mainly on a local scale 

(Baylis et al. 2016; Jarma et al. 2019). Similarly, the present results do not clearly indicate any 

geographic trends in δ15N or δ13C among modern O. flavescens. However, they do suggest a 

geographic trend in δ34S, with δ34S values decreasing southward from Rio Negro to Tierra del 

Fuego. Variation in sulphur isotope ratios in marine animals are generally thought to reflect 

varying freshwater input to animals’ diets, with freshwater sources being more depleted in 34S 

(MacAvoy et al. 2015). For a marine predator like O. flavescens, this could be mediated by 

foraging on anadromous fish, who rely on both marine and freshwater resources over the 

https://ri.conicet.gov.ar/handle/11336/70210
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0157394
https://www.sciencedirect.com/science/article/pii/S2352485518304468
https://www.researchgate.net/profile/Stephen-Macavoy/publication/265297133_Sulfur_isotopes_show_importance_of_freshwater_primary_production_for_Florida_manatees/links/5afee708a6fdcc722af56057/Sulfur-isotopes-show-importance-of-freshwater-primary-production-for-Florida-manatees.pdf
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course of their lives. One possibility is that the latitudinal gradient in δ34S in O. flavescens 

reflects increased foraging on anadromous fish in the south, anadromous salmonids having 

been introduced to Tierra del Fuego and southern Patagonia by humans in the early 20th 

century for economic reasons (Fernández et al. 2010; Tagliaferro et al. 2020). Predation by O. 

flavescens on farmed salmonids has been documented in southern Chile (Sepúlveda and Oliva 

2005; Vilata et al. 2009), with this behavior leaving chemical signatures in the tissues of the 

predators (Guerrero et al. 2020). In Chile, populations of the anadromous fish Galaxias 

maculatus living farther south rely more on marine resources, and therefore presumably spend 

a larger share of their time in a marine environment, where they could be potential prey for O. 

flavescens (Gorski et al. 2015). Notably, this has resulted in a latitudinal gradient in δ34S 

among the fish oriented opposite to that of O. flavescens, with higher δ34S values in the south. 

However, these values are still lower than typical marine sources. The reasons for this trend 

among the fish in Chile are thought to be climatic, with warmer rivers in the north being able to 

more consistently support the fish over time. If the same pattern holds for other anadromous fish 

(including G. maculatus) on the Atlantic coast of Patagonia, it could explain the observed 

correlation between δ34S and latitude in modern Argentine O. flavescens. Moreover, the lack of 

evidence for such a correlation among ancient samples of O. flavescens may point to an 

anthropogenic influence, perhaps increasing the share of anadromous fish within the diet of O. 

flavescens, whether by increasing supply through the introduction of new species and/or 

causing aggregation of fish (e.g. farming), or by increasing demand and competition with human 

fisheries, which might limit the availability of other potential prey. A major complication to this 

story is that incorporating more anadromous fish in the diet should have also resulted in a lower 

level of δ13C in modern southern O. flavescens (Smith et al. 1996). Southern samples did 

appear to have the lowest δ13C values, but their difference to northern samples was not 

statistically significant (Figure 3.6). 

 

Differences in diet have also been reported between demographic groups of O. flavescens, 

including sexes (Alonso et al. 2000) and age classes (Zenteno 2015a), as sex and age 

influence how far from shore and how deep in the water individuals forage. Demographic data 

were missing for most of the samples considered in this chapter. However, sex identifications 

were available for modern skin samples from the north, around Golfo San Matias. Among these, 

no evidence was found for significant sex differences in carbon or nitrogen isotope values. This 

is moderately surprising, given that at least one previous study (Alonso et al. 2000) found that 

females consumed a greater proportion of benthic prey than males, consistent with other 

https://link.springer.com/article/10.1007/s10530-010-9731-x
https://www.scielo.br/j/ni/a/v8cb6NGybdqxfjcyWBb9zht/?lang=en&format=html
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2109.2005.01320.x
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2109.2005.01320.x
https://academic.oup.com/icesjms/article/67/3/475/731368?login=true
https://www.nature.com/articles/s41598-020-62178-6
http://cibas.cl/wp-content/uploads/sites/47/2018/04/1_Gorski_et_al_2015_dS_G_Maculatus.pdf
https://cdnsciencepub.com/doi/pdf/10.1139/f95-192?casa_token=xUjyul2E6DsAAAAA:9yuqhXC3MevmKobynDFyHykWUOFePSztCpkghTY7J9QqhP_R2HkqCKlyrfoUzYR2ThXk6Vp9zGAQAA
https://ri.conicet.gov.ar/handle/11336/70210
https://link.springer.com/article/10.1007/s00227-014-2597-1
https://ri.conicet.gov.ar/bitstream/handle/11336/70210/CONICET_Digital_Nro.9785519d-eb35-4738-b50c-38accd23d2fd_A.pdf?sequence=2&isAllowed=y
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evidence that males travel farther than females on average (Campagna et al. 2001). This may 

simply be an issue of statistical power, because there does appear to be some separation 

between the male and female clusters in Figure 3.10, but only 17 samples from one region had 

sex identification and had their stable isotopes measured. However, a potential biological 

explanation for the discrepancy with previous findings would be that stable isotope 

measurements are expected to integrate diet over a period of months or longer (Dalerum and 

Angerbjörn 2005), whereas Alonso et al. (2000) were only able to determine what individuals 

had eaten shortly before death, in most cases analysing fishing bycatch. It may be, for example, 

that female and male diets only differ during certain periods, such as when females are nursing. 

 

That explanation for the discrepancy between stable isotope analysis and the results of more 

traditional diet research seems to be validated in Magellanic penguins (Silva et al. 2013). In 

contrast to O. flavescens, previous studies have indicated regional differences in the diet of S. 

magellanicus, with anchovies being the overwhelmingly preferred prey in the north, while a 

more diverse diet including other fish species, as well as squid and lobster, is typical of 

penguins in Santa Cruz and Tierra del Fuego (Scolaro et al. 1999; Scioscia et al. 2014; Dodino 

et al. 2020). However, the present stable isotope results show no statistically significant 

differences in δ13C, δ15N or δ34S values between modern samples from the north and south. 

This fits with the findings of Silva et al. (2013), who pointed out that previous studies had 

focused on snapshots of the birds’ diets during the breeding season, through stomach content 

analysis. However, the demands of parental care (which are shared between both parents in S. 

magellanicus) constrain how far the penguins can travel to forage, causing them to focus on 

locally abundant prey (which do vary regionally) and prey species that are especially good for 

chicks. Outside of the breeding season, however, the adult diet may be more varied and with 

more regional overlap in foraging grounds (Silva et al. 2013).  

 

Historical and/or geographic trends in stable isotopes 

In the present study, latitude and age covaried among the archaeological samples representing 

both species. This makes it difficult to draw firm conclusions about whether observed trends 

were related to history or simply to sampling from different regions. For example, if we were to 

assume that O. flavescens never exhibited regional differences in δ15N, we would conclude 

from the results that δ15N values had declined steadily from ~7,000 ybp to ~600 ybp, before 

rising again to their modern intermediate values (Figure 3.5). This scenario would be consistent 

https://www.cambridge.org/core/journals/journal-of-zoology/article/abs/movements-and-location-at-sea-of-south-american-sea-lions-otaria-flavescens/0FC6C7F30738AC1834A6A55A33F6B1CA
https://link.springer.com/article/10.1007/s00442-005-0118-0
https://link.springer.com/article/10.1007/s00442-005-0118-0
https://ri.conicet.gov.ar/bitstream/handle/11336/70210/CONICET_Digital_Nro.9785519d-eb35-4738-b50c-38accd23d2fd_A.pdf?sequence=2&isAllowed=y
https://link.springer.com/article/10.1007/s00227-014-2410-1
https://www.jstor.org/stable/1521999
https://link.springer.com/article/10.1007/s00300-014-1532-8
https://www.int-res.com/abstracts/meps/v655/p215-225/
https://www.int-res.com/abstracts/meps/v655/p215-225/
https://link.springer.com/article/10.1007/s00227-014-2410-1
https://link.springer.com/article/10.1007/s00227-014-2410-1
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with the data. However, we cannot be certain of it because the early (high δ15N) values of that 

apparent historical trend all come from northern samples, while the late (low δ15N) values all 

come from southern samples. Therefore, an equally valid conclusion would be that the 

population-wide mean value of δ15N has not changed over time, but that in the past δ15N 

values followed a latitudinal gradient which has since collapsed, with both regions converging 

on the intermediate values that are observed in modern samples. This would imply that the 

average δ15N of individuals declined in the north and increased in the south within the past few 

hundred years (Figure 3.5).  

 

Whereas this interpretation suggests opposite historical trends for δ15N in the north and south 

for O. flavescens, applying the same framework to δ13C values implies that they followed the 

same pattern in the north and south, albeit asynchronously, having increased suddenly at some 

point in the past. The shift seems to have occurred first in the north (by ~2000 ybp) and later in 

the south (by ~600 ybp). By those times, regional δ13C values were approximately equal to 

their present values, suggesting that they may have remained relatively stable for hundreds of 

years, although we do not have data throughout the intervening years to confirm that.  

 

The δ13C values of S. magellanicus follow a similar pattern to the δ15N values of O. 

flavescens, with higher values in the ancient north and lower values in the ancient south 

converging on intermediate values in modern times which no longer display any regional 

variation. However, unlike O. flavescens, both very old (>4000 ybp) and less old (~500 ybp) 

samples are available to represent southern S. magellanicus, bookending northern samples of 

intermediate age (2000-2500 ybp). This is not ideal, but may go some way towards 

disentangling age and latitude because it suggests that southern δ13C values moved in the 

direction of and even beyond those of northern samples, with the average δ13C of the whole 

population increasing from approximately -18 to -12 from ~6000 to ~500 ybp, before declining 

again to intermediate modern values. On the other hand, there is no suggestion that ancient 

δ15N values may have varied regionally. Instead, δ15N seems to have been relatively stable, 

but decreased slightly over the last ~6000 years. 

 

If differences among ancient samples are interpreted as at least partially reflecting regional 

differences, then the results suggest that the trophic niche of both species has become more 

limited in recent history, with less variation in δ13C and δ15N among modern samples 

compared to ancient samples from most time periods. Whereas no statistically significant 
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differences were found between the mean carbon or nitrogen isotope values of modern samples 

from the north and south in either species, the results were consistent with the existence of 

greater historical differences in trophic niche between the north and south, based on δ15N and 

δ13C of O. flavescens and δ13C of S. magellanicus. On the other hand, if ancient samples are 

interpreted as being representative of the whole population at their respective age, then the 

variance in δ15N and δ13C may have increased or decreased over time (e.g. Figure 3.5, left), 

but most time points were not represented by enough samples to properly quantify this (Figure 

3.9, 3.14).  

 

Zenteno et al. (2015b) previously analysed trends over time in the trophic niche of O. flavescens 

through a lens of geographic differences. The present results for the southern population of O. 

flavescens broadly agree with those described by Zenteno et al. (2015b; Figure 3.27). This is 

probably because the southern population is represented by samples from similar times and 

locations in both studies. On the other hand, the northern population described by Zenteno et al. 

(2015b) is mainly represented by samples less than ~1500 years old and sourced from the 

Chubut region (south of the Valdes Peninsula), while in the present dataset the ancient northern 

population is represented by samples from Rio Negro (Golfo San Matias, north of the Valdes 

Peninsula) that are almost all >1,500 years old. Considering the differences in both sampling 

and results, the northern population described by Zenteno et al. (2015b) can really be treated as 

a third geographically distinct population, which I will refer to as “Central Patagonian” going 

forward. This actually highlights the general conclusion that the trophic niche of O. flavescens 

has contracted in recent history, as despite their differences in sampling and evident historical 

trajectory, all three populations still converge on similar isotope values in modern samples.  

 

 

https://www.cambridge.org/core/journals/paleobiology/article/abs/shifting-niches-of-marine-predators-due-to-human-exploitation-the-diet-of-the-south-american-sea-lion-otaria-flavescens-since-the-late-holocene-as-a-case-study/7EAFB497F11BDAB27380186F292C17F2
https://www.cambridge.org/core/journals/paleobiology/article/abs/shifting-niches-of-marine-predators-due-to-human-exploitation-the-diet-of-the-south-american-sea-lion-otaria-flavescens-since-the-late-holocene-as-a-case-study/7EAFB497F11BDAB27380186F292C17F2
https://www.cambridge.org/core/journals/paleobiology/article/abs/shifting-niches-of-marine-predators-due-to-human-exploitation-the-diet-of-the-south-american-sea-lion-otaria-flavescens-since-the-late-holocene-as-a-case-study/7EAFB497F11BDAB27380186F292C17F2
https://www.cambridge.org/core/journals/paleobiology/article/abs/shifting-niches-of-marine-predators-due-to-human-exploitation-the-diet-of-the-south-american-sea-lion-otaria-flavescens-since-the-late-holocene-as-a-case-study/7EAFB497F11BDAB27380186F292C17F2


118 

 

 

Figure 3.27. Regional and historical δ15N and δ13C results of Zenteno et al. (2015b) for O. 

flavescens. They found no consistent trend in δ13C values over time in north-central or 

southern Patagonia. However, their data clearly indicated an increase in δ15N values since 

~3000 ybp in both north-central and southern Patagonia. Figure modified from Zenteno et al. 

(2015b). 

 

https://www.cambridge.org/core/journals/paleobiology/article/abs/shifting-niches-of-marine-predators-due-to-human-exploitation-the-diet-of-the-south-american-sea-lion-otaria-flavescens-since-the-late-holocene-as-a-case-study/7EAFB497F11BDAB27380186F292C17F2
https://www.cambridge.org/core/journals/paleobiology/article/abs/shifting-niches-of-marine-predators-due-to-human-exploitation-the-diet-of-the-south-american-sea-lion-otaria-flavescens-since-the-late-holocene-as-a-case-study/7EAFB497F11BDAB27380186F292C17F2
https://www.cambridge.org/core/journals/paleobiology/article/abs/shifting-niches-of-marine-predators-due-to-human-exploitation-the-diet-of-the-south-american-sea-lion-otaria-flavescens-since-the-late-holocene-as-a-case-study/7EAFB497F11BDAB27380186F292C17F2
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Comparing the isotopic trends in different sample sets could help isolate the effects of either 

species membership or geography on populations’ isotopic niches (Figure 3.28). For example, 

all O. flavescens populations show little evidence of change in δ13C values since the late 

Holocene, while both northern and southern S. magellanicus populations had higher δ13C 

values in the late Holocene relative to modern samples, suggesting that they have shifted to 

prey that are lower in δ13C within the last ~500 years. Likewise, a significant shift in δ15N 

values was observed for central and southern O. flavescens from the late Holocene. This could 

be significant in terms of the population’s overall performance and demographic history, 

although it is difficult to attribute demographic history to a single cause. 

 

 

 

Figure 3.28. Historical δ15N and δ13C values for the mid Holocene (>4.2 kya) and late 

Holocene (~0.5-4.2 kya) relative to modern values, broken down by region and by species. 

0/grey = modern values, +/red = values above modern, -/blue = values below modern, black = 

no data.  

 

Demographic history 

The EBSP and Stairway Plot results for O. flavescens were highly consistent in both relative 

and absolute terms, for as long as they overlapped in time. Specifically, both methods 

suggested that the population grew from an effective size of ~4000 individuals ~3 kya to a 

present size of ~15,000-20,000 individuals. The Stairway Plot extended further back in time 

than the EBSP, and showed that this growth actually followed a decline of equal magnitude that 

apparent began ~8 kya. This short-lived low population phase was apparently centred on ~4 

kya. Numerous palaeoclimate proxies suggest that the global climate temporarily became cooler 

around 4.2 kya, and this is recognised as the boundary between the middle and late Holocene, 
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with evidence from Australia and South America suggesting that the El Niño Southern 

Oscillation (ENSO) was stronger during this period (Walker et al. 2012). Modern El Niño events 

have been well documented to cause extremely high pup mortality in O. flavescens due to 

reduced prey availability (e.g. Soto et al. 2004; de Oliveira et al. 2012), potentially driving this 

feature of O. flavescens’ demographic history.  

 

Several previous studies have suggested that the population of O. flavescens expanded 

throughout the Holocene, but have generally placed the beginning of this expansion around 10-

15 kya, coinciding with the post-glacial sea level rise that formed the Patagonian coastline into 

its modern shape and may have increased access to foraging in shallow continental shelf 

waters (Ponce et al. 2011; Oliveira et al. 2017). The EBSP analysis by Oliveira et al. (2017) also 

indicated that the population grew by ~100-fold, which is much greater than the ~4-fold growth 

indicated by the present Stairway Plot and EBSP results. However, another recent paper, by 

Peralta et al. (2021), found no evidence for population growth or decline based on a Bayesian 

Skyline Plot (BSP) analysis of the mitochondrial control region.  

 

The Stairway Plot extends much further back in time, and suggests that substantial population 

growth occurred ~40 kya. This is roughly consistent with previous suggestions (based on 

mismatch distribution analysis) of a bottleneck ~64 kya (Tunez et al. 2010), and a subsequent 

population expansion ~27 kya (based on population divergence time analyses) (Feijoo et al. 

2011). The Stairway Plot does not provide clear evidence of that ancient bottleneck, but it does 

suggest that the population was much smaller around that time. Such a bottleneck could have 

eliminated or distorted genomic variation that might otherwise have allowed the analysis to infer 

that demographic history from deeper in time. 

 

The EBSP analysis of S. magellanicus suggests that the population has grown by a factor of 

~20x since ~4-6 kya. As with O. flavescens, the one previous analysis (Dantas et al. 2018) 

suggested that this growth began around the onset of the Holocene, ~10-15 kya. However, the 

inclusion of ancient DNA for calibration suggests a much faster mutation rate (mean 2.3e-6 s/s/y 

compared to 0.86e-6 s/s/y). The previously used, slower, rate was based on a very strong 

analysis of the same locus (mitochondrial HVRI) in Adelie penguins (Pygoscelis adeliae) (Millar 

et al. 2008), and a similar rate was reported by Lambert et al. (2002), also for Adelies. However, 

the mutation rate could well vary between genera (Pygoscelis to Spheniscus), and the effective 

mutation rate may also vary with timescale, particularly in rapidly evolving loci like this one, 

https://onlinelibrary.wiley.com/doi/full/10.1002/jqs.2565
https://www.cambridge.org/core/journals/journal-of-zoology/article/abs/effects-of-prey-availability-on-pup-mortality-and-the-timing-of-birth-of-south-american-sea-lions-otaria-flavescens-in-peru/711C59F32B95FB68E996F0817A07C009
https://www.cambridge.org/core/journals/journal-of-the-marine-biological-association-of-the-united-kingdom/article/abs/effective-population-size-for-south-american-sea-lions-along-the-peruvian-coast-the-survivors-of-the-strongest-el-nino-event-in-history/3DE4A470EFE400D41B1786E5B146593D
https://academic.oup.com/biolinnean/article/103/2/363/2452605?login=true
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442
https://academic.oup.com/biolinnean/article-abstract/134/1/11/6287631
https://link.springer.com/article/10.1007/s10709-010-9466-8
https://link.springer.com/article/10.1007/s00227-011-1697-4
https://link.springer.com/article/10.1007/s00227-011-1697-4
https://link.springer.com/article/10.1007/s10336-018-1538-z
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000209
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000209
https://www.jstor.org/stable/pdf/3076346.pdf?casa_token=FeUx-aXVoncAAAAA:scCDsS3IbhRVhC4OhxhIZnWwcc5TbRNR341D5ZKfjgdIK3eGl_fPzukVatnogkbB9VsoCJX37R8Tf0t1ASrauHwM8xuz8WwWLXwhXVKEkdCFRhTqdnzA
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where multiple mutations at the same site may be missed and interpreted as one (Ho et al. 

2005). Still, this new aDNA-based rate of 2.3e-6 s/s/y is not staggeringly faster than those 

previously used, as the upper confidence interval of Millar’s and Lambert’s estimates for Adelie 

were 1.17e-6 s/s/y and 1.43e-6 s/s/y, respectively. Notably, the addition of ancient samples to the 

Dantas et al. (2018) dataset did not change the shape of the EBSP curve in any perceptible 

way; they only updated the estimates of the absolute size of the population and the timing of its 

growth phase. 

 

Relating demographic history to isotopic trends 

The demographic history of O. flavescens seems to have closely paralleled changes in δ15N in 

the population (Figure 3.17). δ13C followed a comparable pattern, but fit less well to 

demographic history and did not emerge as a statistically significant factor. The correlation 

between Ne and δ15N was negative, meaning that the population grew at the same time as the 

average trophic level at which they foraged decreased. Such a reduction in trophic level could 

represent, for example, a shift from fish towards crustaceans (Cherel and Hobson 2007). That 

dietary shift would also likely bring about an increase in δ13C, since crustaceans tend to dwell 

more on the seafloor compared to fish. Although the relationship between Ne and δ13C was not 

significant, average δ13C of samples did also increase around the same time (Figure 3.18). 

 

In S. magellanicus, it was δ13C that better paralleled demographic history (Figure 3.23). This 

relationship is less striking than in O. flavescens because only an EBSP reconstruction of 

demographic history was possible for S. magellanicus, and this provided less temporal 

resolution. The population began to grow around 5 kya and its growth began to slow (but 

apparently continued) around 3 kya. The change in δ13C over time was also not complex. 

Average δ13C increased from around -18 to around -14 sometime between 3 and 4.5 thousand 

years ago, around the same time as the population growth rate apparently peaked. In contrast, 

average δ15N of S. magellanicus increased only very gradually or remained stable over the last 

~6000 years (Figure 3.22). Enrichment in δ13C could suggest either a shift to feeding farther 

north, at lower latitudes (Cherel and Hobson 2007), or to foraging at deeper depths, nearer the 

sea floor, or closer to shore (Polito et al. 2011). As with O. flavescens, such a change in diet 

would also be likely to be reflected somehow in δ15N, but there is no evidence of a recent shift 

in δ15N in S. magellanicus. One possibility is that the identity of the species comprising the diet 

of S. magellanicus (and hence their trophic level, indicated by δ15N) did not change, but they 

https://academic.oup.com/mbe/article/22/7/1561/974191?login=true
https://academic.oup.com/mbe/article/22/7/1561/974191?login=true
https://link.springer.com/article/10.1007/s10336-018-1538-z
https://www.int-res.com/abstracts/meps/v329/p281-287/
https://www.int-res.com/abstracts/meps/v329/p281-287/
https://www.int-res.com/abstracts/meps/v421/p265-277/
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changed the areas in which they hunted, focusing closer to shore or at greater depth. This may 

not reflect a change in dietary choice from S. magellanicus, but merely tracking of a shifting prey 

distribution.  

 

The timing of these isotopic and demographic shifts apparently differs between O. flavescens 

and S. magellanicus, with the former beginning ~2-3 kya and the latter ~4-6 kya. However, 

these are not dramatically different; well within the range of plausible uncertainty, considering, 

for example, the alternative mutation rates that have been used in previous studies for both 

species. For either or both species, one possible environmental cause for shifting to more 

benthic or inshore foraging – whether this was an active change in behaviour or merely the 

predators following their prey – is the global mid-latitude aridification and cooling associated 

with the aforementioned 4.2-ka event (Walker et al. 2012; Bender et al. 2013), and the long-

term gradual decline in relative sea level along the Patagonian coast that began ~6 kya (Prieto 

et al. 2017). Coastal aridification and sea level decline could have made demersal or benthic 

prey more accessible, gradually unlocking an additional food source. An increase in the variety 

of foraging sites where the sea floor was within diving range may have been especially valuable 

to individuals caring for pups or chicks, as they struggle to afford the costs in energy and time 

away from their offspring to forage (e.g. Campagna et al. 2001). Changes in sea level and/or 

temperature may have also altered the position of coastal fronts or larger ocean currents, such 

as the Brazil-Malvinas Confluence (BMC) (Aguirre 1993; Gu et al. 2019). These currents and 

their confluences are relatively far from the Patagonian coast, but Patagonian S. magellanicus 

have been known to overwinter in Brazil and utilise the Malvinas Current (Silva 2022), so its 

southward shift during the mid-Holocene could have been a boon to their population, and 

increased utilisation of lower-latitude food could have contributed to an increase in their average 

δ13C (Cherel and Hobson 2007). 
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Chapter 4: Comparative demographic history 

 

Introduction 

Background 

Comparing the demographic histories of different populations may be enlightening, not only of 

facts about those populations’ histories, but about the relative importance of processes and 

constraints influencing their demography, such as ecological dependencies and life history 

traits. There has been significant interest in identifying species that are exceptionally sensitive to 

specific environmental variables so that they can be used as “indicator species'', whose 

population trends may serve as proxies for those environmental variables and predictors of 

demographic trends in other species that are also ultimately dependent upon, but may respond 

less rapidly to, the same features of the environment. Studied examples include earthworm taxa 

being used as indicators of geological change (e.g. in soil type), with their demographic histories 

appearing to be influenced by such events in the Mediterranean region (Fernánde et al. 2013), 

and the frog Rana uenoi being used as an indicator of climate change on the Korean peninsula 

due to the sensitivity of its breeding season to winter temperatures (Jeon et al. 2021). Some 

species create environmental conditions that help or hinder the survival of others, potentially 

defining entire communities of species (Jones et al. 1994; Wright and Jones 2006).   

 

These concepts imply that we might expect to see suites of species exhibiting similar 

demographic histories as a result of being dependent upon each other or on the same 

environmental variable(s). For example, sea lions, seals and penguins should not be intrinsically 

very sensitive to parameters of the marine environment such as temperature and salinity; their 

large, well-insulated bodies and endothermy allow them to maintain homeostasis during their 

trips to sea to find food. However, their smaller and fully marine prey are highly sensitive to 

these parameters, and their abundance in a given area is strongly influenced by water 

temperature and chemistry (Acha et al. 2004; Alemany et al. 2014). As a result of their dietary 

dependence on these more sensitive animals, the demographic trends that have occurred in the 

marine mammals and birds of coastal Argentina and elsewhere might be similar to each other 

and to those of their local fish and cephalopods. 

 

https://www.sciencedirect.com/science/article/abs/pii/S0038071712004002?casa_token=Jd1iXk6oobgAAAAA:YpjRcDSRt5f0ANGp2S5KpKKvV-jy5buHIT4s19zmScZhl5PYIwGPfI9otoAeZa0c4bCRV_Y9NA
https://www.researchgate.net/profile/Amael-Borzee-2/publication/355795799_Resolving_the_taxonomic_equivocacy_and_the_population_genetic_structure_of_Rana_uenoi_-_insights_into_dispersal_and_demographic_history/links/617ed398eef53e51e1104292/Resolving-the-taxonomic-equivocacy-and-the-population-genetic-structure-of-Rana-uenoi-insights-into-dispersal-and-demographic-history.pdf
https://link.springer.com/chapter/10.1007/978-1-4612-4018-1_14
https://academic.oup.com/bioscience/article/56/3/203/333061
https://www.sciencedirect.com/science/article/pii/S0924796303001271?casa_token=bA5VHUVtIwcAAAAA:MTZBBuNJTuX-eMNuXJ_v3jMTiIscwj5bixHE89oKI-SYxyyMWzeJR6v-31saj-RALvgxyz0VWg
https://www.sciencedirect.com/science/article/pii/S1385110113002463?casa_token=gEoXL3eFuDYAAAAA:QD7nklk61cyMwdu2i8wN_PkESE3iZguX_VQD05WFkC53uhcguuOtRYVKMmpjQIa9-JK1VwVZsw#bb0225
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Numerous authors have described demographic histories from multiple species and highlighted 

similarities and differences between them, sometimes using their disjunction to infer divergence 

times (e.g. Rogers et al. 2019; Li et al. 2020). However, relatively few have made comparing 

demographic histories an explicit aim of their study, and fewer have used quantitative 

approaches to compare demographic histories. An early example was the comparison of snub-

nosed monkeys and giant pandas performed by Zhou et al. (2014). They found that three of four 

species of snub-nosed monkey exhibited similar demographic histories according to the 

pairwise sequentially Markovian coalescent (PSMC) method (Li and Durbin 2011). However, a 

fourth species, the golden snub-nosed monkey (Rhinopithecus roxellana), had a different 

demographic history. For at least the last million years, its population size appeared to have 

more closely paralleled that of the giant panda (Ailuropoda melanoleuca), with which it shares a 

similar folivorous diet, rather than the population sizes of other snub-nosed monkeys. They 

quantified these findings by calculating Pearson’s correlation coefficient between the 

demographic history curves of each pair of species (among Rhinopithecus spp. and A. 

melanoleuca).  

 

Hecht et al. (2018) used PSMC to compare the demographic histories of host and symbiont 

pairs, including the nematode parasite Trichinella spiralis and their pig (Sus scrofa) hosts, and 

the malaria disease system, including humans, the other great apes, Anopheles mosquitoes, 

and the agent of malaria Plasmodium falciparum. They quantified the PSMC results similarly to 

Zhou et al.(2014), but rather than calculate correlation coefficients between the curves, Hecht et 

al. (2018) focused exclusively on the direction of change in effective population size between 

each pair of time points. The reason for this was that the correlation coefficient is heavily 

influenced by the relative magnitude of population size through time, but that is arguably not as 

relevant to understanding ecological relationships as simply whether the population is growing, 

shrinking, or remaining stable at a given point in time. Hecht et al. (2018) also allowed for a 

degree of uncertainty in the inferred timing of each population’s demographic history based on 

model error and imprecise estimates of mutation rate and generation time. Finally, they reported 

that the demographic history curves of “true” host-symbiont pairs (e.g. Trichinella x pigs) differed 

significantly less on average than the demographic history curves of arbitrary pairings (e.g. 

Trichinella x gorillas).  

 

The comparative approaches by Zhou et al. (2014) and Hecht et al. (2018) both focused on 

demographic histories inferred from the pairwise sequentially Markovian coalescent (PSMC), 

https://www.science.org/doi/10.1126/sciadv.aau6947
https://www.pnas.org/content/117/51/32499.short
https://www.nature.com/articles/ng.3137?luicode=10000011&lfid=231522type%3D1%26t%3D10%26q%3D%23%E7%8C%B4%E5%B9%B4%E5%90%89%E7%A5%A5%E7%89%A9%23&u=http://www.nature.com%2Fng%2Fjournal%2Fv46%2Fn12%2Ffull%2Fng.3137.html
https://www.nature.com/articles/nature10231
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2018.1032
https://www.nature.com/articles/ng.3137?luicode=10000011&lfid=231522type%3D1%26t%3D10%26q%3D%23%E7%8C%B4%E5%B9%B4%E5%90%89%E7%A5%A5%E7%89%A9%23&u=http://www.nature.com%2Fng%2Fjournal%2Fv46%2Fn12%2Ffull%2Fng.3137.html
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2018.1032
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2018.1032
https://www.nature.com/articles/ng.3137?luicode=10000011&lfid=231522type%3D1%26t%3D10%26q%3D%23%E7%8C%B4%E5%B9%B4%E5%90%89%E7%A5%A5%E7%89%A9%23&u=http://www.nature.com%2Fng%2Fjournal%2Fv46%2Fn12%2Ffull%2Fng.3137.html
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2018.1032
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which is a model-flexible method that estimates effective population sizes throughout a 

population’s history, up to the time of the oldest recombination event detectable in the genome 

of sampled individual(s) (Li and Durbin 2011). All methods for reconstructing demographic 

history based on the coalescent are most accurate and precise in their estimates when dealing 

with a large number of coalescence events. Most coalescence events are expected to have 

occurred within the last 2N generations, but this means that within the most recent few 

generations (depending on the magnitude of N), and in the very distant past, few coalescence 

events will be detected from which to infer the size of the population during those periods (Fu 

and Li 1999). In their analysis of human genomes with PSMC, Li and Durbin (2011) suggested 

that reconstructions of the most recent 20,000 years (~800 generations) and points older than 

3,000,000 years (~120,000 generations) should be regarded as untrustworthy. However, PSMC 

is expected to recover fewer coalescences in the recent past than most other coalescent-based 

methods, like the EBSP (Heled and Drummond 2008; Ho and Shapiro 2011) and Stairway Plot 

(Liu and Fu 2015) introduced in the previous chapter. This is because, in lieu of a population 

sample, PSMC takes the genome of a single diploid individual and detects recombination points 

where the flanking genomic regions have different genealogical histories. However, this means 

that it is also limited by the recombination rate in order to recover a sufficient number of distinct 

genomic regions that coalesce in the recent past, leaving PSMC with less power to resolve 

recent demographic history than a Stairway Plot (or similar) analysis using a modest sample of 

individuals from the same population.  

 

Some other methods are simpler and less informative, but offer alternative lines of evidence and 

may be more robust in certain circumstances. Cole et al. (2019) investigated the demographic 

histories of six penguin species across three genera (Eudyptes, Pygoscelis, Aptenodytes) using 

genomic data derived from a DArT-seq strategy. To analyse specifically their recent 

demographic histories, Cole et al. used three distinct methods: 1) the common test statistic 

known as Tajima’s D (Tajima 1989), which can indicate recent population expansion or 

contraction (alternatively, selective sweep or balancing selection) based on the frequency of 

rare alleles relative to expectations; 2) a genealogy-based method called SNAPP (Bryant et al. 

2012) that infers population size changes from the density of recent lineage-coalescence 

events; and 3) a model-flexible method called CubSFS (Waltoft and Hobolth 2018) that 

reconstructs historical population sizes by fitting a model that best explains the full distribution of 

allele frequencies. They found a high level of consistency across these methods’ indications of 

the direction of recent demographic change, with all agreeing in four cases of recent decline or 

https://www.nature.com/articles/nature10231
https://www.sciencedirect.com/science/article/pii/S0040580999914211
https://www.sciencedirect.com/science/article/pii/S0040580999914211
https://www.nature.com/articles/nature10231
https://bmcecolevol.biomedcentral.com/articles/10.1186/1471-2148-8-289
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1755-0998.2011.02988.x
https://www.nature.com/articles/ng.3254
https://www.pnas.org/content/116/52/26690.short
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1203831/
https://academic.oup.com/mbe/article/29/8/1917/1045283?login=true
https://academic.oup.com/mbe/article/29/8/1917/1045283?login=true
https://pubmed.ncbi.nlm.nih.gov/29886455/
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stability, and each method disagreeing with the others in one instance across seven cases of 

recent population growth. Overall, they concluded that macaroni, eastern rockhopper, Adélie, 

gentoo, king and emperor penguins showed evidence of recent population growth, while 

northern rockhopper, western rockhopper, fjordland and snares penguin populations had 

declined or remained stable. 

 

Cristofari et al. (2018) also investigated the demographic history of two of these species, king 

penguins and emperor penguins. In agreement with Cole et al., their results suggested that the 

king penguin population had grown significantly since the last glacial maximum, though it was 

static over most of the Holocene. In contrast, the emperor penguin population appeared to have 

been relatively stable for tens of thousands of years. The authors interpreted this as indicating 

that the fluctuations in the king penguin population were not driven by changes in overall 

productivity of the Southern Ocean, which likely would have affected both species, but rather 

changes in habitat requirements peculiar to the king penguin, such as the proximity of sea ice 

and the Antarctic Polar Front to lower-latitude king penguin colonies. For their demographic 

history reconstruction, Cristofari et al. (2018) used Stairway Plot (introduced in the previous 

chapter) which - like CubSFS - uses the distribution of allele frequencies in a population sample 

to infer changes in effective population size.  

 

As seen in the previous chapter, inference of a single population’s demographic history based 

on population genetics is complicated, and there is inevitably uncertainty over whether a 

population grew/shrank or remained stable during a specified period. Moreover, the inference is 

of effective population size (Ne), which is influenced by more factors than just the number of 

individuals in the population (census size; N), such as the sex ratio, variance in reproductive 

success or offspring survival, and the demographic-genetic history of the population (i.e. if the 

size of the population has recently changed and genetic diversity has not yet caught up). For 

example, migration within a subdivided population can leave a genetic signature of the 

population having grown (if multiple subpopulations are sampled) or contracted (if only one 

subpopulation is sampled) even if the overall metapopulation actually remained at a stable size 

throughout (Mazet et al. 2015). Still, if our objective is to learn about demographic similarities 

and differences between populations, then changes in their degree of population structure could 

also be considered a legitimately interesting aspect of demographic history, rather than merely a 

confound. However, this assumes that we can either disentangle population size from 

population structure based on other information (e.g. circumstantial evidence from 

https://www.nature.com/articles/s41558-018-0084-2
https://www.nature.com/articles/s41558-018-0084-2
http://dx.doi.org/10.1016/j.tpb.2015.06.003
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environmental history) that lends greater plausibility to one scenario or another, or that we can 

gain useful insights from the overall similarity/difference of populations’ genetically-inferred 

demographic histories. For example, separation of a population into refugia during episodes of 

glaciation would be expected to increase population subdivision and therefore skew the ratio 

between its inferred effective population size and its true historical census size, yet both 

population size and structure could contribute to a signature, diagnostic feature of the 

demographic histories of populations that were affected by a particular environmental upheaval, 

assuming consistent sampling strategies could be applied bearing in mind the cautionary 

simulations of Mazet et al. (2015). Considering the numerous forces shaping demographic 

trends, how likely is it that a pair of species selected at random from around the world will have 

a very similar demographic history? Furthermore, how likely is it that the independently 

generated genetic signatures of such similar demographic histories will lead to similar 

demographic histories being inferred by genomics-based methods?  

 

In this chapter, I outline an approach for quantitatively comparing demographic histories, and 

use it to investigate how consistent patterns of demographic history are among related or 

sympatric species based on Stairway Plot analyses of published sequence data and the novel 

genomic data for the South American sea lion (Otaria flavescens) introduced earlier in this 

thesis. I use clustering-type analyses to assess what ecological, geographic, biological or 

historical factors could explain the patterns of similarity and difference among demographic 

histories. I apply this novel method to population genomic datasets of pinnipeds, penguins, and 

silverside fish, chiefly from South America and the Southern Ocean. 

 

 

Methods 

Data sources 

Simulated populations 

Three sets of populations were simulated using Hudson’s ‘ms’ program (Hudson 2002) in order 

to test the reliability of demographic history comparisons under different conditions (Table 4.1). 

These simulations follow a lineage of simulations used in previous papers to validate new 

programs for use in demographic history reconstruction. For example, the “Standardsim” 

command found in Table 4.1 was previously used to validate PSMC (Li and Durbin 2011) and 

http://dx.doi.org/10.1016/j.tpb.2015.06.003
https://academic.oup.com/bioinformatics/article-abstract/18/2/337/225783
https://www.nature.com/articles/nature10231
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Stairway Plot (Liu and Fu 2015; Liu and Fu 2020). Populations within each set had a common 

structure to their history and similar genome sizes, mutation rates and generation times. 

However, the timing and scale of each step in their population history was permuted by up to 

2% and their genome size, mutation rate and generation time (demographic scaling parameters) 

were allowed to vary by up to 20%. These permutations were meant to represent actual 

variation that might be expected between the demographic histories of populations of the same 

species or similar species in the same environment, as well as noise introduced by different 

sample sizes and genome coverage. A novel program called “align_stairwayplot.py” was 

developed and tested to be able to correctly cluster these sets, before moving on to real data.  

 

Table 4.1. The ‘ms’ command to generate the base version of each of the simulation sets, from 

which permutations were generated and tested. Clearly, SimBr is much more complex than 

Standardsim or Modsim. It is also unique in controlling Ne gradually by modifying population 

growth rate through “-eG” commands, while the other two rely on instantaneous changes in Ne 

set by “-eN” commands.  

“Standardsim” ms 80 200 -t 2732 -r 2179 30000000 -eN 0.01 0.05 -eN 0.0375 0.5 

“Modsim” ms 80 200 -t 2732 -r 2179 30000000 -eN 0.01 1.5 -eN 0.0375 0.5 

“SimBr” ms 80 200 -t 2688.000000 -r 2150.4 10000000 -G 9.032530 -eG 0.089286 
0.0 -eN 0.214286 0.857143 -eN 0.334821 0.178571 -eG 0.334821 -
2.700260 -eG 0.513393 0.752006 -eG 0.625000 0.0 

 

 

Natural populations 

Published RADseq reads from a wide taxonomic and geographic range of populations were 

downloaded from the NCBI GenBank database. Table 4.2 lists the populations that were 

ultimately used and their metadata.  

 

In the case of penguins, multiple studies, including the source of the genomes used here, have 

reported extremely shallow genetic differentiation between modern populations of these 

species, discernible only with the use of geographic priors. Therefore, I analysed them first as 

full species (all individuals pooled) and then as separate populations to check for 

inconsistencies, whether due to error (reduced sample size) or distinct regional histories. For 

https://www.nature.com/articles/ng.3254
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-020-02196-9
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pinnipeds, most species could only be represented with adequate sample size (10+ individuals) 

by a single population.  

 

Mutation rates for most pinniped species were taken from Peart et al. (2020), who estimated 

them from the same genomes analysed here, by summing genomic differences relative to 

estimated divergence times between species. The commonly used vertebrate mutation rate of 

2.5e-8 substitutions/site/generation (s/s/g; Nachman and Crowell 2000) was assumed for O. 

flavescens and Leptonychotes weddellii, as no species-specific estimate was available. For O. 

flavescens, this is not far from the rate estimated for close relatives by Peart et al. (2020). The 

2.5-8 s/s/g mutation rate was also used for silverside fish, as it has been used for other ray-

finned fish (e.g. Sebastes spp., Xu et al. 2019). The rate assumed for penguins in the literature 

is more variable. For example, Cole et al. (2019) used an extremely fast mutation rate of 2.6e-7 

substitutions/site/generation for all penguins, which was originally estimated from king penguin 

RADseq data by Trucchi et al. (2014), who remarked that they did not trust the very high result 

to be generally applicable. They suggested that it was influenced by their selection of RAD 

enzyme, SbfI, which focused on GC-rich regions that may have unusually high mutation rates 

due to a high density of hypermutable CpG sites (Webster et al. 2006). The estimate was also 

made by analysing RAD loci jointly with mitogenomes. However, genealogical incongruity 

between the single maternally inherited locus of the mitogenome and the many nuclear RAD 

loci could also distort the result. At the other end of the spectrum, Li et al. (2014) estimated an 

implausibly slow rate of 8.11e-9 based on assumptions about generation time that are now 

regarded as incorrect (Cristofari et al. 2018). Cristofari et al. (2018) arrived at an estimate of 

1.08e-7 using the approach of Trucchi et al. (2014), but also applied their refined approach to the 

data of Li et al. to yield a corrected rate of 4.55e-8, which is closer to the rate expected for a 

vertebrate. This mutation rate of 4.55e-8 substitutions/site/generation was assumed for all 

penguin species in the present study.  

 

Generation times for most pinniped species were taken from Peart et al. (2020) and range from 

8.7 years (Mirounga angustirostris) to 18.6 years (Pusa hispida). A generation time of 9 years 

for L. weddellii was taken from Curtis et al. (2009). A generation time of 12 years was used for 

O. flavescens, based on Hernandez-Camacho et al. (2008) and followed by Feijoo et al. (2011) 

and Oliveira et al. (2017). For all silverside fish, a generation time of 2.9 years was taken from 

Garcia et al. (2014), who used it for analyses on several of these exact species, and Cortinhas 

et al. (2016), who used the rate for analyses of Atherinella brasiliensis from the same family. 

https://www.nature.com/articles/s41559-020-1215-5
https://academic.oup.com/genetics/article/156/1/297/6051861
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41597-019-0100-z
https://www.pnas.org/content/116/52/26690.short
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2014.0528
https://academic.oup.com/mbe/article/23/6/1203/1055351
https://pubmed.ncbi.nlm.nih.gov/25671092/
https://www.nature.com/articles/s41558-018-0084-2
https://www.nature.com/articles/s41558-018-0084-2
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2014.0528
https://www.nature.com/articles/s41559-020-1215-5
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-294X.2009.04166.x?casa_token=pDiiB0GaDwkAAAAA%3AZPNq8SKEGBFTvXuCcqUbHIoN4nxz5I9ariQaPyYsvuAXGd2g_YL5zmGL3DSCgsulQKMEfvjVEoj2Tn_m
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1748-7692.2008.00199.x?casa_token=PKWFs9_jHWIAAAAA%3ApSWeAj4ySOXzxj0uFeEGOHZVJVAfUs-Jtk2v8xGkk7aDKpUUG59P0RPQs80n11uLq9ceN-ByqKRJH475
https://link.springer.com/article/10.1007/s00227-011-1697-4
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442#pone.0179442.ref016
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0104659
https://www.sciencedirect.com/science/article/pii/S0272771416301810?casa_token=jS38GkrCTv4AAAAA:wdEdTO7-LyLjOurlYuNGSbGyUgVuEJINPK7uxMD85Kz-sjExFES-6N7c9tHpgSvVoce14K59CQ
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Penguin species-specific generation times were taken from Forcada and Trathan (2009), with 

estimates ranging from 8 years (Pygoscelis spp.) to 14 years (Aptenodytes forsteri). 

 

Table 4.2. Natural populations considered in this study. All sequence data were originally 

obtained via RADseq or ddRADseq from the stated data source reference. They were then 

assembled to the closest reference genome available. NCBI accession numbers for the 

samples and associated RADseq reads of published data can be found in Appendix A. 

Species Location 
(population) 

Mutation rate 
(/site/gen) 

Generation 
time (yrs) 

N Data source Genome reference 
accession 

Otaria 
flavescens 

Argentina 2.5e-8 12 40 Original data CNA0007262 (Yuan 
et al. 2021) 

Arctocephalus 
australis 

Brazil 1.42e-8 11.7 11 Peart et al. 2020 GCA_900642305.1 
(A. gazella) 

Arctocephalus 
forsteri 

Cape Foulwind, 
NZ 
(“CFoulwind”) 

1.2e-8 9.9 8 Peart et al. 2020 GCA_900642305.1 
(A. gazella) 

Arctocephalus 
forsteri 

Open Bay, NZ 
(“OBay”) 

1.2e-8 9.9 7 Peart et al. 2020 GCA_900642305.1 
(A. gazella) 

Arctocephalus 
forsteri 

Ohau Point, NZ 
(“OhauP”) 

1.2e-8 9.9 6 Peart et al. 2020 GCA_900642305.1 
(A. gazella) 

Arctocephalus 
forsteri 

Victory Beach, 
NZ (“VictoryB”) 

1.2e-8 9.9 6 Peart et al. 2020 GCA_900642305.1 
(A. gazella) 

Arctocephalus 
galapagoensis 

Isabela Island, 
Galápagos 

1.21e-8 10 12 Peart et al. 2020 GCA_900642305.1 
(A. gazella) 

Arctocephalus 
gazella 

South Georgia 1.1e-8 9.1 80 Peart et al. 2020 GCA_900642305.1 

Mirounga 
leonina 

Sea Lion Island, 
Falklands 

4.94e-9 9.5 11 Peart et al. 2020 GCA_004023865.1 
(M. angustirotris) 

Mirounga 
angustirostris 

California 4.52e-9 8.7 15 Peart et al. 2020 GCA_004023865.1 

Phoca vitulina Svalbard 7.99e-9 14.8 12 Peart et al. 2020 GCA_004023865.1 
(M. angustirotris) 

Pusa hispida Svalbard 1.00e-8 18.6 14 Peart et al. 2020 GCA_004023865.1 
(M. angustirotris) 

Erignathus 
barbatus 

Svalbard 7.42e-9 13.4 11 Peart et al. 2020 GCA_004023865.1 
(M. angustirotris) 

Zalophus 
californianus 

El Golfo de 
Santa Clara, MX 
(“GCal1”) 

6.67e-9 14.5 12 Peart et al. 2020 GCA_004024565.1 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2486.2009.01909.x?casa_token=Ybz3Cap2J24AAAAA%3AwGBLDzEGDlTjjll-y4oANRfZKLOUxRrJN2kLczRoOM2XM58d67v_RWtEnQ1q1BX4Oq5xJPC5GZYJ47jX
https://ftp.cngb.org/pub/CNSA/data3/CNP0000758/CNS0152185/CNA0007262/
https://www.pnas.org/doi/abs/10.1073/pnas.2106080118
https://www.pnas.org/doi/abs/10.1073/pnas.2106080118
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
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Zalophus 
californianus 

Isla Ángel de la 
Guarda, MX 
(“GCal2”) 

6.67e-9 14.5 11 Peart et al. 2020 GCA_004024565.1 

Zalophus 
californianus 

Isla San Pedro 
Nolasco, MX 
(“GCal3”) 

6.67e-9 14.5 21 Peart et al. 2020 GCA_004024565.1 

Zalophus 
californianus 

Isla del Espiritu 
Santo, MX 
(“GCal4”) 

6.67e-9 14.5 14 Peart et al. 2020 GCA_004024565.1 

Zalophus 
californianus 

Isla Santa 
Margarita, MX 
(“SMargarita”) 

6.67e-9 14.5 14 Peart et al. 2020 GCA_004024565.1 

Zalophus 
wollabaeki 

Baltra Island, 
EC  

4.6e-9 10 10 Peart et al. 2020 GCA_004024565.1 
(Z. californianus) 

Zalophus 
wollabaeki 

Espanola 
Island, EC 

4.6e-9 10 10 Peart et al. 2020 GCA_004024565.1 
(Z. californianus) 

Zalophus 
wollabaeki 

Fernandina 
Island, EC 

4.6e-9 10 19 Peart et al. 2020 GCA_004024565.1 
(Z. californianus) 

Zalophus 
wollabaeki 

Genovesa 
Island, EC 

4.6e-9 10 9 Peart et al. 2020 GCA_004024565.1 
(Z. californianus) 

Zalophus 
wollabaeki 

Isabela Island 
north, EC 
(“IsabelaB”) 

4.6e-9 10 15 Peart et al. 2020 GCA_004024565.1 
(Z. californianus) 

Zalophus 
wollabaeki 

Isabela Island 
south, EC 
(“IsabelaV”) 

4.6e-9 10 8 Peart et al. 2020 GCA_004024565.1 
(Z. californianus) 

Zalophus 
wollabaeki 

Pinta Island, EC 4.6e-9 10 7 Peart et al. 2020 GCA_004024565.1 
(Z. californianus) 

Zalophus 
wollabaeki 

Santa Fe Island, 
EC 

4.6e-9 10 8 Peart et al. 2020 GCA_004024565.1 
(Z. californianus) 

Leptonychotes 
weddellii 

Erebus Bay 2.5e-8 9 19 Miller et al. 2021 GCA_000349705.1 

Aptenodytes 
patagonicus 

Falkland Islands 
+ Crozet 
Archipelago 

4.55e-8 9 30 Clucas et al. 2018 GCA_010087175.1 

Aptenodytes 
patagonicus 

South Georgia 
Island 

4.55e-8 9 16 Clucas et al. 2018 GCA_010087175.1 

Aptenodytes 
patagonicus 

Macquarie 
Island 

4.55e-8 9 12 Clucas et al. 2018 GCA_010087175.1 

Pygooscelis 
antarcticus 

South Shetland 4.55e-8 8 10 Clucas et al. 2018 GCA_010078415.1 

Pygooscelis 
antarcticus 

Orne Harbor 4.55e-8 8 10 Clucas et al. 2018 GCA_010078415.1 

https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://link.springer.com/article/10.1007/s12686-021-01237-0
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
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Pygooscelis 
antarcticus 

Bouvet & South 
Sandwich 
Islands 

4.55e-8 8 10 Clucas et al. 2018 GCA_010078415.1 

Pygoscelis 
adeliae 

West Antarctica 
(Antarctic 
Peninsula & 
South Sandwich 
Island) 

4.55e-8 8 42 Clucas et al. 2018 GCA_000699105.1 

Pygoscelis 
adeliae 

East Antarctica 
(Welch, 
Bechervaise 
and Petrels 
Islands & 
Blakeney Point) 

4.55e-8 8 37 Clucas et al. 2018 GCA_000699105.1 

Pygoscelis 
papua 

Falkland Islands 4.55e-8 8 10 Clucas et al. 2018 GCA_010090195.1 

Pygoscelis 
papua 

Antarctic 
Peninsula 

4.55e-8 8 34 Clucas et al. 2018 GCA_010090195.1 

Pygoscelis 
papua 

Kerguelen 
Island 

4.55e-8 8 11 Clucas et al. 2018 GCA_010090195.1 

Aptenodytes 
forsteri 

Amanda Bay & 
Pointe Geologie 

4.55e-8 14 27 Clucas et al. 2018 GCA_000699145.1 

Aptenodytes 
forsteri 

Fold Island & 
Auster 

4.55e-8 14 27 Clucas et al. 2018 GCA_000699145.1 

Aptenodytes 
forsteri 

Gould Bay & 
Halley Bay 

4.55e-8 14 22 Clucas et al. 2018 GCA_000699145.1 

Aptenodytes 
forsteri 

Cape Roget & 
Cape 
Washington 

4.55e-8 14 17 Clucas et al. 2018 GCA_000699145.1 

Odontesthes 
argentinensis 

Uruguay 2.5e-8 2.9 28 Hughes et al. 2020 GCA_014825785.1 

Odontesthes 
regia 

Chile 2.5e-8 2.9 17 Hughes et al. 2020 GCA_014825785.1 

Odontesthes 
mirinensis 

Brazil 2.5e-8 2.9 10 Hughes et al. 2020 GCA_014825785.1 

Odontesthes 
mauleanum 

Chile 2.5e-8 2.9 33 Hughes et al. 2020 GCA_014825785.1 

Odontesthes 
ledae 

Brazil 2.5e-8 2.9 12 Hughes et al. 2020 GCA_014825785.1 

Odontesthes 
bonariensis 

Uruguay 2.5e-8 2.9 15 Hughes et al. 2020 GCA_014825785.1 

Odontesthes 
hatcheri 

Uruguay 2.5e-8 2.9 15 Hughes et al. 2020 GCA_014825785.1 

 

https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.15350
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.15350
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.15350
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.15350
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.15350
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.15350
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.15350
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Genome assembly and SNP-calling 

Genomic DNA reads were assembled to an appropriate reference genome using the ‘mem’ 

command of BWA v0.7.12 (Li and Durbin 2009). For penguins, precise reference genomes were 

accessible for each species. For pinnipeds and silverside fish, a reference genome from within 

the same genus was usually relied upon (Table 4.2). The resulting assemblies were then 

converted to .bam file format with samtools ‘view’, ignoring alignments with mapping quality <20 

(Danecek et al. 2021). Variant sites were called using Stacks’ ref_map.pl pipeline (Catchen et 

al. 2011; Catchen et al. 2013). In an initial run, no limit on missing data (per site or per 

individual) was applied, but based on the results, individuals missing a genotype at >70% of all 

sites (i.e. sites genotyped in at least one individual) were excluded from subsequent analysis. 

Stacks’ populations module was then run again, requiring any sites to be present in at least 95% 

of the remaining individuals in order to be included in the final SNP dataset.  

 

Demographic history reconstruction 

Folded site frequency spectra (SFS) were estimated for each population using the program 

easySFS (https://github.com/isaacovercast/easySFS). As explained in more detail in Chapter 3, 

the SFS is a vector of the number of alleles observed in each frequency class (beginning with 

singletons, SNPs that are heterozygous in a single individual) in a population sample. The SFS 

is expected to reflect – and therefore provide evidence of – demographic history because 

changes in population size have characteristic effects on the distribution of allele frequencies. 

For example, a population that has recently experienced a bottleneck is expected to feature 

fewer rare alleles than a long-term stable population would due to chance loss of rare alleles 

from many sites and insufficient time for this variation to have been regenerated through 

mutation.  

 

The SFS was then analysed by the program Stairway Plot 2 (Liu and Fu 2015; 2020) to 

reconstruct the general shape of the population’s demographic history. Stairway Plot 2 also 

requires specified values of generation time (years), mutation rate 

(substitutions/site/generation), and the total number of nucleotide sites observed (including 

invariant sites), to scale the demographic history in terms of years and Ne.  

 

https://pubmed.ncbi.nlm.nih.gov/19451168/
https://pubmed.ncbi.nlm.nih.gov/33590861/
https://academic.oup.com/g3journal/article/1/3/171/5986549?login=false
https://academic.oup.com/g3journal/article/1/3/171/5986549?login=false
https://onlinelibrary.wiley.com/doi/10.1111/mec.12354
https://github.com/isaacovercast/easySFS
https://github.com/isaacovercast/easySFS#easysfs
https://www.nature.com/articles/ng.3254
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-020-02196-9
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It is important, in the context of this chapter, to understand some of the inner workings of 

Stairway Plot 2. It begins by estimating the single best-fitting average Ne for the full history of a 

population as determined by the SFS of length n, where n is the number of diploid individuals 

sampled for the population. This basic model is then elaborated upon several times through a 

genetic algorithm, where new “breakpoints” are randomly proposed at time points in the 

historical demographic model when Ne might have changed, and the likelihood of the new 

model is estimated. If the new model passes a likelihood ratio test, it is accepted, and the 

process continues. In its final form, a model specifies Ne at 2n-1 historical time points, with up to 

(but usually far fewer than) 2n-2 distinct values of Ne separated by breakpoints that were 

accepted over the course of the model’s evolution. This whole process is repeated from the 

beginning for a default of 200 iterations, and all iterations are combined to give the final result of 

the Stairway Plot 2 run.  

 

Previous studies have found Stairway Plot to be especially robust to differences in underlying 

genetic data, such as from different genome assembly strategies (e.g. Patton et al. 2019). 

However, this averaging over many replicates of much lower resolution gives a somewhat 

misleading impression of smoothness and continuity to Stairway Plots. The smoothness of the 

final plot does not necessarily reflect actual history, but it is still meaningful because it does 

reflect uncertainty about that history in the underlying replicates. For example, uncertainty in the 

timing of an abrupt change could be represented as a longer period of gradual change.  

 

Comparing Stairway Plot curves 

I developed a method for quantitatively comparing many Stairway Plots simultaneously, to 

perform clustering analyses with the aim of identifying patterns uniting or distinguishing the 

demographic histories of the populations in question. Although this method is designed for 

analysing results of Stairway Plot 2, much of the approach would be applicable to any other 

model-flexible method for inferring demographic history (Hecht et al. 2020), and a similar 

approach has been applied to results of PSMC (Hecht et al. 2018). 

 

The program, align_stairwayplot.py, takes as input the final demographic models from each 

iteration of a Stairway Plot 2 analysis. The time-specific Ne values in the final model are 

converted into one fewer “binary slope” values, reflecting the direction of change (if any) in Ne 

between one time point and the next. If the final model did not infer a breakpoint between a pair 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6878949/
https://www.sciencedirect.com/science/article/pii/S1567134820302720
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2018.1032
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of time points, such that their inferred Ne is the same, the slope of that pair is considered to be 

0. A decline in Ne produces a slope of -1, and an increase in Ne produces a slope of 1. 

Proceeding on the assumption that the time points were contemporaneous across each 

model/iteration, the “binary slope” models from each iteration are combined into a composite 

model reflecting the proportion of iterations in which Ne was supposed to have been increasing, 

decreasing, or constant at a given point in time. For example, if 74% of models had Ne 

increasing (slope=1) at time t, 25% left Ne constant (no breakpoint; slope=0), and 1% had Ne 

decreasing (slope=-1), the composite slope at time t would be (0.74*1)+(0.25*0)+(0.01*-1) = 

0.74-0.01 = 0.73. This composite slope value would then be further refined by multiplying it by 

the log of the magnitude of the suggested change in Ne at that time interval relative to others. 

For example, in a Stairway Plot analysis where the average time interval saw a change (growth 

or decline) of Ne=100, the composite slope value of a time interval where growth of only Ne=10 

took place would be multiplied by 0.5 [log(10)/log(100)]. 

 

Although it is reasonable to treat time points as being contemporaneous across iterations within 

a single Stairway Plot 2 run for a single population (they must at least occur in the same order 

and with the same average age, being based on the same genetic parameters), the timescales 

of the reconstructed demographic histories of other populations can differ by orders of 

magnitude. Therefore, to align and compare multiple demographic histories, they must all be 

projected onto a common set of time points. In align_stairwayplot.py, these standardized time 

points are user-definable, depending on the period(s) of history and types of questions that are 

of interest, and the range of timescales covered by the sampled populations. For each specified 

time point, the program uses the nearest-in-time composite slope value for each population. If 

one of the standardized time points is more recent or more ancient than the earliest or oldest 

time points in the composite slope model of a given population, then a composite slope of -9 is 

assigned, representing “missing data”. Pairs of populations’ demographic histories are then 

compared by taking the average of the absolute value of the difference between the arrays of 

their contemporaneous composite slope values. Time points with a composite slope of -9 

(missing data) in either of the populations are ignored in this calculation.  

 

The resulting matrix of pairwise differences between populations’ demographic histories can 

then be analysed with any method one might apply to a phylogenetic distance matrix. The main 

recommended avenue for further analyses (and the one I used in this chapter) directed at 

identifying clusters of populations with distinct types of demographic histories is 
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multidimensional scaling (MDS) and non-parametric PERMANOVA, which can be performed 

using the ‘adonis’ function in the R package ‘vegan’ (Oksanen et al. 2019). MDS attempts to 

project the distance matrix onto two dimensions while approximately preserving the relative 

distance between each pair of populations. Non-parametric multivariate analysis of variance 

(PERMANOVA) can be used to assess the statistical significance of models hypothesising that 

certain groups of populations cluster separately from others. PERMANOVA works by calculating 

a test statistic (F) representing the ratio of distances between the means of different groups and 

the average distance from each population to the mean of its assigned group (Anderson 2001; 

Anderson et al. 2014). The statistical significance of the test statistic can then be determined by 

randomly shuffling group assignments (“permutations”, the origin of the method’s name) among 

populations and repeating the test many times on these ‘incorrect’ groupings to determine how 

often their resulting test statistic exceeded that of the original, ‘true’ hypothesised groups 

(Anderson 2001). These groups can be categorical (e.g. continent of origin), or they can be 

based on a continuous variable (e.g. latitude), in which case group membership is more of a 

weighting rather than populations being strictly defined as in or out. 

 

While the preceding paragraphs summarise the basic approach, another key feature of 

align_stairwayplot.py is relative evolutionary rate (RER) realignment. Demographic history 

curves frequently show periods when populations’ sizes are temporarily reduced or elevated, 

and then return to their long-term average. Up-down-up (and vice versa) curves are often 

important and distinctive features of demographic histories; for example, reflecting glacial 

cycles. However, even slightly inaccurate assumptions about the scaling factors of mutation rate 

and generation time, or simply noise/error in bioinformatic pipelines (including Stairway Plot 

itself), can lead to clearly related demographic histories being identified as very different under 

strict assumptions due to these features being out of phase. In previous work, the appearance 

of slight differences in timing may have led to single shared demographic events being identified 

as distinct (e.g. Oaks et al. 2020), even though this may have been accounted for by modest 

error in assumed rates and/or noise in the processes of mutation, reproduction, or bioinformatic 

analysis. At the same time, some constraint is clearly necessary to prevent a pair of 

demographic history curves from simply being stretched and compressed and shifted 

indefinitely until they achieve a perfect match.  

 

In align_stairwayplot.py, users are able to define a plausible range of variation (‘RERrange’) in 

the timing of the demographic histories inferred in their Stairway Plot analyses. For example, an 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1442-9993.2001.01070.pp.x?casa_token=IF-iVaW2vJsAAAAA%3AeocOnijp9-5eFSkjjcpXrLN1dfHfVH2EmaWREgVwFphBV7kIClsYIFpS67in0sAoySaHinjy3lk59GQE
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9781118445112.stat07841
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1442-9993.2001.01070.pp.x?casa_token=IF-iVaW2vJsAAAAA%3AeocOnijp9-5eFSkjjcpXrLN1dfHfVH2EmaWREgVwFphBV7kIClsYIFpS67in0sAoySaHinjy3lk59GQE
https://onlinelibrary.wiley.com/doi/10.1111/evo.14052
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RERrange set to 2 instructs the program to use the best alignment of each demographic history 

curve to each other curve based on time values of one half (1/2x) to twice (2x) the values from 

original Stairway Plot. The RERrange should reflect the uncertainty in the scaling factor 

estimates used for the Stairway Plot runs, namely mutation rate, generation time, and the total 

number of monomorphic sites in the genomic dataset. However, while confidence intervals in 

estimates of mutation rate and generation time would theoretically by easy to come by, 

estimates of either parameter may not be available for the exact species of interest, and it is not 

to scientifically quantify the credence that should be given to different methods of estimation, 

which can produce very different results. Moreover, generation time in particular is also known 

to vary between populations and even over time within a single population as a result of 

changes in juvenile survivorship and age of first reproduction (Hadley et al. 2006). On the 

bioinformatic side, the number of monomorphic sites depends on the parameters used in the 

SNP-calling pipeline, which inevitably allows for some rate of spurious SNP calls (e.g. 

misaligned reads, poor-quality base calls) as well as missed SNPs (e.g. insufficient read depth 

or quality). While standard SNP-calling pipelines, such as Stacks, should report a reasonably 

accurate number of observed sites, this can be further muddled when down-projection to a 

smaller sample size is required to deal with a large amount of missing calls in the SNP dataset.  

 

Seeking a non-arbitrary way to select RERrange amid these layers of uncertainty, I developed a 

heuristic for estimating the optimal RERrange for a given set of populations to be analysed. The 

process described above is repeated with RERrange increasing incrementally from 1.0 to a 

user-defined value (e.g. 4.0), and the distance matrix resulting from each RERrange value is 

subtracted from the original distance matrix. From this, the average, 75th percentile, and 90th 

percentile reductions in pairwise differences across population pairs are calculated for each 

RERrange. In the case where two similar curves are slightly out of phase at their original scaling 

(RER=1), a modest increase in flexibility (RERrange) should lead to a large reduction in their 

pairwise difference score. Therefore, the expected behaviour is that high percentile reductions 

in pairwise differences should rapidly increase with RERrange, and then plateau (while 

RERrange continues to increase) as out-of-phase curves are able to find their place. The point 

at which the line(s) (especially the 90th percentile line) begin to plateau can be taken as the 

optimal RERrange to use for the analysis, notwithstanding other arguments to justify a more 

conservative or liberal RERrange in a particular case. This heuristic is referred to in this chapter 

as an RER robustness analysis. The approach is comparable to how plateauing of the 

cumulative variance explained by principal components (PCs) may be used to determine the 

https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2656.2006.01118.x
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optimal number of PCs to retain for analysis in discriminant analysis of principal components 

(DAPC) (Jombart et al. 2010). As RERrange increases, most of the information for the 

clustering comes from the relative time between growth/decline phases, rather than the absolute 

timing of those phases, so a collection of populations with more complex histories should form 

more clear and stable clusters than one with fewer distinct phases in their reconstructed 

histories. 

 

The Python code and more information on the usage of align_stairwayplot.py can be found at 

https://github.com/lbbhecht/align_stairwayplot.git. 

 

Demonstration analyses 

In this chapter, I will use the align_stairwayplot.py program to compare demographic histories 

among the simulated and natural populations described in Tables 4.1 and 4.2. These are 

generally exploratory analyses, without clear a priori expectations about how the populations’ 

histories may or may not intersect. I expect that this would be a common-use case for 

align_stairwayplot.py or any similar tool, required when hypothesis-testing based on taxonomic, 

geographic or ecological factors is not practical due to inadequate data. In these cases, I focus 

on identifying distinct clusters of populations/species and any distinguishing features of their 

demographic histories. For example, it was not possible to test whether the demographic 

histories of Atlantic freshwater and marine silverside fish species are different on average 

because I was only able to obtain adequate data for a single Atlantic Ocean-dwelling species 

(O. argentinensis; Table 4.2). It was also not practical to assess penguin species in any formal 

statistical framework, due to the small number of species and lack of genetic differentiation 

among populations (Clucas et al. 2018). However, the variety of pinniped species was minimally 

sufficient to potentially investigate the importance of specific taxonomic, geographic and 

ecological factors in their demographic histories, depending on the level of structure found 

among those histories.  

 

Factors that were considered to explain the relationships among pinniped demographic histories 

included family (otariid or phocid), geographic coordinates of the sampled population, typical 

breeding substrate (land or ice), marine foraging range (coastal vs oceanic), and parental care 

strategy (Table 4.3). Data on typical breeding substrate came from Schulz and Bowen (2005), 

https://bmcgenomdata.biomedcentral.com/articles/10.1186/1471-2156-11-94
https://github.com/lbbhecht/align_stairwayplot.git
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/04-0319?casa_token=Xxro21U1yVkAAAAA%3Am_sd8POl6VPHgxba2SeCk5zdNU-V4A4bqp6gYWLV20pWXBpeLDmWHQ6Y-xJwS6FUs-UDf73xGTbCDw9a
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and lactation duration was used as a proxy for parental care strategy, following Schulz and 

Bowen (2005) and Stephens et al. (2014).  

 

 

Table 4.3. Factors that could relate to differentiation in pinniped demographic histories. *A 

latitude of 53° is used for M. angusirostris despite the breeding population being sampled at 

latitude ~38° because the higher latitude better reflects its foraging range according to Robinson 

et al. (2010). 

Species Family Geographic 
range 

Marine 
range 

Breeding 
substrate 

Lactation 
length 
(days) 

Latitude 
(°) 

Longitude 
(°) 

O. flavescens Otariidae South America 
(Atlantic) 

Coastal Land 548 -43 -64 

P. vitulina Phocidae Arctic Coastal Land 26.7 79 18 

A. 
galapagoensis 

Otariidae South America 
(Pacific) 

Coastal Land 540 0 -91 

E. barbatus Phocidae Arctic Oceanic Pack ice 24 79 18 

M. 
angustirostris 

Phocidae North America 
(Pacific) 

Oceanic Land 25.8 53* -123 

P. hispida Phocidae Arctic Oceanic Fast ice 39 -54 -38 

A. gazella Otariidae Antarctic Coastal Land 116 -43 171 

A. forsteri Otariidae Australasia Coastal Land 285 30 -111 

Z. 
californicanus 

Otariidae North America 
(Pacific) 

Coastal Land 330 0 -90 

Z. wollebaeki Otariidae South America 
(Pacific) 

Coastal Land – -31 -51 

A. australis Otariidae South America 
(Atlantic) 

Coastal Land 365 -77 166 

L. weddellii Phocidae Antarctic Oceanic Fast ice 50.3 79 18 

M. leonina Phocidae Antarctic Oceanic Land 22.9 -53 -59 

 

 

https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/04-0319?casa_token=Xxro21U1yVkAAAAA%3Am_sd8POl6VPHgxba2SeCk5zdNU-V4A4bqp6gYWLV20pWXBpeLDmWHQ6Y-xJwS6FUs-UDf73xGTbCDw9a
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/13-1434.1?casa_token=SSXV6abrerEAAAAA%3AM7kT__9H3qBJ0joAH-alB60IJ9UWK4Jpp138-uPU9dDYFDFAO0ZU0i1HnkXKAKjsNBqq3dqUQTGlH1IL
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2656.2010.01735.x


140 

 

Results 

Simulated populations 

Multiple SNP datasets derived from each of the three sets of ms simulations were analysed with 

Stairway Plot 2. The results were then compared using align_stairwayplot.py to test the ability of 

the program to correctly group demographic histories known a priori to be similar and 

distinguish them from ones that were known to be different.  

 

When all simulations were analysed together, the RER robustness heuristic indicated that the 

most extreme pairwise slope differences were minimized with an RERrange factor of 2.0, with 

higher values making little difference (Figure 4.1). The distance matrix generated with this RER 

range was then subject to MDS. Three fully separate clusters were apparent, comprising the 

predefined simulation sets (Figure 4.2). The PERMANOVA test was highly significant (F=50.0, 

p<0.001) for the three-group overall model. A pairwise test between the modsim and simBr 

groups specifically was still significant (F=27.8, p=0.02), but only narrowly so due to the 

substantial variance among simBr, with the simBr3 family being closer to the average of the 

modsim group than that of simBr. The variability of simBr in comparison with the other 

simulation sets is explained by the fact that its simulated histories are based on changes in 

population growth rate rather than instantaneous changes in population size, resulting in more 

ambiguity about when demographic shifts took place and how large they were. Slight changes 

in growth rate though minor permutation of the parameters could bring about much larger 

changes in this case, thanks to controlling an exponential growth rate, than in the other 

simulation sets where simpler histories were controlled by instantaneous shifts in population 

size.  
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Figure 4.1. Reduction in the mean (black square), 75th percentile (blue diamond), and 90th 

percentile (red circle) of composite slope differences between pairs of simulated populations as 

RERrange is increased from 1.0 (i.e. no flexibility). The reduction plateaus around RER=2.0. 

 

 



142 

 

 

Figure 4.2. MDS plot summarising the difference among the demographic histories of 

populations simulated in ms (Table 4.1). The axes are unitless, and only used to visually 

represent the pairwise difference score between populations. Ellipsoids represent the group 

mean and average distance of populations from the mean on either dimension. Numbers (10-

40) at the end of population names refer to the simulated sample size. 
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Over the sample size range tested (N=10-40), the number of individuals on which the SFS was 

based had no effect on the rate at which these simulated populations were correctly clustered. 

Average pairwise differences declined slightly with increasing sample size, both within and 

between groups (Figure 4.3). 

 

 

 

Figure 4.3. Increasing sample size from 10 to 40 was associated with only a slight decrease in 

average pairwise difference between simulation sets. These trends may be specific to different 

‘shapes’ of demographic history curve, but with these simulated populations, a Stairway Plot 

based on 10 diploid individuals was sufficient to assign populations to their correct groups, as 

shown in Figure 4.2. 

 

Natural populations 

Comparing penguin species  

Analysis of the Stairway Plots of penguin species at their originally assumed relative 

evolutionary rates (RERs) showed that the chinstrap (Pygoscelis antarcticus), gentoo 
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(Pygoscelis papua), king (Aptenodytes patagonicus) and Adélie (Pygoscelis adélie) penguins all 

had episodes of decline followed by growth between 10-30 kya (Figure 4.4). However, these 

episodes did not align, except in chinstrap and gentoo. The chinstrap and gentoo populations 

both apparently declined between ~17-25 kya, and grew between ~10-17 kya. This would fit 

with the timing of LGM (~18-22 kya) and likely post-glacial expansion. However, the king and 

Adélie penguin analyses indicated different timings. The king penguins apparently declined 

between ~25-35 kya and grew between ~17-25 kya. This would imply that the king penguins 

proliferated during the LGM, at the same time as the chinstraps and gentoos were declining. 

The Adélie penguins apparently declined between ~30-45 kya and grew between ~25-30 kya, 

both episodes occurring prior to the LGM. The emperor penguins (Aptenodytes forsteri) 

apparently declined weakly between ~10-18 and ~18-27 kya, suggesting a different and overall 

less dynamic demographic history than the other four species. In particular, it is less clear 

whether emperor penguin numbers were affected by the LGM or post-glacial warming.  

 

Allowing for flexibility, or prior uncertainty, in RER to a factor 1.5 is enough to eliminate nearly all 

disagreement in the composite slope values of these penguin species that is based on potential 

misalignment of their demographic history curves (i.e. the absolute timing of events), as 

opposed to differences in curve shape (i.e. the occurrence and relative timing of events) (Figure 

4.5). 
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Figure 4.4. Time-specific composite slopes of penguin species at their original assumed 

evolutionary rates (i.e. generation time, mutation rate, genotyping rate). The black solid line 

traces the mean composite slope value of all five penguin species considered, while the shaded 

areas represent the interquartile range, interdecile range, and total range (i.e. maximum and 

minimum), respectively, in descending intensity of shading. The specific history of each species 

is shown by uniquely coloured dotted lines (but see Figures 4.6-4.7 for a less obstructed view of 

each). The approximate timing of the LGM is identified by a light blue bar. Lettered arrows 

identify distinct growth peaks represented at three different times across four species: A) 

Growth in the chinstrap and gentoo penguins, ~10-17 kya. B) Growth in the king penguins, ~17-

25 kya. C) Growth in the Adélie penguins, ~25-30 kya. 
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Figure 4.5. Reduction in the mean (black square), 75th percentile (blue diamond), and 90th 

percentile (red circle) of composite slope differences between pairs of penguin species as 

flexibility in RER is increased from 1.0 (i.e. no flexibility). The reduction plateaus around 

RER=1.5.  

 

With this flexibility, the demographic histories of all five species are optimally aligned to the king 

penguin and the putative timings of its growth and decline (Figure 4.6). These timings are 

between those of the Adélie and chinstrap/gentoo, so they require less RER flexibility than 

aligning to Adélie or chinstrap/gentoo (Figure 4.4). The king penguin demographic history also 

shows the lowest average pairwise slope difference from the other species with RER flexibility 

of 1.5 (Table 4.4) or higher, albeit by a narrow margin. On the other hand, the gentoo and 

chinstrap penguins’ demographic history curves were already naturally quite well aligned to 

each other even without RER adjustment. However, aligning all five species to chinstrap or 

gentoo would require positing a higher level of flexibility/error in RER. The fit of other species to 
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the chinstrap penguin is shown in Figure 4.7. The arguments for and against each fit will be 

considered in more detail in the Discussion section.  

 

Table 4.4. Pairwise slope difference between the demographic histories of penguin species 

under an RERrange of 1.5.  
 

Adélie Chinstrap Emperor Gentoo King Average 

Adélie 0.00 0.24 0.13 0.19 0.11 0.17 

Chinstrap 0.24 0.00 0.17 0.22 0.14 0.19 

Emperor 0.13 0.17 0.00 0.17 0.16 0.16 

Gentoo 0.19 0.22 0.17 0.00 0.17 0.19 

King 0.11 0.14 0.16 0.17 0.00 0.14 

 

 

 

Figure 4.6. The fit of penguin species’ demographic histories to the king penguin, under RER 

rescaling. Solid lines show the time-specific composite slope values of each species at their 

optimal fit to king penguin, based on the RER factors annotating the top of each plot after the 

species name. The dotted lines show the original timings of the species’ histories, which were 

multiplied by the RER factor to yield the solid lines.  
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Figure 4.7. The fit of penguin species’ demographic histories to the chinstrap penguin, under 

RER rescaling. Solid lines show the time-specific composite slope values of each species at 

their optimal fit to king penguin, based on the RER factors annotating the top of each plot after 

the species name. The dotted lines show the original timings of the species’ histories, which 

were multiplied by the RER factor to yield the solid lines.  

 

Comparing penguin populations  

Within species, penguin populations showed varying levels of consistency amongst themselves 

and with the Stairway Plot reconstructions based on their whole species. Chinstrap penguin 

populations were the most consistent in both respects, with all three represented populations 

mirroring the species-level history with population decline peaking ~20 kya and population 

growth peaking ~10 kya (Figure 4.8). The two Adélie populations, representing east and west 

Antarctica, are highly consistent with each other from ~15 kya to the present, but prior to that 

point they show opposite patterns during critical periods. The eastern population grows in the 

period of ~15-20 kya while the western population remains static or possible declining, and 

conversely the western population was apparently growing prior to ~30 kya while the eastern 

population was declining (Figure 4.9). The mean of the composite slopes of the three gentoo 

penguin populations was consistent with their whole-species history, but there was significant 
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disagreement among populations, particularly prior to 10 kya, when the Kerguelen population 

was apparently growing while the Falklands population declined (Figure 4.10). The emperor 

penguin populations were highly consistent amongst themselves, indicating mainly growth until 

~17 kya, followed by decline peaking ~5 kya and followed by recent growth (Figure 4.11). This 

is qualitatively similar to the history reconstructed for the whole species, but with the timeline 

approximately halved, as in the whole-species reconstruction, growth transitions to decline at 

~30 kya and recent growth begins ~9 kya. Two out of three king penguin populations (South 

Georgia and Macquarie) were largely consistent with the whole-species reconstruction, showing 

decline up to ~25 kya, followed by growth peaking ~22 kya, followed again by decline from ~9 

kya to the present (Figure 4.12). The period of this growth phase is longer than in the whole-

species reconstruction, and there is no recent growth/stasis, which is also seen in the whole-

species reconstruction (Figure 4.6). These discrepancies may be due to direct conflict between 

the populations’ apparent histories, as the Falklands-Crozet population was apparently growing 

until ~25 kya, followed by decline peaking ~22 kya, followed by another growth phase peaking 

~10 kya, and subsequent decline until the present. The Falklands-Crozet population, therefore, 

matches the demographic history of the chinstrap penguins (Figure 4.7; 4.8) and presents the 

mirror image of the South Georgia and Macquarie king penguin populations up to the Holocene. 
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Figure 4.8. Time-specific composite slopes of chinstrap penguin populations at their original 

assumed evolutionary rates (i.e. RER=1). The black line traces the mean composite slope value 

of all populations considered, while the shaded areas represent the interquartile range, 

interdecile range, and total range (i.e. maximum and minimum), respectively, in descending 

intensity of shading. The specific history of each population is shown by uniquely coloured 

dotted lines. All chinstrap penguin populations decline around ~20 kya and grow ~10 kya. 
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Figure 4.9. Time-specific composite slopes of Adélie penguin populations at their original 

assumed evolutionary rates (i.e. RER=1). The black line traces the mean composite slope value 

of all populations considered, while the shaded areas represent the interquartile range, 

interdecile range, and total range (i.e. maximum and minimum), respectively, in descending 

intensity of shading. The specific history of each population is shown by uniquely coloured 

dotted lines. The histories of the two Adélie populations are extremely similar after ~15 kya, but 

are partially inverted prior to that point. 
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Figure 4.10. Time-specific composite slopes of gentoo penguin populations at their original 

assumed evolutionary rates (i.e. RER=1). The black line traces the mean composite slope value 

of all populations considered, while the shaded areas represent the interquartile range, 

interdecile range, and total range (i.e. maximum and minimum), respectively, in descending 

intensity of shading. The specific history of each population is shown by uniquely coloured 

dotted lines. Their histories appear highly consistent beyond ~12 kya, but prior to that time the 

three exhibit large differences ranging from growth to decline. 

 

 



153 

 

 

Figure 4.11. Time-specific composite slopes of emperor penguin populations at their original 

assumed evolutionary rates (i.e. RER=1). The black line traces the mean composite slope value 

of all populations considered, while the shaded areas represent the interquartile range, 

interdecile range, and total range (i.e. maximum and minimum), respectively, in descending 

intensity of shading. The specific history of each population is shown by uniquely coloured 

dotted lines. The trends across all four populations are highly consistent 
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Figure 4.12. Time-specific composite slopes of king penguin populations at their original 

assumed evolutionary rates (i.e. RER=1). The black line traces the mean composite slope value 

of all populations considered, while the shaded areas represent the interquartile range, 

interdecile range, and total range (i.e. maximum and minimum), respectively, in descending 

intensity of shading. The specific history of each population is shown by uniquely coloured 

dotted lines. The Falklands-Crozet population exhibited opposite behaviour to the others until 

the Holocene, during which all three populations have apparently declined. 
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When the distance matrix based on pairwise comparisons of penguin populations’ composite 

slope values is visualised via MDS, the chinstrap, emperor, and Adélie populations form clearly 

coherent clusters based on their similar demographic histories (Figure 4.13). The gentoo 

penguin populations are more disparate, with the Kerguelen population, in particular, being 

more similar to certain populations from other species, particular Adélie. The king penguin 

Macquarie and South Georgia populations clearly cluster together, but the Falklands-Crozet 

population clusters with the three chinstrap penguin populations on the opposite side of the plot, 

more distant than the gentoo, emperor and Adélie clusters. The trends in the Adélie, emperor 

and gentoo penguins were more subtle and/or less consistent, leading to the intermediate 

position of those species in the plot. On the other hand, as seen in figures 4.8 and 4.12, the 

apparent demographic trends of these two king penguin populations prior to the Holocene were 

almost precisely opposite those of the chinstrap penguins and the Falklands-Crozet population 

of king penguin.  

 

 

 

Figure 4.13. MDS plot comparing penguin populations grouped by species, with their original 

assumed scaling (i.e. RER=1.0). Three groups are apparent: chinstraps and one king penguin 

population in the lower left, the other two king penguin populations on the right, and the rest of 

the penguins in the middle displaying intermediate or completely distinct demographic histories 

(Figures 4.8-4.12). According to the PERMANOVA, the species groupings were overall not 

significant (F=3.89; p=0.07). Pairwise separations between the emperor penguin populations 

and Adélie (F=27.3; p=0.005), chinstrap (F=49.9, p=0.007), and gentoo (F=7.31; p=0.03) were 

significant; all other species comparisons were non-significant.  
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To investigate the scope of possible misalignment between king and chinstrap penguin 

demographic histories due to natural variation in or incorrect assumptions about rates, the same 

robustness test applied to whole penguin species in Figure 4.5 was used. This test indicated 

that the reduction in pairwise slope difference with increasing RERrange began to stabilise at a 

factor of ~1.75 (Figure 4.14). Allowing an RERrange of 1.75 resolved clearer differences among 

the penguin species clusters (Figure 4.15). There was little change in the position of emperor, 

gentoo or Adélie populations, except to slightly emphasise the affinity of the Kerguelen gentoo 

population for the Adélies, the similarities of which were subtle but recognisable in their time-

specific composite slopes (Adélie: Figure 4.9; gentoo: Figure 4.10). However, the flexibility in 

RER allowed the king and chinstrap populations to all cluster together, implying that the shapes 

of their demographic histories are extremely similar, even though their apparent timing (based 

on the original assumptions, i.e. RER=1) was different.  
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Figure 4.14. Reduction in the mean (black square), 75th percentile (blue diamond), and 90th 

percentile (red circle) of composite slope differences between pairs of penguin populations as 

flexibility in RER is increased from 1.0 (i.e. no flexibility). The reduction begins to plateau around 

RER=1.75. 
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Figure 4.15. MDS plot comparing penguin populations grouped by species, with an RERrange 

factor of 1.75. Two main groups are apparent: the king and chinstrap populations in the lower 

right, and the emperor, Adélie, and gentoo populations in the upper left. According to the 

PERMANOVA, the overall grouping of populations by species was, with this newly permitted 

rescaling, highly significant (F=12.13; p=0.001). Only the distinct clustering of emperor penguins 

and king (F=32.0, p=0.03) and chinstrap (F=50.0, p=0.03) populations was significant; other 

species pairs were not statistically differentiable. 

 

 

Comparing pinniped populations 

Most pinniped species were only represented by a single population (Table 4.2). However, three 

species – A. forsteri, Z. californianus, and Z. wollebaeki – were represented by multiple 

populations, and previous studies had indicated recent genetic differentiation between some of 

their populations. Therefore, the consistency of the demographic histories of these pinniped 

populations was assessed both for scientific interest and to assess whether it would be 

reasonable to pool them for subsequent analysis as a single species. A major motivation for this 

was that some of these individual populations were represented by as few as 6 individuals 

(Table 4.2). 
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Pairwise differences between the populations began to stabilize (although continuing to 

decrease) at an RERrange factor of ~2.25 (Figure 4.16), so this level of flexibility was used to 

assess clustering of the populations with MDS (Figure 4.17). 

 

 

Figure 4.16. Reduction in the mean (black square), 75th percentile (blue diamond), and 90th 

percentile (red circle) of composite slope differences between pairs of pinniped populations of A. 

fosteri, Z. californicanus, and Z. wollebaeki as flexibility in RER is increased from 1.0 (i.e. no 

flexibility). The reduction in 90th-percentile differences slows slightly at an RER range of ~1.5, 

but continues to increase almost linearly. However, the 75th-percentile differences appear to 

stabilize around 2.25. 
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Figure 4.17. MDS plot comparing pinniped populations grouped by species, with an RERrange 

factor of 2.25. Most populations clearly clustered according to species (F=14.6, p<0.001). 

Populations #2, 6, and 12 were formed by pooling all the individuals from the other populations 

of their respective species.  

 

 

MDS clustering and PERMANOVA indicated that, on average, populations of the same species 

were more similar to each other than to populations of other species. The basis for this can be 

seen in the distribution of their composite slopes. Based on their original scaling (i.e. RER=1), 
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all the A. forsteri populations represented here grew prior to ~50 kya and have evidently 

declined since then (Figure 4.18). During the last ~100,000 years, most Z. californianus 

populations appear to have been on relatively consistent growth trajectories, but with 2-3 

periods of peak growth centred on ~70 kya, ~30 kya, and ~20 kya (Figure 4.19). Most Z. 

wollebaeki populations grew between ~100-175 kya, declined ~50-100 kya, grew again between 

~10-50 kya, and finally declined again over the last ~10 kya (Figure 4.20). The precise timings 

of these episodes differ in the Stairway Plots of each population; for example, the most recent 

growth phase of the Espanola and Genovesa populations appears to be centred ~18 kya, while 

it appears to have been closer to ~35 kya in the Baltra population (with original RER scaling).  

 

These results overall suggest that the histories of the populations are consistent enough to treat 

them as a single species. However, a potential cause for caution is that the whole-species 

(pooled) history of each of these species was quantitatively more similar to the whole-species 

histories of the other species than to the average population-level history of its own species 

(Figure 4.17), even though they qualitatively match their conspecific populations (Figures 4.18-

4.20). This may be an artefact of differences in sample size; specifically, larger sample size 

biasing the Stairway Plot towards lower composite slope values. In each case (Figures 4.18-

4.20), the absolute value of the mean composite slope value of the whole-species 

reconstruction was lower than for the other populations (i.e. the curve was flatter).  
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Figure 4.18. Time-specific composite slopes of A. forsteri populations at their original assumed 

evolutionary rates (i.e. RER=1). The population named Arctocephalus_forsteri_NZ was formed 

by pooling all the individuals from the other populations. The black line traces the mean 

composite slope value of all populations considered, while the shaded areas represent the 

interquartile range, interdecile range, and total range (i.e. maximum and minimum), respectively, 

in descending intensity of shading. The specific history of each population is shown by uniquely 

coloured dotted lines.  
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Figure 4.19. Time-specific composite slopes of Z. californianus populations at their original 

assumed evolutionary rates (i.e. RER=1). The population named Zalophus_californianus was 

formed by pooling all the individuals from the other populations. The black line traces the mean 

composite slope value of all populations considered, while the shaded areas represent the 

interquartile range, interdecile range, and total range (i.e. maximum and minimum), respectively, 

in descending intensity of shading. The specific history of each population is shown by uniquely 

coloured dotted lines. 
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Figure 4.20. Time-specific composite slopes of Z. wollebaeki populations at their original 

assumed evolutionary rates (i.e. RER=1). The population named Zalophus_wollebaeki was 

formed by pooling all the individuals from the other populations. The black line traces the mean 

composite slope value of all populations considered, while the shaded areas represent the 

interquartile range, interdecile range, and total range (i.e. maximum and minimum), respectively, 

in descending intensity of shading. The specific history of each population is shown by uniquely 

coloured dotted lines. 
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Comparison of pinniped species 

Pairwise slope differences between 13 pinniped species declined rapidly up to an RER range of 

~2.25, where the 90th percentile stabilized (Figure 4.21). Approaching the associated MDS plot 

without prior assumptions, three main groups were visually identifiable (Figure 4.22). A 

complete table of the pairwise slope differences between all populations is found in Table 4.5.  

 

 

 

Figure 4.21. Reduction in the mean (black square), 75th percentile (blue diamond), and 90th 

percentile (red circle) of composite slope differences between pairs of pinniped populations  as 

flexibility in RER is increased from 1.0 (i.e. no flexibility). The reduction plateaus around 

RER=2.25. 
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Figure 4.22. MDS plot of the demographic history dissimilarity among pinniped species using 

an RERrange factor of 2.25. The clusters shown were identified a posteriori, with the 

significance of the groupings confirmed by a PERMANOVA test (F=11.9, p<0.001).  
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Table 4.5. Pairwise slope difference between the demographic histories of pinniped populations 

under an RERrange factor of 2.25. The row/column corresponding to linchpins of pinniped 

species groups 1 and 2, A. australis and P. vitulina, are highlighted in olive green and the values 

corresponding to the species associated with their respective clusters are bolded. Note that A. 

australis is actually more similar to P. vitulina than M. angustirostris is to P. vitulina, but they find 

themselves in different clusters due to major differences in their similarity to other populations 

(e.g. P. vitulina x A. forsteri = 0.5 while A. australis x A. forsteri = 0.19).  
 

A.aus A.for A.gal A.gaz E.bar L.wed M.ang M.leo O.fla P.vit P.his Z.cal Z.wol 

A.aus 0.00 0.19 0.35 0.18 0.42 0.11 0.52 0.32 0.44 0.33 0.39 0.21 0.12 

A.for 0.19 0.00 0.43 0.08 0.34 0.20 0.63 0.30 0.35 0.50 0.21 0.25 0.18 

A.gal 0.35 0.43 0.00 0.35 0.49 0.24 0.48 0.33 0.20 0.18 0.48 0.26 0.30 

A.gaz 0.18 0.08 0.35 0.00 0.42 0.25 0.31 0.33 0.30 0.43 0.28 0.11 0.17 

E.bar 0.42 0.34 0.49 0.42 0.00 0.56 0.24 0.29 0.42 0.28 0.37 0.48 0.61 

L.wed 0.11 0.20 0.24 0.25 0.56 0.00 0.56 0.29 0.17 0.30 0.50 0.13 0.10 

M.ang 0.52 0.63 0.48 0.31 0.24 0.56 0.00 0.66 0.42 0.47 0.35 0.51 0.48 

M.leo 0.32 0.30 0.33 0.33 0.29 0.29 0.66 0.00 0.41 0.38 0.50 0.47 0.31 

O.fla 0.44 0.35 0.20 0.30 0.42 0.17 0.42 0.41 0.00 0.21 0.64 0.32 0.22 

P.vit 0.33 0.50 0.18 0.43 0.28 0.30 0.47 0.38 0.21 0.00 0.55 0.49 0.35 

P.his 0.39 0.21 0.48 0.28 0.37 0.50 0.35 0.50 0.64 0.55 0.00 0.38 0.45 

Z.cal 0.21 0.25 0.26 0.11 0.48 0.13 0.51 0.47 0.32 0.49 0.38 0.00 0.07 

Z.wol 0.12 0.18 0.30 0.17 0.61 0.10 0.48 0.31 0.22 0.35 0.45 0.07 0.00 

 

 

The first group consists of L. weddellii, A. gazella,, A. australis, A. forsteri, and both Zalophus 

species, as well as M. leonina and P. hispida as apparent outliers on opposite fringes of the 

cluster. The second group includes P. vitulina, O. flavescens, and A. galapagoensis. The third 

group contains only a pair of species, E. barbatus and M. angustirostris. The demographic 

histories of most populations within these groups are shown aligned in Figures 4.23, 4.24, and 

4.25, respectively.  
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Figure 4.23. The fit of the demographic histories of pinniped species belonging to Group 1 to 

that of A. australis, under RER rescaling. Solid lines show the time-specific composite slope 

values of each species at their optimal fit to A. australis, based on the RER factors annotating 

the top of each plot after the species name. The dotted lines show the original timings of the 

species’ histories, which were multiplied by the RER factor to yield the solid lines. The fit of Z. 

californianus is clearly not very good, but it is pulled into the cluster based on its relatively low 

average slope values (i.e. low amount of demographic change). 
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Figure 4.24. The fit of the demographic histories of pinniped species belonging to Group 2 to 

that of P. vitulina, under RER rescaling. Solid lines show the time-specific composite slope 

values of each species at their optimal fit to P. vitulina, based on the RER factors annotating the 

top of each plot after the species name. The dotted lines show the original timings of the 

species’ histories, which were multiplied by the RER factor to yield the solid lines.  

 

 

 

Figure 4.25. The fit of the demographic histories of pinniped species belonging to Group 3 to 

that of E. barbatus, under RER rescaling. Solid lines show the time-specific composite slope 

values of each species at their optimal fit to E. barbatus, based on the RER factors annotating 

the top of each plot after the species name. The dotted lines show the original timings of the 

species’ histories, which were multiplied by the RER factor to yield the solid lines.  
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Factors were considered that might explain the composition of these groups, including family 

(otariid or phocid), geographic coordinates of the sampled population, typical breeding substrate 

(i.e. land or ice), marine foraging range (i.e. coastal vs oceanic), and parental care strategy 

(using lactation duration as a proxy). Data on typical breeding substrate came from Schulz and 

Bowen (2005), and lactation duration was used as a proxy for parental care strategy, following 

Schulz and Bowen (2005) and Stephens et al. (2014). The population metadata for each of 

these factors was given in the Methods, in Table 4.3. 

 

Treated as a categorical factor based on its latitudinal limit (>50°: northern/arctic, -50°–50°: 

temperate, <-50°: southern/Antarctic), species range was a statistically significant predictor of 

average pairwise differences in composite slope values (Figure 4.26) based on PERMANOVA 

(F=3.29, p=0.013, R2=0.397). Treated as a continuous factor, latitude was also significant 

(F=3.54, p=0.022, R2=0.244). The three southern species clustered near to each other (Figure 

4.26), although their histories differed in some important ways. M. leonina and L. weddellii both 

declined from at least ~140 kya to ~100 kya, but the population of A. gazella may have been 

growing over this same period (Figure 4.27). L. weddellii and M. leonina then grew between 

~20-100 kya, while the population of A. gazella was static.  

 

Three of the northern species (E. barbatus, M. angustirostris and P. vitulina) clustered near to 

each other, while the third (P. hispida) stood apart (Figure 4.26). The demographic histories of 

P. vitulina and E. barbatus were most similar, with both declining between ~50-100 kya, growing 

between ~15-50 kya, and finally declining during the Holocene (Figure 4.28). M. angustirostris 

followed a similar pattern, though apparently later (under the assumed generation time and 

mutation rate). P. hispida followed the same early decline, but apparently continued it 

throughout the entire late Pleistocene (i.e. the last ~125,000 years).  

 

The demographic histories of the “temperate” species were much more variable, unsurprising 

given their comparatively diverse geographic origins (Figure 4.26). They fell into at least two 

groups; one with A. australis, A. forsteri and the two Zalophus species, and one consisting of O. 

flavescens and A. galapagoensis. Other factors, including taxonomic family (i.e. otariid vs 

phocid; Figure 4.29), breeding platform (i.e. land vs ice; Figure 4.30), marine foraging range (i.e. 

coastal vs oceanic; Figure 4.31), and lactation duration were not found to be statistically 

significant (Table 4.6).  

https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/04-0319?casa_token=Xxro21U1yVkAAAAA%3Am_sd8POl6VPHgxba2SeCk5zdNU-V4A4bqp6gYWLV20pWXBpeLDmWHQ6Y-xJwS6FUs-UDf73xGTbCDw9a
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/04-0319?casa_token=Xxro21U1yVkAAAAA%3Am_sd8POl6VPHgxba2SeCk5zdNU-V4A4bqp6gYWLV20pWXBpeLDmWHQ6Y-xJwS6FUs-UDf73xGTbCDw9a
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/13-1434.1?casa_token=SSXV6abrerEAAAAA%3AM7kT__9H3qBJ0joAH-alB60IJ9UWK4Jpp138-uPU9dDYFDFAO0ZU0i1HnkXKAKjsNBqq3dqUQTGlH1IL
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Figure 4.26. MDS plot comparing northern (~arctic), southern (Antarctic), and temperate-region 

pinniped populations using an RERrange factor of 2.25. PERMANOVA test indicates that the 

factor is statistically significant overall (F=3.29, p=0.013), but this is driven by the distinctiveness 

of northern demographic histories; the temperate and southern groups are not distinguishable 

from each other (F=7.51, p=0.431).  
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Figure 4.27. Time-specific composite slopes of southern (Antarctic) pinniped populations at 

their original assumed evolutionary rates (i.e. RER=1). The black line traces the mean 

composite slope value of all populations considered, while the shaded areas represent the 

interquartile range, interdecile range, and total range (i.e. maximum and minimum), respectively, 

in descending intensity of shading. The specific history of each population is shown by uniquely 

coloured dotted lines.  
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Figure 4.28. Time-specific composite slopes of northern (~arctic) pinniped populations at their 

original assumed evolutionary rates (i.e. RER=1). The black line traces the mean composite 

slope value of all populations considered, while the shaded areas represent the interquartile 

range, interdecile range, and total range (i.e. maximum and minimum), respectively, in 

descending intensity of shading. The specific history of each population is shown by uniquely 

coloured dotted lines. 
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Table 4.6. Factors considered to explain the pairwise differences among pinniped populations 

(Table 4.5). R2 represents the percentage of total variance explained by the factor, with p being 

a measure of statistical significance based on an F test. Latitude was the only factor that was 

statistically significant (p<0.05), and it explained the largest share of variance, followed by 

genus, family, and marine range. Genus explains a relatively large amount of variance while 

having a low p value. This is mainly because there were few populations represented per genus 

(average 1.86). On the other hand, the significance of latitude as a factor is mainly driven by the 

separation between the demographic histories of populations at its extremes (arctic and 

Antarctic). Lactation duration and family were considered separately, but were highly correlated 

(AdjR2=0.69, p<0.001), with otariids generally having far longer lactation times (Schulz and 

Bowen 2005). 

Factor R2 p 

Longitude 0.062 0.573 

Latitude 0.244 0.022* 

Family 0.177 0.118 

Genus 0.216 0.940 

Marine range 0.205 0.061 

Lactation duration 0.154 0.160 

Breeding substrate 0.077 0.506 

 

 

https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/04-0319?casa_token=Xxro21U1yVkAAAAA%3Am_sd8POl6VPHgxba2SeCk5zdNU-V4A4bqp6gYWLV20pWXBpeLDmWHQ6Y-xJwS6FUs-UDf73xGTbCDw9a
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Figure 4.29. MDS plot comparing phocid and otariid species using an RERrange factor of 2.25. 

PERMANOVA test indicates that the factor is not statistically significant (F=2.37, p=0.118).  
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Figure 4.30. MDS plot comparing pinniped species based on their preferred breeding 

platform/substrate, using an RERrange factor of 2.25. PERMANOVA test indicates that the 

factor is not statistically significant (F=0.92, p=0.506). There were few predominantly ice-

breeding species, weakening the power of this analysis. 
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Figure 4.31. MDS plot comparing pinniped species based on their marine foraging range, using 

an RERrange factor of 2.25. PERMANOVA test indicates that the factor is not statistically 

significant (F=2.84, p=0.061).  
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Comparing pinnipeds and penguins 

The same pinniped and penguin species and were aligned together with an RERrange factor of 

2.25 (determined as optimal for previous pinniped species comparisons; Figure 4.21). In the 

resulting MDS analysis, penguins remained a distinct cluster (Group 1 x Penguins: F=18.1, 

p=0.013; Group 2 x Penguins: F=38.5, p=0.004; Group 3 x Penguins: F=56.6, p=0.01). The 

mean of the Group 1 pinnipeds was closest to the mean of the penguin group (Figure 4.32), but 

O. flavescens was the closest single pinniped species to the penguin group based on the 

distance matrix, being most similar to the gentoo and chinstrap (Figure 4.33).  
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Figure 4.32. MDS plot comparing Northern Hemisphere and Southern Hemisphere pinniped 

populations with penguin species (Southern Hemisphere) using an RERrange factor of 2.5. 

Penguins clustered among the southern pinnipeds and were barely distinguishable from the 

northern pinnipeds (F=8.9, p=0.04). 
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Figure 4.33. The fit of the demographic histories of pinnipeds O. flavescens and P. vitulina to 

that of the chinstrap penguin, under RER rescaling. Solid lines show the time-specific composite 

slope values of each species at their optimal fit to E. barbatus, based on the RER factors 

annotating the top of each plot after the species name. The dotted lines show the original 

timings of the species’ histories, which were multiplied by the RER factor to yield the solid lines. 

According to this alignment, taking the chinstrap penguin’s original scaling for granted, while the 

chinstrap penguin population expanded immediately following the LGM, O. flavescens 

continued to decline until the mid-Holocene. 

 

Comparing South American pinnipeds and silverside fish 

The demographic histories of six species of silverside fish (Odontesthes), distributed around the 

Pacific and Atlantic coasts of Patagonia, were compared with each other and with five potential 

pinniped predators using the same RER range of 2.25. In general, the demographic histories of 

silverside species were highly consistent (Figure 4.34). The MDS analysis indicated that the 

demographic histories of the silversides and these pinnipeds were not quite statistically 

distinguishable (PERMANOVA: F=5.3, p=0.07; Figure 4.35), due to O. flavescens (Argentina) 

and A. galapagoensis (Galapagos) being as or more similar to silversides than to the two other 

included pinniped populations, A. australis (Brazil) and Z. wollebaeki (Ecuador). Under optimal 

RER alignment to O. ledae (arbitrary selection from among the silverside species), O. 

flavescens clearly provided the most precise fit, followed by A. galapagoensis (Figure 4.36). The 

demographic history of A. australis appeared to bear no resemblance to that of O. ledae or the 

other silverside species. 
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Figure 4.34. The demographic histories of silverside fish species were relatively consistent in 

overall shape, all indicating growth peaking at around 15 kya. Here, the black line traces the 

mean composite slope value of all populations considered, while the shaded areas represent 

the interquartile range, interdecile range, and total range (i.e. maximum and minimum), 

respectively, in descending intensity of shading. The specific history of each population is 

shown by uniquely coloured dotted lines. 
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Figure 4.35. MDS plot comparing silverside fish and pinnipeds from the vicinity of South 

America. The two groups were not quite statistically distinguishable (PERMANOVA: F=5.3, 

p=0.07).  
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Figure 4.36. The fit of O. flavescens, A. galapagoensis, and A. australis demographic histories 

to that of the silverside fish O. ledae (arbitrary selection; see Figures 4.33-4.34 for similarity of 

O. ledae to other silversides), under RER rescaling. Solid lines show the time-specific 

composite slope values of each species at their optimal fit to king penguin, based on the RER 

factors annotating the top of each plot after the species name. The dotted lines show the 

original timings of the species’ histories, which were multiplied by the RER factor to yield the 

solid lines.  
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Discussion 

In this chapter, I have attempted to demonstrate the potential utility of a relatively neglected 

approach – quantitative comparisons of demographic history – by developing and applying a 

new tool (align_stairwayplot.py) to compare simulated data, as well as genomic datasets of 

relevance to the focal study system of this thesis, semiaquatic marine predators of Patagonia. 

Specifically, I have considered Antarctic and sub-Antarctic penguins, globally distributed 

pinnipeds, and South American silverside fish. 

 

The analysis of simulated data demonstrated that align_stairwayplot.py can accurately identify 

sets of populations with very similar demographic histories. The consistency of clustering of 

those simulated population sets (Figure 4.2) was comparable to within-species clustering of 

natural populations considered here (Figure 4.17). However, predictably, the comparison of 

demographic histories across species produced less decisive clustering (e.g. Figure 4.22, 4.25, 

4.27).  

 

Even in the simulated data, there was a clear difference in the tightness of clustering of the 

‘modsim’ and ‘standardsim’ sets and the ‘simBr’ set. simBr populations were less tightly 

clustered, and different iterations (i.e. simBr0 vs simBr3) were recognisably distinct even after 

RER realignment. This was most likely due to the fact that, in simBr, true N changed gradually 

through modification of the population growth rate, while the other two simulation sets were 

based on instantaneous changes in N (Table 4.1). These gradual rate changes in simBr 

resulted in more variability in the inference of when a shift took place and how large it was. 

Furthermore, minute changes in exponential growth rate with each slight randomization of the 

parameters could bring about much larger differences among replicates in their true 

demographic histories. Even though nothing unusual was apparent in the demographic history 

of any single simBr variant, it led to much lower consistency among the reconstructed histories 

of simBr variants compared to among variants of other simulations, translating into much looser 

clustering (Figure 4.2). This looser clustering better resembled that seen from ecologically 

similar or closely related natural populations in the later MDS results. This is consistent with the 

reality that natural populations grow and decline based on exponential rates (λ), but not 

instantaneously. 

 

The align_stairwayplot.py tool was designed to consider both abrupt/dramatic and 

extended/gradual changes in Ne by quantifying the “slope” of population growth or decline in 
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terms of the degree of support for it found among replicate Stairway Plot models, the 

assumption being that large and sudden changes in Ne will receive high support at a few time 

points, while slower changes will receive low support, but spread over a larger number of time 

points. However, there was a potential issue with how this approach interacted with sample 

size. There was some indication from within-species population clustering in pinnipeds (Figure 

4.17) that demographic histories based on large sample sizes had a tendency to cluster 

together on the basis of having lower absolute composite slope values on average. However, 

the same did not seem to occur with simulated populations (Figure 4.2), suggesting that it may 

have been due to an idiosyncrasy of these pinniped species or to the very low sample sizes of 

some of the pinniped populations clustered in Figure 4.17. If it is real, this ‘flattening’ of slopes 

may occur because Stairway Plot reconstructs demographic history by randomly inserting 

breakpoints where Ne is assumed to have changed, and using a likelihood ratio test to 

determine whether to keep or reject the new breakpoint. The number of potential breakpoint 

sites is equal to sample size minus one (n-1), so the average number of random breakpoint 

proposals per site would be lower for a population represented by a larger sample size. 

Align_stairwayplot.py uses the proportion of Stairway Plot iterations that include a breakpoint at 

time t in their final model to calculate the composite slope at time t, which could lead to the 

artefact seen here. A simple fix could be to account for this sample-size-related difference in null 

expectation of how many breakpoints will be observed. However, the number of these 

breakpoints retained following the likelihood ratio test would not necessarily match this 

expectation but should depend on the details of the SFS vector, so this issue requires further 

consideration. Fortunately, it does not appear to have been a major issue in the results of this 

chapter. It was only apparent in the clustering of pinniped populations alongside full-species 

reconstructions based on pooling of the populations (Figure 4.17, 4.18), where populations with 

sample sizes ranging from 6 to 83 were being considered simultaneously.  

 

Overall, the largest challenge in comparing demographic histories comes from uncertainty about 

and natural variation in evolutionary rate (i.e. mutation rate, generation time), and error in other 

factors that determine the scaling of demographic histories into real time, such as the number of 

sites that were accurately genotyped, where a SNP would have been called if it had been 

present. Nearly all studies involving demographic history reconstruction adopt point estimates of 

mutation rate and generation time from the literature. However, these point estimates will 

generally come with confidence intervals. For example, Millar et al. (2008) estimated a mean 

rate of 0.55 mutations per site per million years for the HVRI region of the Adélie penguin 

https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000209


186 

 

mitogenome, with a 95% confidence interval of 0.53-1.17. In historical terms, that confidence 

interval alone could mean the difference between an event occurring at 10 kya or 20 kya.  

 

Different methods and populations also tend to yield different estimations of mutation rate and 

generation time. For example, it was challenging to select a base mutation rate to assume for 

penguins in this chapter, as estimates used by previous studies differ by orders of magnitude. 

Trucchi et al. (2014) estimated a very fast genomic mutation rate of 2.6e-7 

substitutions/site/generation (s/s/g) for king penguins, which was subsequently used by Cole et 

al. (2019) to study and compare penguins’ demographic histories. Cristofari et al. (2018) 

followed a similar approach to Trucchi et al. (2014) and arrived at an estimate of 1.08e-7 s/s/g, 

more than twice as slow, but still much faster than most vertebrate mutation rates are assumed 

to be (e.g. 2.5e-8 for humans and applied to many other mammals; Nachman and Crowell 2000). 

At the slow end of the spectrum, Li et al. (2014) arrived at an estimate of 8.11e-9 s/s/g, while in 

the middle of spectrum, Vianna et al. (2020) assumed a rate of 1.1e-8 s/s/g for king penguins 

based on chicken pedigrees, and Cristofari et al. (2018) offered an update of Li’s (2014) 

estimate based on some corrected assumptions, yielding a rate of 4.55e-8 s/s/g. Even 

discounting the original estimate by Li et al. (2014), which was apparently based on some 

assumptions that are now thought to be incorrect, the slowest and fastest of these credible rates 

differ by a factor of ~24x, or the difference between an event occurring 10 kya or 240 kya. 

Although each of these estimates comes with some way of quantifying local uncertainty (e.g. a 

confidence interval or bootstrap distribution), it is not straightforward to quantify how much 

confidence should be placed in each of these estimates. Even if we think that one estimate was 

based on the best method, other estimates are not necessarily uninformative, because they are 

also based on different populations and timescales, and our confidence in the value of one 

method over another cannot reasonably be absolute. A similar story could also be told about 

generation times, which are not only estimated differently and naturally differ between 

populations, but even differ over time depending on the growth trajectory of the population in 

question (Cristofari et al. 2018).  

 

For this chapter, I assumed for all penguin species the 4.55-8 s/s/g rate calculated by Cristofari 

et al. (2018) based on Li et al. (2014), because it was intermediate among the estimates and 

seemed to represent a consensus between two approaches by different authors. However, a 

major feature of this chapter and of the align_stairwayplot.py program it is based on is the 

realignment of demographic histories that are qualitatively similar but may be out of phase due 

https://royalsocietypublishing.org/doi/full/10.1098/rspb.2014.0528
https://www.pnas.org/content/116/52/26690.short
https://www.pnas.org/content/116/52/26690.short
https://www.nature.com/articles/s41558-018-0084-2
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2014.0528
https://academic.oup.com/genetics/article/156/1/297/6051861
https://pubmed.ncbi.nlm.nih.gov/25671092/
https://www.pnas.org/doi/10.1073/pnas.2006659117
https://www.nature.com/articles/s41558-018-0084-2
https://pubmed.ncbi.nlm.nih.gov/25671092/
https://pubmed.ncbi.nlm.nih.gov/25671092/
https://www.nature.com/articles/s41558-018-0084-2
https://www.nature.com/articles/s41558-018-0084-2
https://www.nature.com/articles/s41558-018-0084-2
https://pubmed.ncbi.nlm.nih.gov/25671092/
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to variation or error in mutation rate, generation time, or other scaling parameters. This does not 

solve our uncertainty about the absolute timing of demographic-historical events that stems from 

uncertainty about mutation rate and generation time, but it may be useful for trying to make 

inferences despite this uncertainty by identifying groups of populations that have similar 

demographic histories, but which might otherwise be confidently interpreted as being very 

different due to variation in or misestimation of scaling parameters. 

 

The shapes of demographic histories can be quite specific. Demographic histories with multiple 

peaks/valleys can be aligned almost like a lock and key because it is not only the presence of 

these features that is important, but the spacing (relative time) between them. That is why, in all 

of the RER robustness plots (Figure 4.1, 4.5, 4.14, etc.), the reduction in pairwise differences 

plateaus beyond a certain threshold of RERrange, yet clusters of populations in most cases 

remain as or even more distinct, rather than all coming to match each other perfectly. Of course, 

not all demographic histories are so specific; in this chapter, some, such as A. gazella and L. 

weddellii, showed little variation over time and ended up clustering together based on their 

mutual lack of distinct features. Another potential issue is autocorrelation. Although this RER 

realignment approach was developed to avoid the case where two histories were dismissed as 

being very different simply because they were out of phase, it is likely to be true sometimes that 

populations will mirror, rather than match each other. For example, ice-avoiding penguin 

species might decline at the same time as penguins who depend on sea ice proliferate. These 

scenarios are easier to interpret with complex demographic histories involving multiple distinct 

features to align, such as a stepwise series of bottlenecks.  

 

Patterns of shared demographic history 

Ice-avoiding penguins 

Considering penguins, and turning to interpretation of the results of this chapter, a major cause 

of ecological shocks in the Antarctic and sub-Antarctic during the Pleistocene has been 

glaciation and changes in sea ice extent, which likely impacted the abundance and distribution 

of potential prey species, in addition to having more direct impacts on habitat availability. For 

example, king penguins primarily forage for fish in the vicinity of the Antarctic Polar Front (APF), 

but depend on ice-free sub-Antarctic islands for breeding grounds (Cristofari et al. 2018). The 

APF moves northward or southward during cooler or warmer climate periods, respectively, and 

the maximum extent of Antarctic sea ice expands or contracts with it. During the LGM, the 

https://www.nature.com/articles/s41558-018-0084-2
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overall productivity of the Southern Ocean is thought to have stayed constant, but expanding 

sea ice is thought to have rendered many sub-Antarctic islands unusable for breeding by ice-

avoiding penguins like the king penguin, while the northward movement of the APF put it within 

foraging range of at-the-time new and short-lived king penguin colonies on the Auckland and 

Campbell Islands of New Zealand, near Macquarie Island, which is still inhabited (Cristofari et 

al. 2018). The Falkland Islands likely served as a refuge for king penguins that had occupied – 

and occupy once again in the present – the South Georgia islands (Cristofari et al. 2018). Being 

concentrated on fewer sub-Antarctic islands would have meant access to a much smaller area 

of ocean forage within range (summed across the whole species), which likely would not have 

been able to support as large a population as existed before and after the LGM. According to 

previous studies, the net effect on king penguin demography was a sharp but brief decline 

during the LGM, followed by explosive growth as the Crozet archipelago and other sub-Antarctic 

islands were recolonised by the onset of the Holocene climatic optimum (Trucchi et al. 2014; 

Cristofari et al. 2018).  

 

Similar late-Pleistocene histories, comprising LGM-associated decline and followed by 

population expansion amid post-LGM warming, have been suggested for the other ice-avoiding, 

sub-Antarctic penguins, including the chinstraps and gentoos (e.g. Clucas et al. 2014; Mura-

Jornet et al. 2018; Cole et al. 2019), and even for Adélie penguins, which depend on ice-

associated krill for food, but utilise ice-free land for breeding. In addition to terrestrial glaciation, 

the LGM also saw year-round sea ice extending much farther from the Antarctic coastline. This 

likely would have forced energetically costly travel from any ice-free terrestrial breeding sites 

that did remain, across the sea ice, to the edge of the open ocean. There is some evidence of 

sea ice negatively affecting inter-annual population dynamics via juvenile/subadult 

survival/recruitment in Adélie penguins (Jenouvrier et al. 2006), likely due to physiological 

stressors such as cold and the need to travel farther to find food. Ritchie et al. (2004) dated the 

most recent common ancestor of Adélie penguins to ~20-50 kya based on mtDNA with an 

evolutionary rate calibrated by ancient DNA, which is consistent with, but does not demonstrate, 

the idea that the species experienced a bottleneck within that timeframe. A BSP analysis by 

Younger et al. (2015b) on mtDNA of East-Antarctic Adélies also indicated a 135-fold increase in 

population size since ~15 kya. This pattern, featuring a net-negative effect of glaciation and net-

positive effect of deglaciation, is intuitively what would have been expected penguins or any 

species living in the vicinity of Antarctica that required both ice-free land and proximity to 

productive open ocean. 

https://www.nature.com/articles/s41558-018-0084-2
https://www.nature.com/articles/s41558-018-0084-2
https://www.nature.com/articles/s41558-018-0084-2
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2014.0528
https://www.nature.com/articles/s41558-018-0084-2
https://www.pnas.org/doi/10.1073/pnas.1904048116
https://bmcecolevol.biomedcentral.com/articles/10.1186/s12862-018-1207-0
https://bmcecolevol.biomedcentral.com/articles/10.1186/s12862-018-1207-0
https://www.pnas.org/doi/10.1073/pnas.1904048116
https://link.springer.com/article/10.1007/s00300-005-0073-6
https://academic.oup.com/mbe/article/21/2/240/1187856?login=true
https://link.springer.com/article/10.1186/s12862-015-0502-2
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In the present results, at their original scaling (i.e. RER=1), the gentoo and chinstrap penguins’ 

demographic histories matched this expectation perfectly, with both species having apparently 

declined between ~18-25 kya around the LGM, and then proliferated ~10-15 kya, as the 

Antarctic sea ice was receding again (Figure 4.4). The histories of the king and Adélie penguins 

have approximately the same shape as those of the chinstraps and gentoos (Figures 4.6-4.7), 

but the timing of their decline and growth phases was completely different. At their original 

scaling, king penguin apparently grew during the LGM and declined afterwards, while Adélie 

penguin grew prior to the LGM but was then little affected by the LGM and later events.  

 

As discussed, there is extreme uncertainty about penguin mutation rates. Although mutation 

rate should be relatively consistent among penguins, mutation rate and generation time can still 

vary considerably, even with genera. For example, Peart et al. (2020) found that mutation rate 

alone varied from 1.1e-8 to 1.42e-8 s/s/g among Arctocephalus species of pinnipeds, equivalent 

to an RERrange of 1.29. It would require no greater an RERrange than 1.5 to optimally align the 

decline and growth phases of all four penguin species (Figures 4.6-4.7), so it would not be 

reasonable to rule out the possibility that they all correspond to the same times. However, this 

also cannot be concluded.  

 

If they do correspond to the same times, what are those times? Arguably, the strongest case 

can be made for the chinstrap/gentoo timing because those two already align, whereas the 

others are all different. Moreover, that timing (i.e. LGM decline/Holocene growth) conforms to 

biologically informed expectations and what most other studies have concluded. But why would 

the Stairway Plot reconstruction of the demographic history of any one of these species be 

precisely accurate while only the others were off to varying degrees? If this analysis is 

considered in isolation, it seems most likely that the true timing would be somewhere between 

them all, with chinstrap/gentoo and Adélie defining the early and late bounds, respectively. It is 

the king penguin that fits almost precisely between them, and would therefore require invoking 

both the lowest overall and the most consistent level of error in scaling parameters to align all 

four species’ demographic history curves (Figure 4.7). It is also possible that the originally 

mismatched growth/decline timings of the king, chinstrap/gentoo, and Adélie penguins reflect 

their true histories and that rather than growing and declining in parallel, a changing 

environment sometimes had opposite net impact on each species (Figure 4.4). 

 



190 

 

Given their present-day requirement for ice-free breeding habitat near good foraging grounds, it 

would seem surprising for the populations of sub-Antarctic penguins to have actually increased 

in number during the LGM. One possibility is that the genomic evidence of population decline 

has been distorted by an even more powerful signature of admixture between genetically 

differentiated populations, which could appear as a spike in effective population size. This might 

have occurred around the LGM if emigrants from several partially differentiated populations 

converged on one or a few refugia and a mixed genetic stock went on to recolonise modern 

sites, as has been suggested for gentoo penguins based on phylogeographic analyses (e.g. 

Peña M et al. 2014). This scenario is beyond the scope of the present results to test, but studies 

of contemporary populations of these species have found little to no genetic differentiation 

(Clucas et al. 2018; Cole et al. 2019). The species with the most modern genetic differentiation 

(Fst) between colonies is the gentoo penguin. Owing to their flexible diet and coastal, benthic 

foraging strategy, gentoo penguins may have been relatively insulated from sea-ice-driven 

changes in the distribution of krill in the open waters of the Southern Ocean (Wolff et al. 2006; 

Kohfeld et al. 2013). This has been suggested as a reason for why gentoo penguins are now 

proliferating under anthropogenic climate warming while chinstrap penguins and others are 

declining (Clucas et al. 2014). Yet, it is the gentoo and chinstrap penguins whose Stairway 

Plots’ original scaling shows them having declined during the LGM. 

 

Scenarios could also be developed to explain how the populations of ice-avoiding penguins 

really could have increased during the LGM. While ice-free habitat is crucial for the breeding of 

sub-Antarctic penguins, it is not clear that they would have been a limiting factor controlling their 

population size. For example, Adélies, who also depend on ice-free land for breeding, currently 

colonise only a fraction of the suitable ice-free sites available to them (Ainley et al. 1995; Cimino 

et al. 2016). It is also possible that some Adélies colonised off-shore (sub-Antarctic) refugia 

(Roeder et al. 2001; Fraser et al. 2012). This scenario would have left Adélie penguins in a 

similar predicament to king and chinstrap penguins, whose populations do appear to have 

declined during the LGM. However, a crucial differentiator is that Adélie penguins are adapted 

to spending long periods of the non-breeding season living on sea ice, so they could have had 

larger foraging ranges and would not have had to make the energetically-costly repeat foraging 

trips made by king and chinstrap penguins (e.g. Ropert-Coudert et al. 2000; Le Vaillant et al. 

2013). If the challenges posed by an extended sea ice shelf could be overcome by ice-avoiding 

penguins by maintaining enough of an ice-free range to maintain their population, they may 

have reaped some benefits from the LGM’s expanded sea ice coverage. Sea ice margins are 

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0095375
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://www.pnas.org/doi/abs/10.1073/pnas.1904048116
https://www.nature.com/articles/nature04614
https://www.sciencedirect.com/science/article/pii/S0277379113000267
https://www.nature.com/articles/srep05024?wptouch_preview_theme=enabled
https://www.jstor.org/stable/pdf/4088776.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4926113/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4926113/
https://onlinelibrary.wiley.com/doi/full/10.1046/j.0962-1083.2001.01312.x
https://www.sciencedirect.com/science/article/pii/S0169534712000997
https://www.journals.uchicago.edu/doi/abs/10.1086/317743
https://link.springer.com/article/10.1007/s00227-013-2167-y
https://link.springer.com/article/10.1007/s00227-013-2167-y
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also important as a nursery for juvenile krill, which undergird the productivity of the Southern 

Ocean ecosystem and are a primary food source for chinstrap penguins (Trivelpiece et al. 

2011).  

 

Although possible, these scenarios to explain why ice-avoiding penguin species might have 

grown (or appeared to grow) during the LGM strain credulity in some way, such as by proposing 

untested or untestable hypotheses about ancient genetic structure or short-lived lower-latitude 

colonies. Moreover, they only explain one aspect of the penguins’ complex and demographic 

history at a time. There are actually at least three phases to the history that all align very well 

across the four ice-avoiding penguin species: early growth (>25 kya in chinstrap; this phase is 

absent in gentoo penguin due to truncated Stairway Plot), decline (~15-25 kya in chinstrap), 

growth (~10-15 kya in chinstrap), and recent stasis or growth (Figure 4.7). Any hypothesis about 

their timing should be able to explain all of these phases and their qualitative similarity (even if 

not simultaneity) across ice-avoiding species. Under the chinstrap/gentoo timing, these phases 

fit well with the glacial cycle. The beginning of the stadial phase that ended with the LGM began 

~30 kya, glaciation and sea level reached their LGM levels by ~26.5 kya (Clark et al. 2009). This 

period corresponds to the transition from growth to decline in the chinstrap penguin. The 

Antarctic ice sheet began to recede ~15 kya, corresponding to the transition between decline 

and growth in the chinstrap penguin, which last until ~10 kya. The most recent period, 

corresponding to the Holocene epoch, is much more idiosyncratic among the penguin species. 

If, instead of adopting this chinstrap/gentoo timeline, we assume that the original timings of the 

king or Adélie penguin Stairway Plots were accurate, then perhaps the caveats offered in the 

previous paragraphs could account for their populations growing or remaining stable during the 

LGM, but this timing would also require an explanation for the pre-LGM decline and post-LGM 

decline or stasis that would be implied by the shift in timing (Figure 4.6).  

 

Ultimately, the balance of the evidence and ecological plausibility seem to support the original 

idea, that the LGM had a net-negative effect on the demography of sub-Antarctic and ice-

avoiding penguins, and that these species subsequent rebounded as the Antarctic sea ice edge 

retreated around the onset of the Holocene. Comparative demographic history contributes a 

valuable line of evidence to settling this question by constraining any historical scenario and 

accompanying explanation to be applicable to multiple species and multiple episodes of 

demographic change that appear to align so precisely. Moreover, the ‘composite slope’ 

approach to quantification used by align_stairwayplot.py resolves some of these events and 

https://www.pnas.org/doi/abs/10.1073/pnas.1016560108
https://www.pnas.org/doi/abs/10.1073/pnas.1016560108
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.701.553&rep=rep1&type=pdf
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cross-species similarities that would not be obvious by looking at the standard Stairway Plot 2 

summary plots (Appendix B).  

 

Ice-dependent penguin(s) 

The Stairway Plot analyses of the emperor penguin for this chapter stood out somewhat from 

the consistent pattern seen in the other species. Like the chinstrap and gentoo penguins (and 

most likely also king and Adélie, based on the evidence discussed in the previous section), the 

emperors apparently declined during the LGM, although the decline is less well supported 

and/or may have been more modest, as it is based on slightly lower absolute composite slope 

values than in other species (Figure 4.7). Unlike the other penguin species, this decline 

apparently continued into the early Holocene. Cristofari et al. (2018) also reported a very stable 

demographic history for emperor penguins based on their own Stairway Plot and PSMC 

analyses of emperor penguin RADseq and whole-genome datasets from a different set of 

emperor penguin samples. A Bayesian Skyline Plot analysis by Younger et al. (2015a), based 

on mtDNA, recorded no significant changes in Ne for emperor penguins during the LGM, but did 

suggest that the population grew over the last 5-10 ka, in line with Holocene warming. Their 

analysis of matrilineal population structure also led them to suggest that glaciation had isolated 

a population of emperor penguins in the Ross Sea area around a hypothetical polynya (a patch 

of open water that remains unfrozen). However, the productivity of such a polynya likely would 

have been significantly lower than the open ocean, so it is unlikely that they could have 

sustained a population of similar size to that of warmer, interglacial times (Ritchie et al. 2004). 

As for the suggestion that a Ross Sea population was isolated during the LGM, extended sea 

ice shelves would likely have made it more difficult for adult emperor penguins to reach the sea 

from where they over-winter with chicks. However, given that emperor penguins breed on ice, it 

has been suggested that most colonies may have simply migrated northward, over the 

generations approaching the LGM, as required to maintain a practical distance to the open 

ocean (Thatje et al. 2008). If the overall productivity of the Southern Ocean did not change 

during the LGM, but was merely redistributed towards lower latitudes along with the new sea ice 

edge (Cristofari et al. 2018), this tolerance for sea ice may have enabled emperor penguins to 

maintain a stable population through the LGM, since they could follow the productive areas 

more easily than other species who required ice-free land adjacent to foraging hotspots. Still, 

any increase in the energy investment required to reach the open ocean, even if it was possible, 

may have had a negative impact on the rate of recruitment to the population (c.f. Adélie 

https://www.nature.com/articles/s41558-018-0084-2
https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.12882
https://academic.oup.com/mbe/article/21/2/240/1187856?login=true
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/07-0498.1
https://www.nature.com/articles/s41558-018-0084-2
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penguin: Jenouvrier et al. 2006, king penguin: Bohec et al. 2008), which could have edged the 

species into a slow decline. 

 

The Adélie penguin is an interesting case to consider in the context of these comparative 

demographic history results, because Adélies live alongside emperor penguins on the Antarctic 

continent and have been considered an ice-dependent species like the emperor penguin (e.g. 

Lescroël et al. 2014; Hinke et al. 2017). It is interesting, then, that the Adélies’ demographic 

history better matched the sub-Antarctic penguins, suggesting that the species should mainly be 

classified as ice-avoiding like the king penguin. On the other hand, tolerance, dependence and 

avoidance are all relative. The levels of sea ice seen during the LGM were extreme, and so may 

have simply exceeded the optimum for Adélies, which may still be much higher than the 

optimum for other species, like the king penguin (Younger et al. 2015a). This idea of a threshold 

effect, with species-specific optima, could help explain why the penguins’ demographic histories 

seem to have become less consistent (while being overall more stable) during the Holocene 

after have been being so strikingly similar over the previous ~25,000 years of more extreme 

climate. 

 

While this chapter contains the first quantitative comparisons of penguins’ demographic 

histories, there are at least two comparable analyses in the literature involving qualitative 

comparisons of penguin demographic histories. The first was by Cristofari et al. (2018), who 

also described striking contrast between the stable demographic history of emperor penguins 

and the dynamic, apparently glacially-influenced demographic history of king penguins. Vianna 

et al. (2020) also compared the demographic histories of numerous penguin species, using 

PSMC. Their results suggested a completely opposite pattern, appearing to link emperor with 

chinstrap and king with Adélie based on the past one million years of their demographic 

histories. It is not intuitive how these groupings could be explained ecologically. However, 

PSMC estimates are known to be unreliable within the past ~1000 generations of a species’ 

history (Li and Durbin 2011), which would suggest that the results of Vianna et al.’s analysis as 

they pertain to the LGM are likely not as reliable as the results of Stairway Plot and other 

methods based on the SFS.  

 

https://link.springer.com/article/10.1007/s00300-005-0073-6
https://www.pnas.org/doi/abs/10.1073/pnas.0712031105
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0085291
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1002/ecs2.1666
https://onlinelibrary.wiley.com/doi/full/10.1111/gcb.12882
https://www.nature.com/articles/s41558-018-0084-2
https://www.pnas.org/doi/full/10.1073/pnas.2006659117
https://www.nature.com/articles/nature10231
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Pinnipeds 

Among the pinniped populations considered here, at least three broad types of demographic 

history seem to be represented. These were referred to in the results as Groups 1-3 (Figure 

4.27). In terms of qualitative features, or shape, of their demographic histories, Group 2 species 

generally exhibited an ancient (~50-100 kya) decline phase, followed by a growth phase, 

followed by a recent decline phase, each with similar levels of support. Group 3 species 

exhibited almost the opposite pattern, with a decline phase (~50-150 kya in E. barbatus) 

followed by more recent growth. Group 1 species were less consistent on the whole, but most 

showed a single growth phase, flanked by stasis or slight decline. A. forsteri and A. gazella were 

the most coordinated, with both also showing recent (Holocene) decline, while the Brazilian A. 

australis population showed recent growth. More specifically, A. gazella and A. forsteri 

populations appear to have declined somewhat ~2-5 kya. Both species are strongly generalistic 

in their diet, and likely respond to changes in overall ocean productivity, although the New 

Zealand fur seal has a more localised distribution and coastal foraging niche in contrast to the 

circumpolar distribution of the Antarctic fur seal. Notably, O. flavescens, as discussed in the 

previous chapter, also features a dip in Ne ~2-5 kya. Numerous palaeoclimate proxies suggest 

that the global climate temporarily became cooler around 4.2 kya, and this is recognised as the 

boundary between the middle and late Holocene (Walker et al. 2012). The effect on other 

climatic variables, such as humidity and sedimentation, seems to have varied regionally. 

However, evidence from Australia and South America suggest a strengthening of the El Niño 

Southern Oscillation (ENSO) during this period. Modern El Niño events have been well 

documented to cause extremely high pup mortality in O. flavescens due to reduced prey 

availability (e.g. Soto et al. 2004; de Oliveira et al. 2012). This could explain the mid-late 

Holocene dips observed in all three of these species. However, while O. flavescens quickly 

recovered from this dip to its previous population size, the fur seals seem to have only partially 

covered, ultimately stabilising at a lower stable population size during the late Holocene. It is 

possible that this recent phase reflects the history of intense human hunting of (and competition 

with) fur seals (e.g. Boyd 2004). 

 

Although MDS does not quantify components of variation like PCA, it is clear by eye that the 

most general feature distinguishing the histories of pinniped populations belonging to Group 1 

from Group 2 and Group 3 was a lack of well-supported (i.e. high absolute value of composite 

slope) decline phases (Figure 4.23). In contrast, all the Group 2 and Group 3 pinnipeds have 

decline phases with composite slopes below -0.5, which apparently extended for tens of 

https://onlinelibrary.wiley.com/doi/full/10.1002/jqs.2565
https://www.cambridge.org/core/journals/journal-of-zoology/article/abs/effects-of-prey-availability-on-pup-mortality-and-the-timing-of-birth-of-south-american-sea-lions-otaria-flavescens-in-peru/711C59F32B95FB68E996F0817A07C009
https://www.cambridge.org/core/journals/journal-of-the-marine-biological-association-of-the-united-kingdom/article/abs/effective-population-size-for-south-american-sea-lions-along-the-peruvian-coast-the-survivors-of-the-strongest-el-nino-event-in-history/3DE4A470EFE400D41B1786E5B146593D
https://www.cambridge.org/core/journals/antarctic-science/article/abs/pup-production-and-distribution-of-breeding-antarctic-fur-seals-arctocephalus-gazella-at-south-georgia/58D3BC5860C37BF1F15CE029A72992C1
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thousands of years in some species (Figures 4.24-4.25). Another factor distinguishing Group 1 

from Groups 2 and 3 was timing. For example, the demographic histories of O. flavescens and 

A. forsteri appear qualitatively similar, but the RER required to align the peak growth phase in 

O. flavescens with that of A. forsteri would be a factor of ~5, far higher than is required to align it 

to other the other Group 2 species. Even if an RERrange of 5 were tolerated to align the peak 

growth phases, the other features of the curves – ancient and recent decline – would be 

misaligned (not shown).  

 

Demographic histories are likely to be shaped by the combination of environmental exposures 

(e.g. glaciation within historical geographic range) and ecological dependencies (e.g. diet, 

habitat requirements). However, the biological significance of these groups of pinniped 

demographic histories is not obvious; the combination of factors must be complex and subtle. 

For example, both Group 1 and Group 3 included a species that breeds on ice and specialises 

in diving for their food (L. weddellii and E. barbatus; Casaux et al. 2006; Kovacs 2018).  

 

Although diet is potentially a very important factor, and seems to have been very influential over 

at least the Holocene demographic history of O. flavescens as shown in Chapter 3, information 

on diet is lacking for many of the other species considered here. What information is available 

tends to show just how flexible their diets are, with more specialisation at the level of individuals 

than species (e.g. L. weddellii: Casaux et al. 2006; O. flavescens: Baylis et al. 2015; A. forsteri: 

Hume et al. 2004; multiple species: Franco-Trecu et al. 2022). The variety of historical patterns 

observed among these pinnipeds, even within Group 1, is potentially reflective of that. Dietary 

specialism can be difficult to define for a species, and may simply not be useful, especially amid 

significant individual and temporal variation in diet. For example, modern Adélie penguins feed 

primarily on krill, to the extent that, in the absence of historical data, Adélies as a species might 

be classified as krill-specialists. However, stable isotope analysis of ancient Adélie egg shells 

suggests that this is a recent development, most likely owing to the anthropogenic decline of 

competitors, such as baleen whales and seals. Prior to ~200 ybp, fish apparently constituted a 

much larger proportion of the Adélie penguin diet (Emslie and Patterson 2007). Here, I 

attempted to use marine foraging range as a very imprecise proxy for diet, reasoning that 

species that typically ventured into deep water (i.e. beyond continental shelves) to forage would 

likely have a more pelagic diet on average than species that tended to feed closer to shore. This 

factor was not found to be statistically significant, but it was the second strongest factor in terms 

of variance accounted for. More precise and methodologically consistent quantification of 

https://link.springer.com/article/10.1007/s00300-005-0048-7
https://www.sciencedirect.com/science/article/pii/B9780128043271000637
https://link.springer.com/article/10.1007/s00300-005-0048-7
https://link.springer.com/article/10.1007/s00442-015-3421-4
https://link.springer.com/article/10.1007/s00227-003-1219-0
https://onlinelibrary.wiley.com/doi/full/10.1111/mam.12297
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1913849/
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species’ diets seems promising to explore as a factor explaining similarities and differences 

across pinniped demographic histories. Diet could also be tested as a factor linking 

demographic histories across major taxa, such as sympatric pinnipeds and penguins.  

 

Parental care strategy is another factor that could be explored to explain the observed 

distribution of demographic history differences. Although this seems very narrow on its face, the 

way that pinniped species have adapted to care for their offspring has probably been shaped by 

interactions between geography, diet, and phenotype (Schulz and Bowen 2005). Phylogenetic 

analysis by Schulz and Bowen (2005) and modelling by Stephens et al. (2014) has suggested 

that high food availability, and in particular, high seasonality of food availability, may drive the 

evolution of capital versus income breeding strategies in pinnipeds. This is because capital 

breeding requires mothers to stock up massive fat reserves period to breeding, that can sustain 

themselves and their pup for an adequate lactation period, without the mother needing to leave 

the pup to forage as they would under an income breeding strategy. These strategies exist on a 

continuum, related to traits such as duration of lactation, or offspring provisioning. A shorter 

lactation period is more energetically efficient in the context of a capital breeding because it 

means that less energy needs to go into sustaining the mother during the period when she is 

concentrating on giving her pup a head start and foraging less than usual or not at all (Stephens 

et al. 2014). It is also potentially safer for the mother and pup, considering that capital breeding 

may be associated with less stable environments (Schulz and Bowen 2005). Given these 

advantages, abbreviated lactation is a defining trait associated with capital breeding strategies. 

Here, I hypothesised that lactation time might be a key factor shaping different demographic 

histories of pinniped species due to its relationship with food availability and environmental 

seasonality. However, it was not statistically significant and also could not be disentangled from 

other traits distinguishing phocids and otariids (i.e. it is highly correlated with taxonomic family). 

This exploratory analysis was not ideal for testing the hypothesis, given the small number of 

species considered and underrepresentation of phocids (which tend to have short lactation 

times).  

 

Ultimately, the only factor that emerged as statistically significant, and the one that accounted 

for the most variance, was latitude. The significance of latitude as a factor was mainly driven by 

the separation between the demographic histories of populations at its extremes (i.e. arctic and 

Antarctic). It makes sense that temperate-latitude species would have more varied demographic 

histories and would face more varied limiting factors to their populations. For one thing, 

https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/04-0319?casa_token=Xxro21U1yVkAAAAA%3Am_sd8POl6VPHgxba2SeCk5zdNU-V4A4bqp6gYWLV20pWXBpeLDmWHQ6Y-xJwS6FUs-UDf73xGTbCDw9a
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/04-0319?casa_token=Xxro21U1yVkAAAAA%3Am_sd8POl6VPHgxba2SeCk5zdNU-V4A4bqp6gYWLV20pWXBpeLDmWHQ6Y-xJwS6FUs-UDf73xGTbCDw9a
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/13-1434.1?casa_token=SSXV6abrerEAAAAA%3AM7kT__9H3qBJ0joAH-alB60IJ9UWK4Jpp138-uPU9dDYFDFAO0ZU0i1HnkXKAKjsNBqq3dqUQTGlH1IL
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/13-1434.1?casa_token=SSXV6abrerEAAAAA%3AM7kT__9H3qBJ0joAH-alB60IJ9UWK4Jpp138-uPU9dDYFDFAO0ZU0i1HnkXKAKjsNBqq3dqUQTGlH1IL
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/13-1434.1?casa_token=SSXV6abrerEAAAAA%3AM7kT__9H3qBJ0joAH-alB60IJ9UWK4Jpp138-uPU9dDYFDFAO0ZU0i1HnkXKAKjsNBqq3dqUQTGlH1IL
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/04-0319?casa_token=Xxro21U1yVkAAAAA%3Am_sd8POl6VPHgxba2SeCk5zdNU-V4A4bqp6gYWLV20pWXBpeLDmWHQ6Y-xJwS6FUs-UDf73xGTbCDw9a
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temperate environments are more varied, with different ecological pressures likely associated 

with each continent’s coastline and shelf ecosystem. Temperate species considered here 

spanned the Atlantic and Pacific coasts of South America, the Pacific coast of North America, 

and the coastline of New Zealand (Table 4.3). Temperate-latitude species also typically exist 

within a more diverse ecosystem, with a wider range of food sources (e.g. Yurkowski et al. 

2016), owing to higher mid-latitude productivity and diversity. While latitude was the most 

strongly supported of the factors considered, for the species and populations considered, it is 

not entirely satisfactory, accounting for about a quarter of the total variance in pinniped 

demographic histories and lacking a clear mechanistic explanation as might come with another 

factor, such as diet or lactation time. 

 

Silverside fish 

Six species of South American silverside fish were also considered in this study, including one 

Pacific freshwater species (Odontesthes mauleanum), one Pacific marine species (O. regia), 

one Atlantic marine species (O. argentinensis), and three Atlantic freshwater species (O. ledae, 

O. bonariensis, O. mirinensis). According to phylogeographic modelling by Hughes et al. (2020), 

the freshwater species most recently diverged from their marine counterparts on the same side 

of the continent. These oceanic and freshwater colonisation events are thought to have 

occurred at least one million years ago, while their Stairway Plots constructed for this study only 

extend back to ~30 kya, implying that inferred demographic histories of each species should be 

based on their present environment. However, the results indicate no systematic differences in 

demographic history between silverside species from different habitats or oceans. Their 

demographic histories are remarkably consistent, as all show evidence of growth between ~10-

20 kya. One of the most significant impacts of the LGM on these silverside fish, given their 

coastal range, probably would have been the emergence of a large area of the continental shelf 

of Argentina due to lowered sea level (Ponce et al. 2011). However, this does not seem to have 

caused a split between the histories of Atlantic and Pacific species. An explanation for the 

silversides’ universal population growth between the onset of the LGM to deglaciation could be 

the increase in terrigenous sedimentation which is known to have washed out from Patagonia 

(Noble et al. 2012), which could have stimulated primary production in the region’s coastal 

waters.  

 

https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.1980
https://onlinelibrary.wiley.com/doi/full/10.1002/ece3.1980
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.15350?casa_token=YN5Xes9J5qEAAAAA%3AwZQp7hAsCLaGIzTPebkH-G96USJFm7twXRpP8ubX9i0uPs5g53aiaxP4r22G3Q5okieV7ZVuIZigFExX
https://academic.oup.com/biolinnean/article/103/2/363/2452605?login=true
https://www.sciencedirect.com/science/article/pii/S0012821X11005942?casa_token=GdloAX7bPXEAAAAA:DoxRkF62a9Jafkxf287cFM4CPJalZKhbgtvH3IKw6P5dqt9P9vWX9EzVZdvcP3SCfJGbrAL5Rw
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Despite the lack of broad ecologically based differences, there were some subtle patterns that 

may have more idiosyncratic explanations. For example, O. ledae and O. mirinensis were most 

similar to each other, and in fact these species are known to have recently exchanged genes, 

calling into question their status as separate species (Hughes et al. 2020) (Figure 4.35). 

Similarly, evidence for weak introgression between O. argentinensis and O. bonariensis has 

been reported (Hughes et al. 2020), and O. argentinensis is thought to be basal to the Atlantic 

silverside radiation, which would imply a relatively close relationship to O. mauleanum.  

 

Silverside fish are known to be preyed upon by South American pinnipeds and penguins (e.g. 

Hernández-Orts et al. 2019). The abundance of specialist predators might be expected to track 

the abundance of their prey, both in the short term (e.g. arctic hare cycle; Krebs et al. 2017) and 

long term. In turn, the prey may be affected by other environmental variables (e.g. krill and sea 

ice; Brierley et al. 2002). This is part of the explanation for why the distribution and abundance 

of marine predators is thought to be so influenced by marine fronts; they are generally too large 

to be strongly affected by the accompanying changes in temperature and salinity, but their prey 

are not (Bost et al. 2009). In this case, although silverside fish are part of the diet of most South 

American pinnipeds, the pinnipeds have highly flexible diets, so they should not necessarily 

track silverside abundance unless silverside abundance is indicative of overall ocean 

productivity, which there is no particular reason to expect.  

 

When the demographic histories of the silversides were compared with those of four potential 

pinniped predators from the vicinity of South America, the results suggested a reasonably good 

fit with O. flavescens and A. galapagoensis (from pinniped Group 2), but not with A. australis or 

Z. wollebaeki (from Group 1) (Figures 4.35-4.36). However, it is impossible to say whether this 

similarity is related to a trophic relationship. It may simply result from the species occupying a 

similar region. Fitting the curves together also requires an RERrange of ~1.6, although that 

seems plausible given that the mutation rates for Odontesthes spp. were unknown and so their 

histories were simulated under a default (and likely on the fast end) vertebrate mutation rate 

(Nachman and Crowell 2000). 

 

Potential applications, pitfalls, and next steps for comparative demographic history 

For now, the main scientific application for comparative demography using align_stairwayplot.py 

is hypothesis-generation by looking to explain patterns of clustering among populations of 

https://onlinelibrary.wiley.com/doi/full/10.1111/mec.15350?casa_token=ROQiU2zRabIAAAAA%3AKHiLRGScNxHca5MAKxO3SUO1Bh_dfrVj5tuwe-Qfkur9HpIbng2o6Uz5WJR37Cv_8DyCBajN52lCIx1Y
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.15350?casa_token=ROQiU2zRabIAAAAA%3AKHiLRGScNxHca5MAKxO3SUO1Bh_dfrVj5tuwe-Qfkur9HpIbng2o6Uz5WJR37Cv_8DyCBajN52lCIx1Y
https://link.springer.com/article/10.1007/s00436-018-6177-z
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/1365-2656.12720
https://www.science.org/doi/abs/10.1126/science.1068574
https://www.sciencedirect.com/science/article/pii/S0924796309000724
https://academic.oup.com/genetics/article/156/1/297/6051861
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interest. If the range of populations is too broad, especially if their demographic history profiles 

are not very specific (i.e. have few distinguishing features), spurious associations are more 

likely. This approach is analogous to the commonly used NCBI BLAST tool for identifying similar 

DNA sequences. Querying the entire NCBI database with a single mitochondrial gene from O. 

flavescens, for example, would return many spurious hits from bacterial and environmental 

genomes. However, querying a longer, more distinctive sequence, or limiting BLAST to consider 

only sequences associated with pinnipeds, can allow a user to identify the source of their DNA 

sequence of interest to species level.  

 

The main practical application of comparative demography, for conservation and welfare 

biology, would be identifying the environmental variables to which particular species are (at 

least historically) most sensitive in order to predict the effects of future ecological change. This 

is essentially an approach to identifying indicator species, but from the opposite direction. 

Common approaches involve predicting whether a specific species will be sensitive to a given 

environmental variable or process based on detailed knowledge of its ecology and biology 

(Ricotta et al. 2020), or based on the species’ modern abundance and distribution. However, 

using the comparative demography approach, one could determine which species have 

experienced similar histories and attempt to explain them by looking at what characteristics 

those species have in common, and how they differ from other species with different histories.  

 

Challenges in identifying true correlations among demographic histories 

It may be difficult to distinguish true correlations between demographic histories from spurious 

ones, and vice versa. This is fundamentally due to uncertainty in the scaling parameters that 

must be assumed for demographic history reconstruction, including mutation rate, generation 

time, and the total number of observed alleles (including monomorphic). Not recognising this 

uncertainty in inputs, as well as outputs, of the demographic model, may lead to what is in fact a 

single demographic event shared among several populations being interpreted as multiple 

discrete events (e.g. Oaks 2020). On the other hand, acknowledging too much uncertainty, and 

translating it into flexibility in the analysis, could render discrete demographic events impossible 

to distinguish. This is especially problematic when demographic history curves display high 

autocorrelation, such that multiple alternative timings of a demographic feature (e.g. a 

population bottleneck and recovery) could align a pair of demographic history curves 

approximately equally well, as long as the requiring scaling parameters are deemed plausible. 

https://www.sciencedirect.com/science/article/pii/S1470160X20306993
https://onlinelibrary.wiley.com/doi/abs/10.1111/evo.14052?casa_token=iZ11-zLC2foAAAAA%3AeaHXCHdYQk_oOwBo7RsmPAYKjbw0ipeATiEIGzM1tFUkhq6nMTKll81QB4jfbO4LuHVaHmiwWx6I6C-2
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Where possible, comparative demographic history studies should employ rates of mutation and 

generation estimated using similar methods across each species, or ideally inferred from the 

exact dataset or source population itself. This issue could benefit from systematic literature 

reviews quantifying the confidence intervals associated with mutation rate and generation time 

estimates by different methods and for different species.  

 

Insufficient sample size is another potential reason that true correlations between populations’ 

demographic histories may be difficult to detect. The temporal resolution of Stairway Plot or any 

other SFS-based method is strictly limited by the length of the SFS vector (i.e. the number of 

different allele frequency classes), which is determined by the number of individuals in a 

population sample. If the sample size is too low, it may be mathematically impossible for models 

to infer an adequate summary of a population’s history. However, this is unlikely to be a major 

issue unless a very small sample size (i.e. <10) is depended upon to infer a very complex 

demographic history (Bhaskar and Song 2014; Lapierre et al. 2017). In the analysis of simulated 

populations, I found that sample sizes down to 10 individuals did not affect clustering with 

align_stairwayplot.py at all (Figures 4.2-4.3). The models tested were relatively simple, though 

not exceptionally so compared to some of the demographic histories inferred for natural 

populations. Still, it should be considered that SFS-based methods may struggle to reconstruct 

more complex demographic models with small sample sizes.  

 

One mitigating factor is that the way Stairway Plot identifies historical breakpoints means that 

additional epochs that are only identified with larger samples are likely to be ones that receive 

less support (i.e. appear in a smaller proportion of models and/or are associated with smaller 

changes in Ne) and therefore contribute less to clustering with align_stairwayplot.py. This would 

be more of an issue if missing one breakpoint/epoch led to incorrect estimation of the timing of 

another epoch, e.g. because two smaller episodes of demographic change were combined into 

a single one at an intermediate time.  

 

The single largest concern about small sample sizes (of N>=10) is that a small sample may be 

more strongly affected by rare mistakes and sampling biases. Stairway plot, like all methods for 

inferring demographic history, assumes that the genetic sample is representative of a panmictic 

population. Excessive sampling of close relatives, for example, would violate this assumption 

and skew the estimated frequency of alleles (e.g. potentially identifying rare alleles as 

moderately common). This can happen with any sample size, but a smaller sample is more 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5175586/
https://academic.oup.com/genetics/article/206/1/439/6064209?login=true
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sensitive to a given number of mistakes. Align_stairwayplot.py could potentially be used to 

validate population samples for demographic history analysis by running Stairway Plot on a 

handful (e.g. 10) of random subsamples equal to some fraction (e.g. 0.5x) of total sample size, 

and then quantifying the average pairwise distance among these Stairway Plot replicates as a 

metric of the sample’s robustness. Although the subsampling was not random, this is similar to 

within-species comparisons of pinniped and penguin populations done in this chapter (penguins: 

Figures 4.8-4.13; pinnipeds: Figures 4.17-4.20). These analyses found a surprisingly good level 

of consistency, even with subsample sample sizes as low as six individuals. However, no 

minimum standard was established. 

 

Another issue is that it is unclear what maximum level of gene flow between geographically 

distinct populations should qualify them as distinct for purposes of comparative demographic 

history. This is important both for determining which individual samples should be grouped 

together for accurate demographic history reconstruction, and for applying fair statistical tests to 

the results of align_stairwayplot.py by determining which populations’ histories should be 

considered statistically independent data points. Taking any significant Fst as determining that 

populations should be analysed separately may be too aggressive, considering that allele 

frequency differences can develop over a very short timeframe, and so the populations’ 

demographic histories may be similar not only due to ecological similarity but actual shared 

genetic history. A better, but much more time-consuming approach could be to estimate 

divergence time (or find estimates in the literature) and combine populations with estimated 

divergence times more recent than the earliest time point considered in the comparative 

analysis (e.g. 200 kya). This question could benefit from simulation studies to better understand 

the effect of minor or recent genetic divergence (i.e. low Fst) on demographic histories inferred 

based on the SFS. 

 

As whole-genome sequencing becomes more affordable so population-scale resequencing 

project more common, and computational methods are developed to compensate for low depth 

of coverage (Lou et al. 2021), tools like SMC++ (Terhorst et al. 2017) are likely to see wider use 

for inferring demographic histories. SMC++ utilises the information from both recombination 

graphs and the SFS, combining the advantages of SFS-based methods in inference of recent 

history with the advantages of SMC-based methods in inference of deep history (Patton et al. 

2019). This will ultimately lead to more accurate demographic history models and therefore a 

greater ability to distinguish true correlations among demographic histories. 

https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.16077
https://www.nature.com/articles/ng.3748
https://academic.oup.com/mbe/article/36/12/2906/5551343?login=true
https://academic.oup.com/mbe/article/36/12/2906/5551343?login=true
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A promising program for explicitly testing hypotheses of shared demographic history is multi-

dice (Xue and Hickerson 2017), which uses the aggregate allele frequency spectrum (aSFS) of 

multiple populations to test for simultaneous demographic “pulses”. Cole et al. (2019) applied 

multi-dice to test for a concerted post-LGM population expansion in penguin species. Multi-dice 

requires the user to know in advance that a set of populations exhibit similar demographic 

histories, so it cannot fulfil the same exploratory role as something like align_stairwayplot.py can 

in conjunction with model-independent tools like Stairway Plot (or others, e.g. PSMC). However, 

even in this role, a tool like multidice could be potentially useful for statistically validating 

relationships suggested by an initial align_stairwayplot.py analysis.  

 

Challenges in identifying factors associated with correlated demographic histories 

Assuming that correlations among demographic histories can be accurately identified, the next 

challenge is to determine the ecological, biological, or geographical factors associated with 

them. This is complicated somewhat by the difference between census population size (Nc) and 

effective population size (Ne), where apparent Ne excursions can be caused by things such as 

changes in population structure, not only changes in population size (Mazet et al. 2016).  

For purely comparative purposes, the fact that coalescent-based models cannot distinguish 

between changes in population size and population structure may not be very important 

because both processes represent meaningful information about what has happened to a 

species, and the same combination of processes may or may not have occurred to other similar 

(e.g. sympatric or related) species, potentially determining whether their demographic histories 

cluster together. For example, in many species, the LGM caused both population declines and 

subdivision of populations into refugia. A regional drought might similarly reduce population size 

and increase subdivision in many species occupying the same region, e.g. by concentrating 

them around water sources or reducing the energy they can afford to spend on dispersal. 

However, while the same combinations of processes may lead to recognisably similar results 

and keep populations correctly clustered together, it would be impossible to assess the relative 

amount of population decline or subdivision. Moreover, because the effects of population 

subdivision are not necessarily additive with population decline (for example), a set of 

populations that experienced both population decline and population subdivision may not be 

more similar to populations that only experienced population decline than to populations that 

experienced neither process. Ideally, population size and structure could be mostly disentangled 

https://onlinelibrary.wiley.com/doi/full/10.1111/1755-0998.12686
https://www.pnas.org/doi/abs/10.1073/pnas.1904048116
https://www.nature.com/articles/hdy2015104
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prior to analysis by being relatively conservative in the grouping of individuals into populations 

for demographic analysis, considering factors like estimated divergence time as suggested 

above. 

 

In the present analyses, MDS and non-parametric PERMANOVA were used to identify distinct 

clusters of historically similar pinniped species, and a linear model was then used to assess the 

contribution of taxonomy versus life history trait (lactation duration) to determining cluster 

assignment. Given plentiful data on the ecology and life history of all populations, one could 

potentially use redundancy analysis (RDA) or latent factor mixed model (LFMM) (Frichot et al. 

2013) to test for associations with a range of traits simultaneously, and with reference to specific 

time points. Normally, LFMM would be performed using a genotype matrix indicating the 

number of each allele present at each locus in each individual. The “composite slope” values 

calculated by align_stairwayplot.py could be coded in a similar manner, with growth and decline 

coded as alternative alleles and a heterozygous state representing stasis, at loci representing 

historical time points, and populations replacing individuals. This demographic history-based 

“genotype” matrix could then be fed into the same analyses. However, this approach would not 

be able to take advantage of ‘RERrange’ optimization for each population.  

 

A known weakness of the indicator species concept is the difficulty in disentangling causation 

from mere correlation (Fleming et al. 2020). Causal relationships are not the only ones of 

interest, but an understanding of causation is important for determining how robust a particular 

correlation is likely to be in other environmental contexts, such as under climate change. For 

example, the paradigm that ice coverage per se is of singular importance to the demographic 

prospects of sub-Antarctic penguins might lead to surprise at the fact that chinstrap penguins 

have been on the decline in recent decades despite receding Antarctic ice, most likely due to 

declining abundance of krill, because krill depend on winter sea ice as a nursery for juveniles 

(Trivelpiece et al. 2011). In other words, although ice-free breeding habitat is important to 

chinstrap penguins, ice per se is not necessarily their most important demographic driver, and 

too little ice can begin to exert opposite effects. The comparative study of demographic histories 

could help address this issue of the robustness of ecological sensitivities and indicators by 

detecting such changes over time and relating them to threshold models of habitat suitability 

(Fordham et al. 2016; Cristofari et al. 2018; Hecht et al. 2020).  

 

 

https://pubmed.ncbi.nlm.nih.gov/23543094/
https://pubmed.ncbi.nlm.nih.gov/23543094/
https://onlinelibrary.wiley.com/doi/epdf/10.1111/oik.07334
https://www.pnas.org/doi/full/10.1073/pnas.1016560108
https://www.nature.com/articles/nclimate3086
https://www.nature.com/articles/s41558-018-0084-2
https://www.sciencedirect.com/science/article/pii/S1567134820302720


204 

 

Chapter 5: Synthesis and conclusions 

 

The first and most direct question to be addressed by this thesis was to do with the historical 

population dynamics of South American sea lions (O. flavescens) and Magellanic penguins (S. 

magellanicus) in Patagonia. A more general objective was to understand how consistent 

inferences of demographic history are within and between species. Understanding the level of 

consistency that may be found at different scales is interesting in its own right, but is also 

important for determining how surprised we should be if two populations do or do not exhibit 

similar demographic histories, and therefore whether a special explanation is warranted. One 

general issue encountered in this thesis was uncertainty about populations’ evolutionary rates 

(mainly mutation rate/generation time), which are required to scale inferences of demographic 

history from mutational units into absolute time. This will be addressed as it comes up below. 

The ultimate purpose of reconstructing and comparing demographic histories is to understand 

the causes behind historical shifts. Such an understanding could facilitate prediction of 

population trends under future scenarios, including climate change, fishing, or even more 

intentional and positive interventions to improve the resilience and total welfare of populations. 

 

Historical population dynamics of Patagonian marine predators 

Otaria flavescens 

The first and most direct question to be addressed by this thesis was to do with the historical 

population dynamics of South American sea lions (O. flavescens) and Magellanic penguins (S. 

magellanicus) in Patagonia. Analyses of the population structure of O. flavescens presented in 

Chapter 2 revealed abundant evidence for both local and regional-scale differentiation in the 

mtDNA, but no evidence of population structure within Argentina based on nuclear DNA 

markers. These results confirm the consensus that has emerged from all previous studies of 

Patagonian O. flavescens, but also extends and adds some nuance to this view. Previous 

studies have been limited to fragments of the mitochondrial genome (the cytochrome b gene 

[Tunez et al. 2007] or hypervariable D-loop region [Tunez et al. 2010; Feijoo et al. 2011; Oliveira 

et al. 2017]) and a handful of nuclear microsatellite loci (Feijoo et al. 2011; Oliveira et al. 2017), 

but this thesis presented the first sequences of the full mitochondrial genome for O. flavescens, 

and a substantial SNP dataset (2497 biallelic SNPs after filtering) derived by ddRADseq. These 

https://link.springer.com/article/10.1016/j.mambio.2006.08.002
https://link.springer.com/article/10.1007/s10709-010-9466-8
https://link.springer.com/article/10.1007/s00227-011-1697-4
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442
https://link.springer.com/article/10.1007/s00227-011-1697-4
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0179442
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analyses offered significantly greater power to genetically distinguish individuals compared to 

previous markers, which contained fewer variable sites/loci (e.g. mitochondrial D-loop: 39 sites, 

mitogenome: 154 sites; microsatellites: 10 loci [Oliveira et al. 2017], RADseq: 2497 SNPs). 

Consequently, the continued lack of evidence for nuclear genomic structure among colonies 

and regions of Argentina is all the more striking, and all the more convincing that it reflects a 

true approximation of nuclear panmixia among Argentine O. flavescens and not merely a lack of 

data.  

 

That being said, the present RADseq dataset could certainly be improved. Rarefaction curves 

suggested that the number of individuals in the dataset was not sufficient to capture all of the 

segregating sites that could be detected given the number of loci sequenced (Figure 2.4). This 

was particularly true as one looks to southern Patagonia. At the southern tip of the continent – 

Tierra del Fuego – Peralta et al. (2021) recently provided evidence of weak gene flow between 

the Atlantic and Pacific lineages of O. flavescens. Previous work has shown that, despite the 

lack of within-lineage nuclear genetic structure, these oceanic lineages are distinguishable, 

even with microsatellites (Oliveira et al. 2017). ddRAD or even whole-genome sequencing of the 

samples used by Peralta et al. (2021), for example, still has the potential to identify genetic 

differentiation between northern and southern Patagonia, perhaps driven by a trickle of gene 

flow from the Pacific. A powerful nuclear dataset might even reveal that the rate of inter-oceanic 

gene flow is much higher than reported by Peralta et al. (2021) based on mtDNA, considering 

that the maternally inherited mtDNA haplotypes are thought to be less mobile in O. flavescens 

due to female philopatry (Oliveira et al. 2017).  

 

The sequencing of full mitogenomes, and with it the increased ability to distinguish individuals 

and quantify the similarity of their haplotypes, added a new dimension to the understanding of 

matrilineal structure in Argentine O. flavescens. It showed that although groups of closely 

related mitogenome haplotypes (haplogroups) occur at different frequencies in different regions 

(i.e. moderate and significant Fst), the average similarity among haplotypes within regions was 

not higher than across the population as a whole (i.e. low and non-significant Φst). Because 

regional frequencies of established haplogroups can diverge by genetic drift much faster than 

new haplogroups become established by mutation and drift, this suggests that the regional 

matrilineal structure is quite shallow, perhaps because it is recently developed.  
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The demographic history of O. flavescens indicates a potential mechanism for the only recent 

emergence of regional structure. The results for O. flavescens indicated that the Patagonian 

population had recently grown by approximately a factor of five, within the last 2-4 thousand 

years. This recent expansion was indicated by both Stairway Plot analysis of SNPs and EBSP 

analysis of a mtDNA alignment using a mutation rate calibrated with ancient DNA. The Stairway 

Plot reveals deeper history, indicating that this recent growth followed a short-lived bottleneck 

from ~4-8 kya, and that the population had also experienced a ~15-fold expansion ~30 kya. 

Previous studies have also proposed that O. flavescens recently expanded from a bottleneck, 

with estimates of the timing ranging from ~110 kya (Tunez 2007) to ~64 kya (Tunez 2010) to 

~25 kya (Feijoo 2011) to ~10 kya (Oliveira 2017) based on different methods. In the context of 

previous estimates, the new estimate suggests that other methods, with less temporal 

resolution, may have been detecting different events, or even combining the signal from both 

events into a single Frankenstein estimate.  

 

If matrilineal population structure has only been (re)established since the apparent 

bottleneck(s), that may explain the shallowness of the regional differentiation. Although 

differentiation of mtDNA haplogroup frequencies has progressed, most of these haplogroups 

were probably common before the bottleneck(s). With the passage of time, further drift in 

haplogroup frequencies and the creation of new haplotypes by mutation would be expected to 

bring mitochondrial Φst up towards Fst, assuming the fundamentals of the population remain the 

same. A similar interpretation of the discrepancy between Fst and Φst was made by Bohonak et 

al. (2006) in relation to populations of freshwater copepods (Eudiaptomus graciloides and E. 

gracilis) that underwent population expansions at different times. E. gracilis expanded longer 

ago and its Φst is now similar to Fst, while Φst is much lower in the more recently expanded E. 

graciloides. 

 

Spheniscus magellanicus 

The demographic history of S. magellanicus was previously described by Dantas et al. (2018) 

using only modern samples. The novel inclusion of ancient DNA in the reconstruction of S. 

magellanicus demographic history did not change the overall shape of the inferred history 

relative to this previous study. However, the evolutionary rate calibration facilitated by ancient 

DNA did shift the history forward in time. Whereas Dantas et al. (2018) suggested that the 

population began to expand ~15 kya, the analysis in this thesis (Chapter 3) suggested that that 

https://d1wqtxts1xzle7.cloudfront.net/83329689/Bohonak2006-with-cover-page-v2.pdf?Expires=1664280774&Signature=YVtQb6YK-CZMVYCCYLYii-ElJkdB6mtPr5HX-o7JYKf7T5l9Zq01jJ6zh6wf9~sgiUTrfnRsKeaRlgt~zllh4gEUMMW0iFJquiSNxV3qQX2BNnUSTFCHBtBYT65CbtBHVLJL007-LFbjv~3UwTQ2VfQDW5uB8iZ5FMb6x~yK8LCjDhw~uvGkhd6be64aUpkQWw7FBRC5LwLVR0OTXMQg6MVXig7DeyLAzTB8EEFIeUGe1c1L8lI1PfeAhJehPQm0UxkCk3wKtXRDye0zWcvRzXdhl3ehxiaQXYoV7ekI3Fxv1weYPkP3uvJBs679BW8xhqYVEQc~AiNTg-2aJYtxFQ__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
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expansion began ~6 kya. This places it within the Holocene interglacial period, suggesting that it 

was not an immediate response to deglaciation at the end of the LGM. It also places the 

expansion within the timeframe for the most recent bottleneck and/or expansion of O. 

flavescens. 

 

Comparability and consistency of demographic histories 

Sympatric species 

O. flavescens and S. magellanicus are extremely distantly related, but are nevertheless 

ecologically similar and sympatric. They breed on some of the same beaches in Patagonia and 

forage on or near the continental shelf. Their diets overlap, but their preferred food differs, with 

S. magellanicus preferring small pelagic fish, such as anchovies (Yorio et al. 2017; Castillo et al. 

2019), while O. flavescens tend to be more generalist, consuming pelagic fish, but also more 

squid and benthic prey (Jarma et al. 2019) depending on the region. The demographic history 

analyses in Chapter 3 showed that both species’ populations had expanded around the mid-to-

late Holocene boundary (4.2 kya). However, the estimated timing of these expansions differed, 

with the most recent growth phase initiating ~2 kya in O. flavescens and ~5 kya in S. 

magellanicus, and the growth was also more dramatic in S. magellanicus (20x vs 5x). The 

mitochondrial mutation rate used for the S. magellanicus reconstruction was estimated directly 

from the data using ancient DNA, but the upper bound of the 95% confidence interval was 

approximately three times the lower bound. It would require a true mutation rate right at the 

upper bound to align the two species’ growth phases. Of course, it is also possible that the rates 

used for O. flavescens were also not precisely accurate. However, the present alignment of both 

species’ demographic histories with their stable isotope trends (discussed later) suggests that 

their assumed rates are not far from the truth. This would imply that, in these sympatric and 

ecologically similar species, the answer to whether their demographic histories are consistent 

with each other depends on timescale. Over the Holocene, yes; they both expanded. Their 

expansions may even have had the same ultimate causes, related to aridification and cooling 

around the mid-late Holocene. However, in detail, their expansions seem to have occurred at 

different times and with different immediate causes. 

 

https://www.tandfonline.com/doi/abs/10.1080/17451000.2016.1273529
https://onlinelibrary.wiley.com/doi/full/10.1111/aec.12706
https://onlinelibrary.wiley.com/doi/full/10.1111/aec.12706
https://www.sciencedirect.com/science/article/pii/S2352485518304468
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Populations of the same species  

I developed a new program called ‘align_stairwayplot.py’ based on principles from some of my 

prior work (Hecht et al. 2018; Hecht et al. 2020) to quantitatively compare demographic history 

curves estimated by Stairway Plot 2, and also find their optimal alignment within an accepted 

range of uncertainty about their true evolutionary rates (“RERrange”). The results shown in 

Chapter 4 established that the program could, for the most part, correctly cluster populations 

belonging to the same species based on their demographic histories. 

 

Simulated populations representing variants of one of three archetypal simulated histories 

(Table 4.1) were easily distinguishable when considered together. However, it was evident that 

the rate of population growth that took the simulated populations from one stable population 

state to another affected distinguishability. In the set of populations that used simulated growth 

rates over generations, as opposed to instantaneous changes in population size, there was 

much higher within-cluster variability, and some populations appeared to be more similar to 

those belonging to another group that theoretically had a different history. 

 

The increased within-species variability of those simulated populations with more gradual 

population growth rates turned out to be more reflective of the variance among populations in 

natural species. Populations of the pinnipeds Zalophus wollebaeki, Z. californicanus, and 

Arctocephalus forsteri were also distinguishable on the whole; that is to say, intraspecific 

variation in demographic histories was significantly lower than interspecific variation on average. 

A. forsteri populations were completely distinct, all more similar to conspecific populations than 

to any Zalophus population. In contrast, a few populations of Z. wollebaeki clearly clustered with 

Z. californicanus. This is not necessarily surprising, because Z. wollebaeki and Z. californicanus 

are sister species, and Z. wollebaeki has even been considered a subspecies of Z. 

californicanus. Although genetic analysis of population structure has now led to their 

classification as distinct species (Wolf et al. 2008), it is likely that they recently exchanged 

genes or may continue to do so at low levels. Although not surprising, then, this result is still 

interesting as it suggests that recent introgression could potentially be recgonised by 

inconsistencies in populations’ demographic histories as reconstructed from their genetics. The 

species boundary between Z. californicanus and Z. wollebaeki warrants more investigation 

using stronger genetic markers, and it would be interesting to see if the populations that were 

out of place in this analysis (Espanola and Genovesa) showed elevated rates of introgression. 

 

https://royalsocietypublishing.org/doi/full/10.1098/rspb.2018.1032
https://www.sciencedirect.com/science/article/pii/S1567134820302720?casa_token=cwXGeqj_7-8AAAAA:cREMa9bAEnya49MEj9KpxSFFJFGVy3gcAl_t8BMPL0cOsO5n--8rtDkQWHFcDm3WwVUQ3OLqYA
file:///D:/Durham/Thesis/Genetic%20analysis%20of%20population%20structure%20now
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Intraspecific consistency was also tested with the demographic histories of penguins. Emperor, 

Adélie, and chinstrap penguin populations were highly consistent amongst themselves. Gentoo 

penguin populations displayed much greater differences, though these variations were mostly 

unique and did not show greater similarity to another species, as the Z. wollebaeki populations 

had. This result was consistent with previous findings that all of the Arctic and sub-Antarctic 

penguin species considered here are nearly panmictic, but with the strongest evidence of 

population differentiation being for gentoo penguins, possibly due to their coastal foraging niche 

(Clucas et al. 2018). The king penguin also stood out in this analysis, with one population 

(Falklands/Crozet) initially clustering among the chinstrap penguins. It emerged that this 

population’s demographic history was anti-correlated with that of the other two king penguin 

populations, and fit more comfortably with the other king penguin populations (though all were 

similar to the chinstrap populations) under RER rescaling. This analysis of penguin populations 

again brought up the potential for gene flow (or the lack thereof) to influence and be detectable 

in intraspecific comparisons of demographic history. It also highlighted the potential for 

populations to appear highly distinct from each other due to minor differences in scaling, 

especially when their demographic histories are relatively complex, as in the case of the king 

penguin. 

 

Related species  

The importance of taxonomic relatedness at approximately the family level was investigated in 

both penguins and pinnipeds by internally comparing the demographic histories of species of 

penguins (Spheniscidae), seals (Phocidae), and sea lions (Otariidae).  

 

The shapes of the relatively recent (<50 kya) demographic histories of chinstrap, gentoo, king 

and Adelie penguins were found to be very similar, likely representing similar demographic 

responses to the same historical events. These events and responses most plausibly 

correspond to decline around the LGM and post-glacial (early Holocene) growth, which has 

been proposed by previous studies (e.g. Trucchi et al. 2014; Cristofari et al. 2018; Clucas et al. 

2018; Cole et al. 2019). However, profound uncertainty about the nuclear genomic mutation rate 

of penguins makes it difficult to pin down an absolute timeline (Cristofari et al. 2018). 

 

Most Otariid pinnipeds clustered close together, but O. flavescens and A. galapagoensis formed 

a distinct pair. Phocids were much more individually variable, with no clusters as distinct as the 

https://royalsocietypublishing.org/doi/full/10.1098/rspb.2014.0528
https://www.nature.com/articles/s41558-018-0084-2
file:///D:/Durham/Thesis/Cristofari%20et%20al.%202018
file:///D:/Durham/Thesis/Cristofari%20et%20al.%202018
https://www.pnas.org/content/116/52/26690.short
https://www.nature.com/articles/s41558-018-0084-2
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two sets of Otariids. Therefore, membership in either family clearly did not determine a species’ 

demographic history and demographic history was not sufficient to diagnose family 

membership, though demographic histories did seem to take one of only two broad forms 

among the Otariidae considered here. 

 

Disparate taxa 

Consistency of demographic histories was also tested across disparate taxa, including 

pinnipeds, penguins, and silverside fish (Odontesthes spp.). At this scale, there may be so 

many complex synergies between different aspects of phenotype, behaviour and habitat/range 

that it would require much deeper investigation to identify causes of similarity and difference 

among demographic histories.  

 

When the demographic histories of pinnipeds and penguins were compared, all five penguin 

species formed a single distinct cluster, and the previously identified groups of pinniped species 

also remained distinct. This analysis confirmed the impression that there is much less variation 

among penguin demographic histories than among pinniped demographic histories, at least of 

those considered in this study. It was also notable that the variability within the groups did not 

interact; that is to say, while penguin species’ histories varied, they did not vary in ways that 

made them especially more similar to certain pinnipeds, and vice versa.  

 

In contrast, when a subset of four pinnipeds (potential predators of South American silverside 

fish) were compared with silverside fish (Odontesthes spp.), two of the pinnipeds – O. 

flavescens and A. galapagoensis – were drawn away from the other two pinnipeds towards the 

cluster of fish. Whether by cause or coincidence, the demographic histories of these two 

species more closely resembled that of the typical silverside fish than of A. australis or Z. 

wollebaeki. 

 

Ecological drivers of population dynamics 

Diet 

The impact of diet as a potential driver of population dynamics was investigated in the most 

detail with O. flavescens and S. magellanicus. Stable isotope analysis of the two species 

confirmed that their modern isotopic niches are distinct, though similar. On average, O. 



211 

 

flavescens samples were slightly higher in δ15N, suggesting that they feed at a higher trophic 

level. They were also higher in δ13C, suggesting that they partake of a more benthic diet. 

Correlation between the age and latitude of samples made it impossible to fully disentangle the 

impacts of these two factors on the species’ isotopic histories, but it was clear that there had 

been change between the past and the present mean isotopic composition of samples from 

both species. The most historically dynamic isotopes were δ15N in O. flavescens and δ13C in 

S. magellanicus, which both exhibited similar patterns, interpretable as either declining values in 

the north and increasing values in the south, or as population-wide decline then increase (O. 

flavescens δ15N) and population-wide increase (S. magellanicus δ13C).  

 

These isotopes – δ15N in O. flavescens and δ13C in S. magellanicus – also correlated with the 

demographic history of the respective species. Over the past 7000 years, the effective size (Ne) 

of the O. flavescens population has apparently been inversely related to its average δ15N. 

Meanwhile, over the past ~6000 years, the Ne of S. magellanicus has been positively correlated 

with the population’s average δ13C. The causes of these relationships are not clear, but both 

could be related to a decline in relative sea level that occurred in the area beginning ~6 kya, and 

a global mid-latitude aridification event ~4.2 kya. This would have increased the accessibility of 

deeper-water prey on the continental shelf, such as benthic crustaceans or demersal fish, 

which, respectively, could account for O. flavescens’ apparent decrease in trophic level and S. 

magellanicus’ apparent increase in demersal-benthic feeding (but without an accompanying 

change in trophic level) (Cherel and Hobson 2007; Woodland and Secor 2013). 

 

As discussed earlier with respect to the similar dynamics of these species, scale may be 

important to consider. The results suggest that Holocene fluctuations in their demographic 

histories have paralleled changes in diet, but we cannot currently know whether this pattern 

would have held over a longer timescale or during a less moderate climate period than the 

Holocene. Among the penguins and pinnipeds considered in Chapter 4, diet did not seem to be 

an important determinant in the overall similarity of their demographic histories on a timescale of 

tens of thousands of years, although it was not evaluated explicitly. A detailed study considering 

isotopic change in samples over time in parallel to their genetics, as was done In Chapter 3 for 

O. flavescens and S. magellanicus, may be required to address this question properly given the 

potential for diet flexibility. Most pinniped species are highly generalist, consuming fish, 

cephalopods and crustaceans from both pelagic and demersal-benthic contexts. However, a 

few of the species considered specialised in benthic foraging (though this was still not their 

https://www.int-res.com/abstracts/meps/v329/p281-287/
https://aslopubs.onlinelibrary.wiley.com/doi/abs/10.4319/lo.2013.58.3.0966
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exclusive diet), including M. angustirostris, M. leonina, and L. weddellii. The latter two species 

had relatively similar demographic histories, but they were very different from that of M. 

angustirostris. Among penguins, the emperor penguin and king penguin (genus Aptenodytes) 

could both be regarded as pelagic fish-specialists in comparison to the krill-specialist chinstrap 

penguin and generalist gentoo penguin (Adams and Klages 1987; Polito et al. 2015). However, 

the demographic histories of the king and emperor penguins were not especially similar. 

Obviously, diet is of ultimate importance in the sense that food must be consumed to support 

survival and reproduction. However, it may be that, at the timescale considered, with the 

temporal resolution provided by Stairway Plot at that timescale, and the large-scale 

environmental changes such as the LGM that seem to dominate the demographic history of 

these penguins, precise dietary needs may not be important at the margin relative to overall 

habitat productivity and other requirements. 

 

Habitat requirements and geography 

The one factor that did seem to account for some difference among penguin demographic 

histories, despite the relatively little overall variation among them, was whether a species was 

considered “ice-avoiding” (gentoo, king, chinstrap) or “ice-dependent” (Adélie, emperor) 

(Trivelpiece et al. 2011; Lynch et al. 2012; Cristofari et al. 2018). Adélie penguins, a continental 

Antarctic species, are classified as ice-dependent based on their needs relative to the modern 

environment, in contrast to the ice-avoiding sub-Antarctic penguins (Trivelpiece et al. 2011). 

Adélies depend on sea ice for foraging, but also require ice-free breeding sites. Too much sea 

ice surrounding their colonies can obstruct access to the open ocean from their breeding sites. 

The net effect is a tolerance range of between 15-80% local sea ice cover (Emmerson et al. 

2011; Younger et al. 2015a). That Adélies seem to have responded similarly to king penguins 

and others to the greatly expanded sea ice of the LGM reflects the fact that even this tolerance 

range was exceeded. Emperor penguins were the species that stood out the most, likely 

reflecting the fact that they breed on sea ice and may have effectively unlimited tolerance for it 

over the long-term, since they can shift the locations of their breeding colonies over time to 

follow the sea ice edge. The more stable demographic history inferred for emperor penguins 

was consistent with previous studies, including Cristofari et al. (2018) using different samples 

from different emperor penguin colonies. Interpretation of the true consistency of penguin 

demographic responses was limited by the omission of important penguin groups, including the 

genera Spheniscus and Eudyptes, from this analysis due to a lack of comparable genomic data. 

https://zslpublications.onlinelibrary.wiley.com/doi/abs/10.1111/j.1469-7998.1987.tb05992.x
https://www.int-res.com/abstracts/meps/v519/p221-237:
https://www.pnas.org/doi/abs/10.1073/pnas.1016560108
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/11-1588.1?casa_token=kjRE0--dax8AAAAA:uI2Im7-sE4_yQ-SPtmi52i1EnZorSDxF49YcjdkWQT0Rn8hY6YOTKW2Gp8VZa03JsS4MWkidynjocYZ1:
https://www.pnas.org/doi/abs/10.1073/pnas.1016560108
https://www.int-res.com/articles/meps2011/440/m440p203.pdf
https://www.int-res.com/articles/meps2011/440/m440p203.pdf
https://link.springer.com/article/10.1186/s12862-015-0502-2#ref-CR14
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Although the Holocene demographic history of S. magellanicus was considered in detail, its 

response to the LGM remains uncertain. It seems likely that they and other penguin species 

already living north of the LGM sea-ice limit would have been less affected (Cole et al. 2019), 

although the previous study by Dantas et al. (2018) had placed the expansion S. magellanicus 

at ~15 kya, matching the expansion of Adélie penguins presented by Younger et al. (2015b). 

 

There was little variation in breeding habitat requirements among the pinniped species 

considered, with only E. barbatus, P. hispida, and L. weddellii preferring to breed on ice 

platforms as opposed to barren beaches. However, geography in terms of latitude emerged as 

the most significant predictor of similarity among pinniped demographic histories. This was 

mainly driven by differentiation of northern/arctic and southern/Antarctic populations’ 

demographic histories, while mid-latitude populations overlapped both groups. It is not 

surprising that demographic histories would vary with latitude, since latitude covaries with 

climate and also reflects simple geographic distance between populations, with populations that 

are more distant from each other naturally being less likely to face the same demographic 

pressures. However, it is somewhat surprising that basic latitude and not the absolute value of 

latitude – i.e. how close a population is to one of the Earth’s poles – is what was significant, 

since the poles are more similar to each other in terms of climate than they are to the tropics of 

their respective hemisphere. The comparative demographic analyses presented here are not 

sufficient to draw any firm conclusions, but this result may suggest that it is not latitude per se, 

but geographic distance that predicts differentiation in pinniped demographic histories. 

 

Life history 

The final ecological factor considered was life history. This was specifically tested across 

pinnipeds, as some pinniped species are known for defining the extremes of “capital breeding” 

strategies, where females gain as much body fat as possible prior to giving birth and nurse their 

pups on milk produced mainly from these prior foraging excursions. In contrast, income 

breeders continue to make foraging excursions to sustain themselves and their young pups. 

The duration of the nursing period of pup dependency (lactation) has been used as a proxy for 

this spectrum of breeding strategy. This is because capital breeders are expected to evolve to 

shorten the period of lactation in order to minimize maternal overhead and thereby the amount 

of energy that goes to sustaining the mother while she is not foraging, as opposed to 

accelerating the growth of the pup (Schulz and Bowen 2005; Stephens et al. 2014).  

https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/04-0319?casa_token=Xxro21U1yVkAAAAA%3Am_sd8POl6VPHgxba2SeCk5zdNU-V4A4bqp6gYWLV20pWXBpeLDmWHQ6Y-xJwS6FUs-UDf73xGTbCDw9a
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/13-1434.1?casa_token=SSXV6abrerEAAAAA%3AM7kT__9H3qBJ0joAH-alB60IJ9UWK4Jpp138-uPU9dDYFDFAO0ZU0i1HnkXKAKjsNBqq3dqUQTGlH1IL
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Although the specific resource requirements of capital and income breeding species may vary, 

capital breeding is thought to be an adaptive strategy to cope with extreme seasonality in 

resource availability. Similar ideas about seasonality and other forms of habitat stability have 

been proposed to explain other life history trade-offs (Healy et al. 2019). It is easy to imagine 

how such a strategy of “putting all their pups in one season”, so to speak, while more efficient in 

good times, could cause a population to be more vulnerable to ecological disturbances, 

resulting in different long-term demographic histories. However, among the pinnipeds 

considered here, no statistically significant relationship was found between lactation time or 

taxonomic family (which is highly correlated with lactation time, otariids tending to be income 

breeders) and the similarity of species’ demographic histories.  

 

Concluding remarks 

Beyond the focal system of Patagonian pinnipeds and penguins, this thesis has contributed to 

understanding how ecological traits and dependencies shape populations’ responses to 

environmental change, and how reliably we can compare populations’ demographic histories to 

answer that question more thoroughly in other systems. The results highlight the potential of 

combining species-specific ecological data with demographic history to better understand both 

broad similarities in deep history, across groups of species (Chapter 4), and the potentially more 

idiosyncratic drivers of recent demographic history in individual species (Chapter 3). The thesis 

also echoes the importance of understanding population structure as context for understanding 

a species’ past demography (Chapter 2).  

 

 

 

 

 

 

 

 

 

 

 

https://www.nature.com/articles/s41559-019-0938-7
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Appendix A: Sample metadata tables 

 

This appendix includes three tables of metadata (and stable isotope values where available) for 

O. flavescens samples novel to this study (Table A.1), S. magellanicus samples novel to this 

study (Table A.2), and samples belonging to either species, whose mtDNA sequence was 

obtained from previous publications (Table A.3). Whether a sample was included in a given 

genetic dataset is given as true (T) or false (F). NA indicates that information is “not available”.  

 

All physical samples, listed in Tables AA.1 and AA.2, were obtained from Argentinian 

collaborators. All archaeological samples and most modern tissue samples came via Enrique 

Alberto Crespo and Rocío Loizaga de Castro at Laboratorio de Mamíferos Marinos, Centro para 

el Estudio de los Sistemas Marinos (CENPAT-CONICET). For each archaeological sample, the 

original researcher(s) involved are credited in the tables below, where specific individuals are 

known. No information was available to us or our Argentinian collaborators concerning the 

collection date of the archaeological samples. Additional modern tissue samples came from 

Claudio Campagna (Wildlife Conservation Society).  

 

Published genetic data accession numbers for NCBI are given in Table A.3 (mtDNA sequences 

used in Chapters 2 and 3) and Table A.4 (RADseq reads used in Chapter 4).  

 

 

Table A.1. All samples of Otaria flavescens processed for this study. Note that ancient (i.e. 

Age>0) samples were not included in any genetic analyses from Chapter 2, but a “T” indicates 

that they were used in Chapter 3.  

Sample ID Sampl
e type 

Age 
(ybp) 

Latit
ude 
(°) 

Longit
ude (°) 

δ15N δ13C δ34S 145-
bp 
align
ment 

409-
bp 
align
ment 

mitog
enom
e 
align
ment 

RAD
seq 

Collecti
on date 

Source 

LO-502 Bone 7000 -39 -61.4 27.61 -16.01 NA F F F F NA G. Politis, 
C. Bayón 

LO-S1-209 Bone 7000 -39 -61.4 24.75 -15.31 12.59 F F F F NA G. Politis, 
C. Bayón 
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LA1300 Bone 7000 -39 -61.4 27.46 -16.01 NA F F F F NA G. Politis, 
C. Bayón 

BLD1323 Bone 7000 -39 -61.3 NA NA NA T F F F NA G. Politis, 
C. Bayón 

BLD1868 Bone 7000 -39 -61.3 23.02 -16.52 NA T F F F NA G. Politis, 
C. Bayón 

LA2971 Bone 3520 -41.4 -64.5 21.32 -15.28 NA T F F F NA F. Borella 

LA1150 Bone 2910 -41.4 -64.5 25.05 -10.63 13.83 T F F F NA F. Borella 

PF176/69 Bone 2000 -39 -61.4 21.80 -15.11 14.47 F F F F NA R. 
Frontini, 
C. Bayón 

LA1344 Bone 1680 -41.5 -65 25.08 -12.17 12.42 F F F F NA F. Borella 

LA3039 Bone 1638 -41.4 -64.5 25.31 -11.56 14.68 T F F F NA F. Borella 

LA1152 Bone 1380 -40.8 -64.7 22.46 -14.38 NA F F F F NA F. Borella 

LA1335 Bone 1256 -52.3 -68.4 24.69 -11.37 14.82 T F F F NA J.B. 
Belardi 

LA1338 Bone 1256 -52.3 -68.4 19.65 -17.90 NA T F F F NA J.B. 
Belardi 

LA1333 Bone 1256 -52.3 -68.4 20.82 -17.59 15.21 F F F F NA J.B. 
Belardi 

LA1337 Bone 1256 -52.3 -68.4 17.84 -17.77 13.84 F F F F NA J.B. 
Belardi 

LA1331 Bone 1190 -52.3 -68.4 21.53 -15.41 15.19 T F F F NA L. Borrero 

LA1330 Bone 1190 -52.3 -68.4 18.89 -16.36 NA F F F F NA L. Borrero 

LA563 Bone 580 -54.9 -67.9 22.45 -17.32 NA F F F F NA L. 
Orquera, 
E. Piana, 
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P. 
Zangrando 

LA564 Bone 580 -54.9 -67.9 19.06 -12.16 14.09 T F F F NA L. 
Orquera, 
E. Piana, 
P. 
Zangrando 

LA565 Bone 580 -54.9 -67.9 19.24 -12.85 13.85 F F F F NA L. 
Orquera, 
E. Piana, 
P. 
Zangrando 

LA572 Bone 580 -54.9 -67.9 18.20 -12.92 14.10 T F F F NA L. 
Orquera, 
E. Piana, 
P. 
Zangrando 

LA577 Bone 580 -54.9 -67.9 17.96 -12.71 13.53 T F F F NA L. 
Orquera, 
E. Piana, 
P. 
Zangrando 

OF800 Tissue 0 -40.7 -65 19.18 -17.00 NA T T T T 20/06/20
06 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF990 Tissue 0 -40.8 -65 18.63 -18.10 NA T T T T 02/01/20
12 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF996 Tissue 0 -40.8 -64.9 17.89 -19.02 NA F F F T 28/05/20
10 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF949 Tissue 0 -40.8 -65 18.91 -19.08 NA T T T T 09/05/20
08 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF984 Tissue 0 -40.8 -65.1 19.80 -18.67 NA F F F T 16/08/20
10 

E.A. 
Crespo, R. 
Loizaga 
de Castro 
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OF969 Tissue 0 -40.9 -64.4 20.18 -17.78 NA F F F T 28/08/20
08 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF950 Tissue 0 -40.9 -64.8 20.66 -17.72 NA T T T T 24/05/20
08 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF943 Tissue 0 -41 -65 18.58 -17.49 NA T T T T 05/11/20
07 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF817 Tissue 0 -41 -64.9 NA NA NA T T T T 18/09/20
06 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF801 Tissue 0 -41 -64.1 19.56 -18.09 NA F F F T 18/07/20
06 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF935 Tissue 0 -41 -64.1 NA NA NA T T T T 03/09/20
07 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF830 Tissue 0 -41.1 -63.1 16.64 -16.35 NA T T T T 25/01/20
07 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF954 Tissue 0 -41.2 -63.8 19.65 -17.62 NA T T T T 26/01/20
08 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF983 Tissue 0 -41.2 -63.4 18.86 -18.91 NA T T T T 13/04/20
09 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF964 Tissue 0 -41.4 -64.2 NA NA NA T T T T 30/09/20
07 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF936 Tissue 0 -41.4 -64.1 18.92 -17.31 NA T T T T 28/09/20
07 

E.A. 
Crespo, R. 
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Loizaga 
de Castro 

OF965 Tissue 0 -41.5 -64.2 17.71 -18.58 NA T T T T 30/09/20
07 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF966 Tissue 0 -41.5 -64.8 NA NA NA T T T T 09/10/20
07 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF834 Tissue 0 -41.8 -65 20.22 -18.10 NA T T T T 28/01/20
07 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF838 Tissue 0 -41.8 -65 19.59 -18.37 NA F F F T 28/01/20
07 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF944 Tissue 0 -41.9 -64.9 18.34 -18.93 NA F F F T 07/11/20
07 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

PV10 Tissue 0 -42.1 -63.8 NA NA NA T T T F 09/01/19
96 

C. 
Campagn
a 

PV11 Tissue 0 -42.1 -63.8 NA NA NA T T T F 09/01/19
96 

C. 
Campagn
a 

PV14 Tissue 0 -42.1 -63.8 NA NA NA T T T F 10/01/19
96 

C. 
Campagn
a 

PV15 Tissue 0 -42.1 -63.8 NA NA NA T T T F 10/01/19
96 

C. 
Campagn
a 

PV17 Tissue 0 -42.1 -63.8 NA NA NA T T T F 10/01/19
96 

C. 
Campagn
a 

PV21 Tissue 0 -42.1 -63.8 NA NA NA T T T T 11/01/19
96 

C. 
Campagn
a 
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PV29 Tissue 0 -42.1 -63.8 NA NA NA T T T F 17/01/19
96 

C. 
Campagn
a 

PV31 Tissue 0 -42.1 -63.8 NA NA NA T T T F 17/01/19
96 

C. 
Campagn
a 

PV34 Tissue 0 -42.1 -63.8 NA NA NA T T T F 17/01/19
96 

C. 
Campagn
a 

PV41 Tissue 0 -42.1 -63.8 NA NA NA T T T F 19/01/19
96 

C. 
Campagn
a 

PV42 Tissue 0 -42.1 -63.8 NA NA NA T T T F 19/01/19
96 

C. 
Campagn
a 

PV1 Tissue 0 -42.2 -64.3 NA NA NA T T T T 07/01/19
96 

C. 
Campagn
a 

PV12 Tissue 0 -42.2 -64.3 NA NA NA T T T F 08/01/19
96 

C. 
Campagn
a 

PV18 Tissue 0 -42.2 -64.3 NA NA NA T T T T 11/01/19
96 

C. 
Campagn
a 

PV20 Tissue 0 -42.2 -64.3 NA NA NA T T T T 11/01/19
96 

C. 
Campagn
a 

PV22 Tissue 0 -42.2 -64.3 NA NA NA T T T T 16/01/19
96 

C. 
Campagn
a 

PV23 Tissue 0 -42.2 -64.3 NA NA NA T T T T 16/01/19
96 

C. 
Campagn
a 

PV3 Tissue 0 -42.2 -64.3 NA NA NA T T T F 08/01/19
96 

C. 
Campagn
a 

PV37 Tissue 0 -42.2 -64.3 NA NA NA T F F F 18/01/19
96 

C. 
Campagn
a 
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PV38 Tissue 0 -42.2 -64.3 NA NA NA T T T F 18/01/19
96 

C. 
Campagn
a 

PV4 Tissue 0 -42.2 -64.3 NA NA NA T T T F 08/01/19
96 

C. 
Campagn
a 

PV40 Tissue 0 -42.2 -64.3 NA NA NA T T T F 18/01/19
96 

C. 
Campagn
a 

LA37 Bone 0 -42.5 -63.6 21.55 -12.32 15.88 F F F F NA E.A. 
Crespo, R. 
Loizaga 
de Castro 

LA38 Bone 0 -42.5 -63.6 21.59 -11.70 15.67 F F F F NA E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF549 Tissue 0 -42.5 -63.6 NA NA NA T F F T 26/08/20
00 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF457 Tissue 0 -42.7 -65 NA NA NA T F F F 21/08/19
96 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

LA39 Bone 0 -42.7 -65 20.67 -12.88 15.34 F F F F NA E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF574 Tissue 0 -42.7 -65 NA NA NA T F F F 27/03/20
01 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF416 Tissue 0 -42.8 -65 NA NA NA T F F F 28/09/19
95 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF601 Tissue 0 -42.8 -65 NA NA NA T F F F 07/02/20
02 

E.A. 
Crespo, R. 
Loizaga 
de Castro 
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OF602 Tissue 0 -42.8 -65 NA NA NA T F F F 13/02/20
02 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF400 Tissue 0 -42.8 -65 NA NA NA T F F F 20/08/19
95 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF265 Tissue 0 -42.8 -64.9 NA NA NA T F F F 08/1993 E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF674 Tissue 0 -42.8 -64.9 NA NA NA T F F F 11/10/20
05 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF675 Tissue 0 -42.8 -64.9 NA NA NA T F F T 11/10/20
05 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF676 Tissue 0 -42.8 -64.9 NA NA NA T F F T 11/10/20
05 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF679 Tissue 0 -42.8 -64.9 NA NA NA T T T T 11/10/20
05 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF456 Tissue 0 -42.8 -64.9 NA NA NA T F F F 19/08/19
96 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF536 Tissue 0 -42.8 -64.9 NA NA NA T F F F 04/05/20
00 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

LA36 Bone 0 -43.1 -64.5 21.66 -13.02 16.27 F F F F NA E.A. 
Crespo, R. 
Loizaga 
de Castro 

LA35 Bone 0 -43.1 -64.5 22.39 -12.37 16.01 F F F F NA E.A. 
Crespo, R. 
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Loizaga 
de Castro 

OF398 Tissue 0 -43.3 -65 NA NA NA T F F F 29/03/19
95 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF524 Tissue 0 -45.2 -66.7 NA NA NA T F F F 29/11/19
99 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF525 Tissue 0 -45.2 -66.7 NA NA NA T F F F 29/11/19
99 

E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF363 Tissue 0 -45.3 -66.6 NA NA NA T T T T 06/1994 E.A. 
Crespo, R. 
Loizaga 
de Castro 

OF378 Tissue 0 -45.3 -66.2 NA NA NA T F F F 09/1995 E.A. 
Crespo, R. 
Loizaga 
de Castro 

LA26 Bone 0 -47.1 -66.2 22.91 -11.09 15.22 F F F F NA E.A. 
Crespo, R. 
Loizaga 
de Castro 

LA58 Bone 0 -47.1 -66.2 22.30 -12.21 15.47 F F F F NA E.A. 
Crespo, R. 
Loizaga 
de Castro 

MLY10 Tissue 0 -47.1 -66.2 19.54 -17.21 NA F F F T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

MLY12 Tissue 0 -47.1 -66.2 NA NA NA T T T T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

MLY13 Tissue 0 -47.1 -66.2 NA NA NA T F F T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 
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MLY14 Tissue 0 -47.1 -66.2 NA NA NA T T T T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

MLY15 Tissue 0 -47.1 -66.2 NA NA NA T F F T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

MLY16 Tissue 0 -47.1 -66.2 NA NA NA T T T T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

MLY17 Tissue 0 -47.1 -66.2 19.52 -17.75 NA T T T T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

MLY18 Tissue 0 -47.1 -66.2 21.14 -17.17 NA T T T T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

LA25 Bone 0 -47.1 -66.2 20.25 -11.68 15.03 F F F F NA E.A. 
Crespo, R. 
Loizaga 
de Castro 

LA59 Bone 0 -47.1 -66.2 22.21 -12.99 14.58 F F F F NA E.A. 
Crespo, R. 
Loizaga 
de Castro 

IP1 Tissue 0 -47.9 -65.7 16.97 -17.73 NA T T T T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

IP3 Tissue 0 -47.9 -65.7 NA NA NA T T T T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

IP4 Tissue 0 -47.9 -65.7 19.56 -17.46 NA F F F T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

IP5 Tissue 0 -47.9 -65.7 NA NA NA T T T T 02/2010 E.A. 
Crespo, R. 
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Loizaga 
de Castro 

IP6 Tissue 0 -47.9 -65.7 NA NA NA T T T T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

IP7 Tissue 0 -47.9 -65.7 16.44 -20.24 NA T T T T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

IP8 Tissue 0 -47.9 -65.7 NA NA NA T T T T 02/2010 E.A. 
Crespo, R. 
Loizaga 
de Castro 

LA16 Bone 0 -50 -68.5 21.00 -11.42 13.83 F F F F NA E.A. 
Crespo, R. 
Loizaga 
de Castro 

CB1 Tissue 0 -50.2 -68.6 18.47 -18.12 NA T T T T 01/2004 E.A. 
Crespo, R. 
Loizaga 
de Castro 

CB10 Tissue 0 -50.2 -68.6 NA NA NA T F F T 01/2004 E.A. 
Crespo, R. 
Loizaga 
de Castro 

CB2 Tissue 0 -50.2 -68.6 NA NA NA T T T T 01/2004 E.A. 
Crespo, R. 
Loizaga 
de Castro 

CB3 Tissue 0 -50.2 -68.6 17.93 -18.77 NA F F F T 01/2004 E.A. 
Crespo, R. 
Loizaga 
de Castro 

CB4 Tissue 0 -50.2 -68.6 NA NA NA T F F T 01/2004 E.A. 
Crespo, R. 
Loizaga 
de Castro 

CB5 Tissue 0 -50.2 -68.6 17.16 -18.64 NA T T T T 01/2004 E.A. 
Crespo, R. 
Loizaga 
de Castro 
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CB7 Tissue 0 -50.2 -68.6 20.62 -17.36 NA F F F F 01/2004 E.A. 
Crespo, R. 
Loizaga 
de Castro 

CB8 Tissue 0 -50.2 -68.6 17.99 -19.20 NA F F F T 01/2004 E.A. 
Crespo, R. 
Loizaga 
de Castro 

CB9 Tissue 0 -50.2 -68.6 16.02 -19.06 NA F F F T 01/2004 E.A. 
Crespo, R. 
Loizaga 
de Castro 

LA82 Bone 0 -54.1 -67.2 20.56 -12.23 13.83 F F F F NA R. Natalie, 
P. Goodall 

LA83 Bone 0 -54.1 -67.2 21.45 -12.36 13.35 F F F F NA R. Natalie, 
P. Goodall 

LA88 Bone 0 -54.1 -67.2 20.63 -13.13 11.83 F F F F NA R. Natalie, 
P. Goodall 

LA478 Bone 0 -54.9 -68.1 NA NA NA T T T F NA R. Natalie, 
P. Goodall 

LA86 Bone 0 -54.9 -68.1 21.08 -13.08 14.54 T F F F NA R. Natalie, 
P. Goodall 

LA87 Bone 0 -54.9 -68.1 20.80 -14.14 14.37 T F F F NA R. Natalie, 
P. Goodall 

 

 

Table A.2. All physical samples of Spheniscus magellanicus processed for this study. 

Sample ID Sample type Age (ybp) Latitude (°) Longitude (°) δ15N δ13C δ34S 277-bp 
alignment 

Source 

LA544 Bone 5845 -54.9 -67.8 19.86 -19.19 14.77 T A.M. Tivoli 

LA545 Bone 5775 -54.9 -67.8 21.48 -16.46 15.83 T A.M. Tivoli 
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LA546 Bone 5775 -54.9 -67.8 20.72 -17.86 15.96 T A.M. Tivoli 

LA547 Bone 4660 -54.9 -67.8 21.65 -16.85 15.94 T A.M. Tivoli 

LA548 Bone 4660 -54.9 -67.8 20.63 -17.19 15.79 T A.M. Tivoli 

LA549 Bone 4660 -54.9 -67.8 21.09 -17.80 15.61 F A.M. Tivoli 

LA550 Bone 4660 -54.9 -67.8 21.52 -17.65 15.60 F A.M. Tivoli 

LA3181 Bone 2910 -41.4 -64.5 21.48 -12.54 15.59 T F. Borella 

LA3182 Bone 2910 -41.4 -64.5 22.27 -12.63 16.01 T F. Borella 

LA1156 Bone 2197 -41.4 -64.5 19.44 -14.83 15.21 T F. Borella 

LA1157 Bone 2197 -41.4 -64.5 19.12 -11.19 15.40 T F. Borella 

LA1158 Bone 2197 -41.4 -64.5 24.43 -12.56 15.98 T F. Borella 

LA2191 Bone 1220 -47.9 -65.8 17.93 -14.96 15.91 T E. Moreno 

LA559 Bone 500 -54.9 -67.8 18.97 -11.14 15.24 T A.M. Tivoli 

LA560 Bone 500 -54.9 -67.8 17.42 -11.78 15.73 T A.M. Tivoli 

LA372 Bone 0 -42.1 -63.8 21.21 -15.18 15.83 T NA 

LA378 Bone 0 -42.1 -63.8 21.37 -14.12 15.59 T NA 

LA364 Bone 0 -42.2 -64 20.68 -14.53 16.48 T NA 

LA362 Bone 0 -42.2 -64.8 20.62 -13.03 13.64 T NA 



228 

 

LA366 Bone 0 -42.2 -64.4 18.86 -15.57 16.36 T NA 

LA399 Bone 0 -48.4 -66.4 19.56 -14.48 15.71 T NA 

LA397 Bone 0 -48.4 -66.4 20.06 -15.13 15.02 F NA 

LA388 Bone 0 -49.3 -67.8 20.24 -14.35 16.30 T NA 

LA391 Bone 0 -52.3 -68.3 18.50 -16.02 16.26 T NA 

LA392 Bone 0 -52.3 -68.3 19.71 -15.07 16.27 T NA 

 

Table A.3. All samples of O. flavescens and S. magellanicus whose previously published 

genetic data was used in this study. 

Sample 
Accession # 

Species Source Latitude 
(°) 

Longitud
e (°) 

145-bp 
alignment 
(Otaria) 

409-bp 
alignment 
(Otaria) 

277-bp 
alignment 
(Spheniscus) 

EU044835.1 O. flavescens Artico 2010 -34.9 -54.7 T F F 

EU044836.1 O. flavescens Artico 2010 -34.9 -54.7 T F F 

EU044837.1 O. flavescens Artico 2010 -34.9 -54.7 T F F 

EU044838.1 O. flavescens Artico 2010 -34.9 -54.7 T F F 

EU044839.1 O. flavescens Artico 2010 -34.9 -54.7 T F F 

EU044840.1 O. flavescens Artico 2010 -34.9 -54.7 T F F 

EU044841.1 O. flavescens Artico 2010 -34.9 -54.7 T F F 

HM467619.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 
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HM467620.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467621.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467622.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467623.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467624.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467625.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467626.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467627.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467628.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467629.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467630.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467631.1 O. flavescens Feijoo 2011 -34.9 -54.7 T T F 

HM467635.1 O. flavescens Feijoo 2011 -42.1 -63.8 T T F 

HM347787.1-1 O. flavescens Tunez 2010 -42.1 -63.8 T T F 

HM347787.1-2 O. flavescens Tunez 2010 -42.1 -63.8 T T F 

HM347788.1-1 O. flavescens Tunez 2010 -42.1 -63.8 T T F 

HM347788.1-2 O. flavescens Tunez 2010 -42.1 -63.8 T T F 

HM347789.1-5 O. flavescens Tunez 2010 -42.1 -63.8 T T F 
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HM347789.1-6 O. flavescens Tunez 2010 -42.1 -63.8 T T F 

HM347789.1-7 O. flavescens Tunez 2010 -42.1 -63.8 T T F 

HM347790.1-1 O. flavescens Tunez 2010 -42.1 -63.8 T T F 

HM347790.1-2 O. flavescens Tunez 2010 -42.1 -63.8 T T F 

HM347791.1-1 O. flavescens Tunez 2010 -42.1 -63.8 T T F 

HM347792.1-1 O. flavescens Tunez 2010 -42.1 -63.8 T T F 

HM347793.1-1 O. flavescens Tunez 2010 -42.1 -63.8 T T F 

HM467633.1 O. flavescens Feijoo 2011 -42.4 -64.3 T T F 

HM347787.1-
13 

O. flavescens Tunez 2010 -42.6 -64.3 T F F 

HM347787.1-
14 

O. flavescens Tunez 2010 -42.6 -64.3 T F F 

HM347787.1-
15 

O. flavescens Tunez 2010 -42.6 -64.3 T F F 

HM347789.1-8 O. flavescens Tunez 2010 -42.6 -64.3 T F F 

HM347789.1-9 O. flavescens Tunez 2010 -42.6 -64.3 T F F 

HM347791.1-2 O. flavescens Tunez 2010 -42.6 -64.3 T F F 

HM347793.1-2 O. flavescens Tunez 2010 -42.6 -64.3 T F F 

HM467634.1 O. flavescens Feijoo 2011 -42.7 -65.0 T T F 

HM467638.1 O. flavescens Feijoo 2011 -42.7 -65.0 T T F 

HM467639.1 O. flavescens Feijoo 2011 -42.7 -65.0 T T F 
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HM467641.1 O. flavescens Feijoo 2011 -42.7 -65.0 T T F 

HM467632.1 O. flavescens Feijoo 2011 -43.1 -64.5 T T F 

HM467636.1 O. flavescens Feijoo 2011 -43.1 -64.5 T T F 

HM467637.1 O. flavescens Feijoo 2011 -43.1 -64.5 T T F 

HM467640.1 O. flavescens Feijoo 2011 -43.1 -64.5 T T F 

HM467642.1 O. flavescens Feijoo 2011 -43.1 -64.5 T T F 

HM347787.1-3 O. flavescens Tunez 2010 -45.0 -65.5 T F F 

HM347787.1-4 O. flavescens Tunez 2010 -45.0 -65.5 T F F 

HM347787.1-5 O. flavescens Tunez 2010 -45.0 -65.5 T F F 

HM347788.1-3 O. flavescens Tunez 2010 -45.0 -65.5 T F F 

HM347788.1-4 O. flavescens Tunez 2010 -45.0 -65.5 T F F 

HM347788.1-5 O. flavescens Tunez 2010 -45.0 -65.5 T F F 

HM347789.1-3 O. flavescens Tunez 2010 -45.0 -65.5 T F F 

HM347789.1-4 O. flavescens Tunez 2010 -45.0 -65.5 T F F 

HM347790.1-3 O. flavescens Tunez 2010 -45.0 -65.5 T F F 

HM347795.1-1 O. flavescens Tunez 2010 -45.0 -65.5 T T F 

HM347790.1-4 O. flavescens Tunez 2010 -45.1 -66.5 T F F 

HM347792.1-2 O. flavescens Tunez 2010 -45.1 -66.5 T F F 
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HM347787.1-6 O. flavescens Tunez 2010 -45.2 -66.5 T F F 

HM347787.1-7 O. flavescens Tunez 2010 -45.2 -66.5 T F F 

HM347787.1-8 O. flavescens Tunez 2010 -45.2 -66.5 T F F 

HM347787.1-9 O. flavescens Tunez 2010 -45.2 -66.5 T F F 

HM347788.1-6 O. flavescens Tunez 2010 -45.2 -66.5 T F F 

HM347788.1-7 O. flavescens Tunez 2010 -45.2 -66.5 T F F 

HM347789.1-1 O. flavescens Tunez 2010 -45.2 -66.5 T F F 

HM347789.1-2 O. flavescens Tunez 2010 -45.2 -66.5 T F F 

HM347788.1-
10 

O. flavescens Tunez 2010 -47.1 -66.3 T F F 

HM347788.1-
11 

O. flavescens Tunez 2010 -47.1 -66.3 T F F 

HM347788.1-8 O. flavescens Tunez 2010 -47.1 -66.3 T F F 

HM347788.1-9 O. flavescens Tunez 2010 -47.1 -66.3 T F F 

HM347794.1-1 O. flavescens Tunez 2010 -47.1 -66.3 T T F 

HM347794.1-2 O. flavescens Tunez 2010 -47.1 -66.3 T T F 

HM347796.1-1 O. flavescens Tunez 2010 -47.1 -66.3 T T F 

HM347787.1-
10 

O. flavescens Tunez 2010 -47.1 -66.2 T F F 

HM347787.1-
11 

O. flavescens Tunez 2010 -47.1 -66.2 T F F 
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HM347787.1-
12 

O. flavescens Tunez 2010 -47.1 -66.2 T F F 

HM467643.1 O. flavescens Feijoo 2011 -50.3 -68.6 T T F 

HM467644.1 O. flavescens Feijoo 2011 -50.3 -68.6 T T F 

HM467645.1 O. flavescens Feijoo 2011 -50.3 -68.6 T T F 

HM467646.1 O. flavescens Feijoo 2011 -50.3 -68.6 T T F 

KX037161.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037162.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037163.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037164.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037165.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037166.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037167.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037168.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037169.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037170.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037171.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037172.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037173.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037174.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037175.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037176.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037177.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037178.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037179.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037180.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037181.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037182.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037183.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037184.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037185.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037186.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037187.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037188.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037189.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037190.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037191.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037192.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037193.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037194.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037195.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037196.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037197.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037198.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037199.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037200.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037201.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037202.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037203.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037204.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037205.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037206.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037207.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037208.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037209.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037210.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037211.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037212.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037213.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037214.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037215.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037216.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037217.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037218.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037219.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037220.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037221.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037222.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037223.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037224.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037225.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037226.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037227.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037228.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037229.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037230.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037231.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037232.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037233.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037234.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037235.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037236.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037237.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037238.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037239.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037240.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037241.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037242.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037243.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037244.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037245.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037246.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037247.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037248.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037249.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037250.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037251.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037252.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037253.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037254.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037255.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037256.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037257.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037258.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037259.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037260.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037261.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037262.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037263.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037264.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037265.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037266.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037267.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037268.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037269.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037270.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037271.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037272.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037273.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037274.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037275.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037276.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037277.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037278.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037279.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037280.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037281.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037282.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037283.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037284.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037285.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037286.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037287.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037288.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037289.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037290.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037291.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037292.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037293.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037294.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037295.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037296.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037297.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037298.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037299.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037300.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037301.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037302.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037303.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037304.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037305.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037306.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037307.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037308.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037309.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037310.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037311.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037312.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037313.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037314.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037315.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037316.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037317.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037318.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037319.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037320.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037321.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037322.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037323.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037324.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037325.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037326.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037327.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037328.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037329.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037330.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037331.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037332.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037333.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037334.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037335.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037336.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037337.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037338.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037339.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037340.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037341.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037342.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037343.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037344.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037345.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037346.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037347.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 
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KX037348.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037349.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037350.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037351.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037352.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037353.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037354.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

KX037355.1 S. 
magellanicus 

Dantas 
2018 

? ? F F T 

 

 

 

Table A.4. NCBI BioSample accessions of all published samples from which RADseq reads 

were used for comparative demographic analysis in Chapter 4.  

Species Location 
(population) 

Sample Accessions Data source 

Arctocephalus 
australis 

Brazil SAMEA6648919, SAMEA6648981, 
SAMEA6648992, SAMEA6649030, 
SAMEA6649075, SAMEA6649096, 
SAMEA6649108, SAMEA6649132, 
SAMEA6649185, SAMEA6649220, 
SAMEA6649236 

Peart et al. 2020 

Arctocephalus 
forsteri 

Cape Foulwind, NZ 
(“CFoulwind”) 

SAMEA6649012, SAMEA6649052, 
SAMEA6649057, SAMEA6649102, 
SAMEA6649106, SAMEA6649144, 
SAMEA6649325, SAMEA6649349 

Peart et al. 2020 

Arctocephalus 
forsteri 

Open Bay, NZ 
(“OBay”) 

SAMEA6648922, SAMEA6648966, 
SAMEA6649015, SAMEA6649022, 
SAMEA6649156, SAMEA6649235, 
SAMEA6649240 

Peart et al. 2020 

Arctocephalus Ohau Point, NZ SAMEA6649028, SAMEA6649201, Peart et al. 2020 

https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
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forsteri (“OhauP”) SAMEA6649275, SAMEA6649287, 
SAMEA6649305, SAMEA6649322 

Arctocephalus 
forsteri 

Victory Beach, NZ 
(“VictoryB”) 

SAMEA6648926, SAMEA6648947, 
SAMEA6648990, SAMEA6649111, 
SAMEA6649115, SAMEA6649161 

Peart et al. 2020 

Arctocephalus 
galapagoensis 

Isabela Island, 
Galápagos 

SAMEA6648910, SAMEA6648939, 
SAMEA6648954, SAMEA6649018, 
SAMEA6649116, SAMEA6649162, 
SAMEA6649170, SAMEA6649209, 
SAMEA6649223, SAMEA6649226, 
SAMEA6649310, SAMEA6649317 

Peart et al. 2020 

Arctocephalus 
gazella 

South Georgia SAMEA6648914, SAMEA6648925, 
SAMEA6648929, SAMEA6648930, 
SAMEA6648932, SAMEA6648953, 
SAMEA6648956, SAMEA6648958, 
SAMEA6648961, SAMEA6648963, 
SAMEA6648965, SAMEA6648968, 
SAMEA6648970, SAMEA6648973, 
SAMEA6648980, SAMEA6648985, 
SAMEA6648988, SAMEA6648989, 
SAMEA6648993, SAMEA6649000, 
SAMEA6649006, SAMEA6649011, 
SAMEA6649019, SAMEA6649037, 
SAMEA6649038, SAMEA6649043, 
SAMEA6649044, SAMEA6649046, 
SAMEA6649051, SAMEA6649061, 
SAMEA6649062, SAMEA6649064, 
SAMEA6649067, SAMEA6649073, 
SAMEA6649079, SAMEA6649082, 
SAMEA6649086, SAMEA6649110, 
SAMEA6649119, SAMEA6649123, 
SAMEA6649131, SAMEA6649135, 
SAMEA6649136, SAMEA6649137, 
SAMEA6649150, SAMEA6649154, 
SAMEA6649164, SAMEA6649172, 
SAMEA6649191, SAMEA6649193, 
SAMEA6649200, SAMEA6649217, 
SAMEA6649230, SAMEA6649245, 
SAMEA6649247, SAMEA6649248, 
SAMEA6649249, SAMEA6649251, 
SAMEA6649253, SAMEA6649254, 
SAMEA6649257, SAMEA6649261, 
SAMEA6649262, SAMEA6649264, 
SAMEA6649277, SAMEA6649278, 
SAMEA6649283, SAMEA6649289, 
SAMEA6649295, SAMEA6649297, 
SAMEA6649299, SAMEA6649302, 
SAMEA6649307, SAMEA6649311, 
SAMEA6649313, SAMEA6649324, 
SAMEA6649327, SAMEA6649334, 
SAMEA6649335, SAMEA6649342, 
SAMEA6649351, SAMEA6649355, 
SAMEA6649358, SAMEA6649364 

Peart et al. 2020 

Mirounga leonina Sea Lion Island, 
Falklands 

SAMEA6648952, SAMEA6648996, 
SAMEA6648999, SAMEA6649002, 
SAMEA6649035, SAMEA6649059, 
SAMEA6649098, SAMEA6649114, 

Peart et al. 2020 

https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
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SAMEA6649121, SAMEA6649138, 
SAMEA6649167 

Mirounga 
angustirostris 

California SAMEA6648943, SAMEA6648948, 
SAMEA6649103, SAMEA6649174, 
SAMEA6649175, SAMEA6649213, 
SAMEA6649221, SAMEA6649252, 
SAMEA6649260, SAMEA6649279, 
SAMEA6649281, SAMEA6649303, 
SAMEA6649309, SAMEA6649338, 
SAMEA6649363 

Peart et al. 2020 

Phoca vitulina Svalbard SAMEA6648912, SAMEA6648916, 
SAMEA6648934, SAMEA6648938, 
SAMEA6649047, SAMEA6649077, 
SAMEA6649112, SAMEA6649187, 
SAMEA6649196, SAMEA6649208, 
SAMEA6649270, SAMEA6649282, 
SAMEA6649308 

Peart et al. 2020 

Pusa hispida Svalbard SAMEA6649009, SAMEA6649068, 
SAMEA6649083, SAMEA6649092, 
SAMEA6649133, SAMEA6649141, 
SAMEA6649166, SAMEA6649177, 
SAMEA6649274, SAMEA6649280, 
SAMEA6649331, SAMEA6649337, 
SAMEA6649350, SAMEA6649361 

Peart et al. 2020 

Erignathus 
barbatus 

Svalbard SAMEA6648915, SAMEA6648972, 
SAMEA6649023, SAMEA6649041, 
SAMEA6649049, SAMEA6649070, 
SAMEA6649094, SAMEA6649178, 
SAMEA6649182, SAMEA6649234, 
SAMEA6649330, SAMEA6649332 

Peart et al. 2020 

Zalophus 
californianus 

El Golfo de Santa 
Clara, MX (“GCal1”) 

SAMEA6648964, SAMEA6648978, 
SAMEA6649029, SAMEA6649153, 
SAMEA6649181, SAMEA6649202, 
SAMEA6649227, SAMEA6649258, 
SAMEA6649296, SAMEA6649321, 
SAMEA6649345, SAMEA6649346 

Peart et al. 2020 

Zalophus 
californianus 

Isla Ángel de la 
Guarda, MX 
(“GCal2”) 

SAMEA6648974, SAMEA6648991, 
SAMEA6649014, SAMEA6649084, 
SAMEA6649113, SAMEA6649143, 
SAMEA6649163, SAMEA6649184, 
SAMEA6649207, SAMEA6649212, 
SAMEA6649268, SAMEA6649271, 
SAMEA6649323 

Peart et al. 2020 

Zalophus 
californianus 

Isla San Pedro 
Nolasco, MX 
(“GCal3”) 

SAMEA6648911, SAMEA6648927, 
SAMEA6648941, SAMEA6648949, 
SAMEA6648969, SAMEA6648975, 
SAMEA6649008, SAMEA6649016, 
SAMEA6649072, SAMEA6649080, 
SAMEA6649095, SAMEA6649122, 
SAMEA6649134, SAMEA6649186, 
SAMEA6649222, SAMEA6649238, 
SAMEA6649244, SAMEA6649276, 
SAMEA6649290, SAMEA6649333, 
SAMEA6649344, SAMEA6649357, 

Peart et al. 2020 

https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
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SAMEA6649365 

Zalophus 
californianus 

Isla del Espiritu 
Santo, MX (“GCal4”) 

SAMEA6648931, SAMEA6648977, 
SAMEA6649004, SAMEA6649048, 
SAMEA6649056, SAMEA6649093, 
SAMEA6649124, SAMEA6649140, 
SAMEA6649195, SAMEA6649203, 
SAMEA6649259, SAMEA6649286, 
SAMEA6649315, SAMEA6649320 

Peart et al. 2020 

Zalophus 
californianus 

Isla Santa Margarita, 
MX (“SMargarita”) 

SAMEA6648955, SAMEA6648987, 
SAMEA6649060, SAMEA6649085, 
SAMEA6649117, SAMEA6649155, 
SAMEA6649169, SAMEA6649183, 
SAMEA6649204, SAMEA6649242, 
SAMEA6649267, SAMEA6649269, 
SAMEA6649301, SAMEA6649306 

Peart et al. 2020 

Zalophus 
wollabaeki 

Baltra Island, EC  SAMEA6648924, SAMEA6648928, 
SAMEA6648935, SAMEA6648936, 
SAMEA6648942, SAMEA6649039, 
SAMEA6649040, SAMEA6649055, 
SAMEA6649089, SAMEA6649194 

Peart et al. 2020 

Zalophus 
wollabaeki 

Espanola Island, EC SAMEA6648946, SAMEA6648986, 
SAMEA6649003, SAMEA6649054, 
SAMEA6649105, SAMEA6649152, 
SAMEA6649180, SAMEA6649241, 
SAMEA6649291, SAMEA6649341 

Peart et al. 2020 

Zalophus 
wollabaeki 

Fernandina Island, 
EC 

SAMEA6648920, SAMEA6648945, 
SAMEA6648979, SAMEA6648995, 
SAMEA6648997, SAMEA6649017, 
SAMEA6649031, SAMEA6649033, 
SAMEA6649050, SAMEA6649058, 
SAMEA6649118, SAMEA6649176, 
SAMEA6649192, SAMEA6649216, 
SAMEA6649237, SAMEA6649266, 
SAMEA6649318, SAMEA6649326, 
SAMEA6649359, SAMEA6649366 

Peart et al. 2020 

Zalophus 
wollabaeki 

Genovesa Island, 
EC 

SAMEA6649074, SAMEA6649104, 
SAMEA6649139, SAMEA6649160, 
SAMEA6649173, SAMEA6649189, 
SAMEA6649246, SAMEA6649272, 
SAMEA6649329 

Peart et al. 2020 

Zalophus 
wollabaeki 

Isabela Island north, 
EC (“IsabelaB”) 

SAMEA6648933, SAMEA6648950, 
SAMEA6649020, SAMEA6649045, 
SAMEA6649069, SAMEA6649125, 
SAMEA6649151, SAMEA6649158, 
SAMEA6649188, SAMEA6649206, 
SAMEA6649265, SAMEA6649312, 
SAMEA6649343, SAMEA6649348, 
SAMEA6649354 

Peart et al. 2020 

Zalophus 
wollabaeki 

Isabela Island south, 
EC (“IsabelaV”) 

SAMEA6649042, SAMEA6649066, 
SAMEA6649081, SAMEA6649130, 
SAMEA6649142, SAMEA6649224, 
SAMEA6649229, SAMEA6649256, 

Peart et al. 2020 

https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
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SAMEA6649292, SAMEA6649300 

Zalophus 
wollabaeki 

Pinta Island, EC SAMEA6648998, SAMEA6649025, 
SAMEA6649099, SAMEA6649126, 
SAMEA6649214, SAMEA6649231, 
SAMEA6649293, SAMEA6649314, 
SAMEA6649347, SAMEA6649362 

Peart et al. 2020 

Zalophus 
wollabaeki 

Santa Fe Island, EC SAMEA6648923, SAMEA6649026, 
SAMEA6649076, SAMEA6649090, 
SAMEA6649145, SAMEA6649243, 
SAMEA6649250, SAMEA6649273, 
SAMEA6649319 

Peart et al. 2020 

Leptonychotes 
weddellii 

Erebus Bay SAMN19069043, SAMN19069042, 
SAMN19069041, SAMN19069040, 
SAMN19069039, SAMN19069038, 
SAMN19069037, SAMN19069062, 
SAMN19069061, SAMN19069060, 
SAMN19069059, SAMN19069058, 
SAMN19069057, SAMN19069056, 
SAMN19069055, SAMN19069036, 
SAMN19069047, SAMN19069045, 
SAMN19069044, SAMN19069035, 
SAMN19069034 

Miller et al. 2021 

Aptenodytes 
patagonicus 

Falkland Islands + 
Crozet Archipelago 

SAMN05771907, SAMN05771908, 
SAMN05771909, SAMN05771910, 
SAMN05771911, SAMN05771912, 
SAMN05771913, SAMN05771914, 
SAMN05771915, SAMN05771916, 
SAMN05771917, SAMN05771918, 
SAMN05771919, SAMN05771920, 
SAMN05771921, SAMN05771922, 
SAMN05771923, SAMN05771924, 
SAMN05771925, SAMN05771926, 
SAMN05771927, SAMN05771928, 
SAMN05771929, SAMN05771930, 
SAMN05771931, SAMN05771932, 
SAMN05771933, SAMN05771934, 
SAMN05771935, SAMN05771936, 
SAMN05771937, SAMN05771938 

Clucas et al. 2018 

Aptenodytes 
patagonicus 

South Georgia 
Island 

SAMN05771875, SAMN05771876, 
SAMN05771885, SAMN05771886, 
SAMN05771887, SAMN05771888, 
SAMN05771889, SAMN05771890, 
SAMN05771877, SAMN05771878, 
SAMN05771879, SAMN05771880, 
SAMN05771881, SAMN05771882, 
SAMN05771883, SAMN05771884 

Clucas et al. 2018 

Aptenodytes 
patagonicus 

Macquarie Island SAMN05771891, SAMN05771892, 
SAMN05771894, SAMN05771895, 
SAMN05771896, SAMN05771898, 
SAMN05771899, SAMN05771900, 
SAMN05771901, SAMN05771902, 
SAMN05771903, SAMN05771904, 
SAMN05771905, SAMN05771906 

Clucas et al. 2018 

Pygooscelis South Shetland SAMN10140923, SAMN10140921, Clucas et al. 2018 

https://www.nature.com/articles/s41559-020-1215-5
https://www.nature.com/articles/s41559-020-1215-5
https://link.springer.com/article/10.1007/s12686-021-01237-0
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
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antarcticus SAMN10140922, SAMN10140919, 
SAMN10140920, SAMN10140917, 
SAMN10140918, SAMN10140915, 
SAMN10140916, SAMN10140914, 
SAMN10140913 

Pygooscelis 
antarcticus 

Orne Harbor SAMN10140924, SAMN10140925, 
SAMN10140926, SAMN10140932, 
SAMN10140931, SAMN10140934, 
SAMN10140933, SAMN10140928, 
SAMN10140927, SAMN10140930, 
SAMN10140929 

Clucas et al. 2018 

Pygooscelis 
antarcticus 

Bouvet & South 
Sandwich Islands 

SAMN10140936, SAMN10140935, 
SAMN10140904, SAMN10140905, 
SAMN10140906, SAMN10140912, 
SAMN10140911, SAMN10140910, 
SAMN10140909, SAMN10140908, 
SAMN10140907, SAMN10140937 

Clucas et al. 2018 

Pygoscelis 
adeliae 

West Antarctica 
(Antarctic Peninsula 
& South Sandwich 
Island) 

SAMN10140885, SAMN10140865, 
SAMN10140866, SAMN10140886, 
SAMN10140857, SAMN10140883, 
SAMN10140888, SAMN10140887, 
SAMN10140890, SAMN10140889, 
SAMN10140892, SAMN10140891, 
SAMN10140879, SAMN10140880, 
SAMN10140877, SAMN10140878, 
SAMN10140881, SAMN10140882, 
SAMN10140893, SAMN10140852, 
SAMN10140851, SAMN10140853, 
SAMN10140847, SAMN10140850, 
SAMN10140849, SAMN10140856, 
SAMN10140855, SAMN10140861, 
SAMN10140862, SAMN10140863, 
SAMN10140864, SAMN10140858, 
SAMN10140859, SAMN10140860, 
SAMN10140870, SAMN10140869, 
SAMN10140868, SAMN10140867, 
SAMN10140874, SAMN10140873, 
SAMN10140872, SAMN10140871, 
SAMN10140876, SAMN10140875, 
SAMN10140884 

Clucas et al. 2018 

Pygoscelis 
adeliae 

East Antarctica 
(Welch, Bechervaise 
and Petrels Islands 
& Blakeney Point) 

SAMN10140894, SAMN10140836, 
SAMN10140835, SAMN10140834, 
SAMN10140833, SAMN10140832, 
SAMN10140831, SAMN10140830, 
SAMN10140829, SAMN10140828, 
SAMN10140827, SAMN10140896, 
SAMN10140895, SAMN10140826, 
SAMN10140825, SAMN10140822, 
SAMN10140821, SAMN10140824, 
SAMN10140823, SAMN10140818, 
SAMN10140817, SAMN10140820, 
SAMN10140819, SAMN10140897, 
SAMN10140899, SAMN10140900, 
SAMN10140901, SAMN10140902, 
SAMN10140903, SAMN10140843, 
SAMN10140844, SAMN10140841, 
SAMN10140842, SAMN10140839, 

Clucas et al. 2018 

https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
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SAMN10140840, SAMN10140837, 
SAMN10140838, SAMN10140845, 
SAMN10140846 

Pygoscelis papua Falkland Islands SAMN10140965, SAMN10140966, 
SAMN10140959, SAMN10140960, 
SAMN10140958, SAMN10140963, 
SAMN10140964, SAMN10140961, 
SAMN10140962, SAMN10140968, 
SAMN10140967 

Clucas et al. 2018 

Pygoscelis papua Antarctic Peninsula 
(Shetland, Georges, 
Jougla) 

SAMN10141003, SAMN10141004, 
SAMN10141001, SAMN10141002, 
SAMN10140999, SAMN10141000, 
SAMN10140997, SAMN10140998, 
SAMN10140977, SAMN10140978, 
SAMN10140979, SAMN10140980, 
SAMN10140981, SAMN10140982, 
SAMN10140983, SAMN10140984, 
SAMN10140985, SAMN10140986, 
SAMN10140996, SAMN10140995, 
SAMN10140994, SAMN10140993, 
SAMN10140992, SAMN10140991, 
SAMN10140990, SAMN10140989, 
SAMN10140988, SAMN10140987, 
SAMN10140976, SAMN10140975, 
SAMN10140970, SAMN10140969, 
SAMN10140972, SAMN10140971, 
SAMN10140974, SAMN10140973 

Clucas et al. 2018 

Pygoscelis papua Kerguelen Island SAMN10141005, SAMN10141006, 
SAMN10141016, SAMN10141015, 
SAMN10141012, SAMN10141011, 
SAMN10141014, SAMN10141013, 
SAMN10141008, SAMN10141007, 
SAMN10141010, SAMN10141009 

Clucas et al. 2018 

Aptenodytes 
forsteri 

Amanda Bay & 
Pointe Geologie 

SAMN06830720, SAMN06830721, 
SAMN06830715, SAMN06830718, 
SAMN06830719, SAMN06830716, 
SAMN06830717, SAMN06830670, 
SAMN06830671, SAMN06830668, 
SAMN06830669, SAMN06830666, 
SAMN06830667, SAMN06830664, 
SAMN06830665, SAMN06830662, 
SAMN06830663, SAMN06830676, 
SAMN06830677, SAMN06830674, 
SAMN06830675, SAMN06830672, 
SAMN06830673, SAMN06830725, 
SAMN06830724, SAMN06830723, 
SAMN06830722, SAMN06830729, 
SAMN06830728, SAMN06830727, 
SAMN06830726 

Clucas et al. 2018 

Aptenodytes 
forsteri 

Fold Island & Auster SAMN06830740, SAMN06830741, 
SAMN06830736, SAMN06830737, 
SAMN06830738, SAMN06830739, 
SAMN06830732, SAMN06830733, 
SAMN06830734, SAMN06830735, 
SAMN06830691, SAMN06830690, 
SAMN06830689, SAMN06830688, 

Clucas et al. 2018 

https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
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SAMN06830687, SAMN06830686, 
SAMN06830685, SAMN06830684, 
SAMN06830683, SAMN06830682, 
SAMN06830692, SAMN06830693, 
SAMN06830743, SAMN06830742, 
SAMN06830745, SAMN06830744, 
SAMN06830678, SAMN06830679, 
SAMN06830680, SAMN06830681, 
SAMN06830731, SAMN06830730 

Aptenodytes 
forsteri 

Gould Bay & Halley 
Bay 

SAMN06830771, SAMN06830770, 
SAMN06830767, SAMN06830766, 
SAMN06830769, SAMN06830768, 
SAMN06830763, SAMN06830762, 
SAMN06830765, SAMN06830764, 
SAMN06830751, SAMN06830750, 
SAMN06830760, SAMN06830761, 
SAMN06830758, SAMN06830759, 
SAMN06830756, SAMN06830757, 
SAMN06830754, SAMN06830755, 
SAMN06830752, SAMN06830753 

Clucas et al. 2018 

Aptenodytes 
forsteri 

Cape Roget & Cape 
Washington 

SAMN06830711, SAMN06830710, 
SAMN06830703, SAMN06830702, 
SAMN06830705, SAMN06830704, 
SAMN06830707, SAMN06830706, 
SAMN06830709, SAMN06830708, 
SAMN06830714, SAMN06830712, 
SAMN06830713, SAMN06830700, 
SAMN06830701, SAMN06830694, 
SAMN06830695, SAMN06830696, 
SAMN06830697, SAMN06830698, 
SAMN06830699 

Clucas et al. 2018 

Odontesthes 
argentinensis 

Uruguay SAMN12709423, SAMN12709422, 
SAMN12709421, SAMN12709346, 
SAMN12709343, SAMN12709345, 
SAMN12709342, SAMN12709341, 
SAMN12709439, SAMN12709431, 
SAMN12709430, SAMN12709429, 
SAMN12709427, SAMN12709426, 
SAMN12709425, SAMN12709428, 
SAMN12709424, SAMN12709344 

Hughes et al. 2020 

Odontesthes 
regia 

Chile SAMN12709332, SAMN12709331, 
SAMN12709330, SAMN12709329, 
SAMN12709328, SAMN12709327, 
SAMN12709326, SAMN12709340, 
SAMN12709339, SAMN12709468, 
SAMN12709337, SAMN12709336, 
SAMN12709335, SAMN12709334, 
SAMN12709325, SAMN12709338, 
SAMN12709333, SAMN12709324 

Hughes et al. 2020 

Odontesthes 
mirinensis 

Brazil SAMN12709386, SAMN12709385, 
SAMN12709384, SAMN12709383, 
SAMN12709381, SAMN12709380, 
SAMN12709379, SAMN12709382, 
SAMN12709378, SAMN12709377, 
SAMN12709376 

Hughes et al. 2020 

https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/full/10.1111/mec.14896
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.15350
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.15350
https://onlinelibrary.wiley.com/doi/abs/10.1111/mec.15350
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Odontesthes 
mauleanum 

Chile SAMN12709405, SAMN12709402, 
SAMN12709401, SAMN12709400, 
SAMN12709399, SAMN12709397, 
SAMN12709396, SAMN12709395, 
SAMN12709398, SAMN12709394, 
SAMN12709393, SAMN12709392, 
SAMN12709391, SAMN12709390, 
SAMN12709375, SAMN12709373, 
SAMN12709372, SAMN12709374, 
SAMN12709370, SAMN12709369, 
SAMN12709368, SAMN12709366, 
SAMN12709365, SAMN12709364, 
SAMN12709367, SAMN12709363, 
SAMN12709362, SAMN12709469, 
SAMN12709471, SAMN12709467, 
SAMN12709465, SAMN12709464, 
SAMN12709463, SAMN12709462, 
SAMN12709371, SAMN12709466, 
SAMN12709404, SAMN12709403 

Hughes et al. 2020 

Odontesthes 
ledae 

Brazil SAMN12709415, SAMN12709414, 
SAMN12709412, SAMN12709411, 
SAMN12709410, SAMN12709413, 
SAMN12709409, SAMN12709408, 
SAMN12709407, SAMN12709389, 
SAMN12709388, SAMN12709387, 
SAMN12709406 

Hughes et al. 2020 

Odontesthes 
bonariensis 

Uruguay SAMN12709487, SAMN12709486, 
SAMN12709484, SAMN12709483, 
SAMN12709485, SAMN12709482, 
SAMN12709481, SAMN12709480, 
SAMN12709479, SAMN12709477, 
SAMN12709476, SAMN12709475, 
SAMN12709478, SAMN12709474, 
SAMN12709473 

Hughes et al. 2020 

Odontesthes 
hatcheri 

Uruguay SAMN12709456, SAMN12709455, 
SAMN12709454, SAMN12709453, 
SAMN12709452, SAMN12709451, 
SAMN12709450, SAMN12709449, 
SAMN12709448, SAMN12709447, 
SAMN12709446, SAMN12709445, 
SAMN12709444, SAMN12709441, 
SAMN12709440, SAMN12709443, 
SAMN12709442 

Hughes et al. 2020 
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Appendix B: Stairway Plot figures 

 

This appendix contains the standard Stairway Plot 2 outputs for all of the populations listed in 

Table 4.2. In these figures, the central line represents the median time-specific estimate of 

effective population size (Ne) while the inner (darker) shaded area represents the 12.5th-87.5th 

percentiles of Ne estimates and the lighter shaded area represents the 2.5th-97.5th percentiles of 

Ne estimates over 200 Stairway Plot iterations. Note that the composite slope values presented 

in Chapter 4 (e.g. Figure 4.4) are not derived directly from the changes in median Ne shown 

here, but are instead based on the proportion of Stairway Plot 2 model iterations in which Ne 

increased, decreased, or remained constant between time points, as described in the Methods 

section of Chapter 4. This is important to understand because it is possible, for example, for all 

Stairway Plot iterations to agree that Ne increased between t0 to t1, yet vary widely in the 

magnitude of Ne that each iteration estimates for t0 and t1. Such a scenario could result in the 

appearance of large disparities in Ne during a particular time interval in one of these plots (i.e. 

wide shaded areas implying disagreement in Ne estimates across model iterations), while at the 

same time the composite slope values generated by the align_stairwayplot.py program and 

analysed in Chapter 4 may be high, reflecting agreement across most model iterations that Ne 

was on the rise during that time interval, irrespective of the absolute magnitude of Ne or of the 

change in Ne.  

 

 



255 

 

 

Figure B.1. Otaria flavescens (“Oflavescens”) 
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Figure B.2. Arctocephalus australis (“Arctocephalus_australis_Brazil”) 
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Figure B.3. Arctocephalus forsteri (“Arctocephalus_forsteri_NZ”) 
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Figure B.4. Arctocephalus forsteri (“Arctocephalus_forsteri_CFoulwind”) 
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Figure B.5. Arctocephalus forsteri (“Arctocephalus_forsteri_OBay”) 
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Figure B.6. Arctocephalus forsteri (“Arctocephalus_forsteri_OhauP”) 
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Figure B.7. Arctocephalus forsteri (“Arctocephalus_forsteri_VictoryB”) 
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Figure B.8. Arctocephalus galapagoensis (“Arctocephalus_galapagoensis_Isabela”) 
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Figure B.9. Arctocephalus gazella (“Arctocephalus_gazella_BirdIs”) 
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Figure B.10. Mirounga leonina (“Mirounga_leonina_SAtlantic”) 
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Figure B.11. Mirounga angustirostris (“Mirounga_angustirostris_NAtlantic”) 
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Figure B.12. Phoca vitulina (“Phoca_vitulina_vitulina_Svalbard”) 
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Figure B.13. Pusa hispida (“Pusa_hispida_hispida_Svalbard”) 
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Figure B.14. Erignathus barbatus (“Erignathus_barbatus_Svalbard”) 
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Figure B.15. Zalophus californianus (“Zalophus_californianus”) 
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Figure B.16. Zalophus californianus (“Zalophus_californianus_GCal1”) 
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Figure B.17. Zalophus californianus (“Zalophus_californianus_GCal2”) 
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Figure B.18. Zalophus californianus (“Zalophus_californianus_GCal3”) 

 



273 

 

 

Figure B.19. Zalophus californianus (“Zalophus_californianus_GCal4”) 
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Figure B.20. Zalophus californianus (“Zalophus_californianus_SMargarita”) 
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Figure B.21. Zalophus wollabaeki (“Zalophus_wollebaeki”) 
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Figure B.22. Zalophus wollabaeki (“Zalophus_wollebaeki_Baltra”) 
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Figure B.23. Zalophus wollabaeki (“Zalophus_wollebaeki_Espanola”) 
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Figure B.24. Zalophus wollabaeki (“Zalophus_wollebaeki_Fernandina”) 
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Figure B.25. Zalophus wollabaeki (“Zalophus_wollebaeki_Genovesa”) 
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Figure B.26. Zalophus wollabaeki (“Zalophus_wollebaeki_IsabelaB”) 
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Figure B.27. Zalophus wollabaeki (“Zalophus_wollebaeki_IsabelaV”) 
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Figure B.28. Zalophus wollabaeki (“Zalophus_wollebaeki_Pinta”) 
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Figure B.29. Zalophus wollabaeki (“Zalophus_wollebaeki_SantaFe”) 
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Figure B.30. Leptonychotes weddellii (“Leptonychotes_weddellii-Erebus_Bay”) 
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Figure B.31. Aptenodytes patagonicus (“King_penguin”) 
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Figure B.32. Aptenodytes patagonicus (“King_penguin_Clucas2018-Falklands_Crozet”) 
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Figure B.33. Aptenodytes patagonicus (“King_penguin_Clucas2018-Macquarie”) 
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Figure B.34. Aptenodytes patagonicus (“King_penguin_Clucas2018-SouthGeorgia”) 
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Figure B.35. Pygooscelis antarcticus (“Chinstrap_penguin”) 
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Figure B.36. Pygooscelis antarcticus (“Pygoscelis_antarcticus-Orne_Harbor”) 
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Figure B.37. Pygooscelis antarcticus (“Pygoscelis_antarcticus-Sandwich”) 
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Figure B.38. Pygooscelis antarcticus (“Pygoscelis_antarcticus-South_Shetland”) 
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Figure B.39. Pygooscelis adeliae (“Adelie_penguin”) 
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Figure B.40. Pygooscelis adeliae (“Pygoscelis_adeliae-West”) 
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Figure B.41. Pygooscelis adeliae (“Pygoscelis_adeliae-East”) 
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Figure B.42. Pygooscelis papua (“Gentoo_penguin”) 
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Figure B.43. Pygooscelis papua (“Pygoscelis_papua-Falklands”) 
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Figure B.44. Pygooscelis papua (“Pygoscelis_papua-Kerguelen”) 
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Figure B.45. Pygooscelis papua (“Pygoscelis_papua-Shetland_Georges_Jougla”) 
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Figure B.46. Aptenodytes forsteri (“Emperor_penguin”) 
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Figure B.47. Aptenodytes forsteri (“Emperor_penguin_Clucas2018-Amanda_Geologie”) 
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Figure B.48. Aptenodytes forsteri (“Emperor_penguin_Clucas2018-Fold_Auster”) 
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Figure B.49. Aptenodytes forsteri (“Emperor_penguin_Clucas2018-Gould_Halley”) 
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Figure B.50. Aptenodytes forsteri (“Emperor_penguin_Clucas2018-Roget_Washington”) 
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Figure B.51. Odontesthes argentinensis (“Oargentinensis”) 
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Figure B.52. Odontesthes regia (“Oregia”) 
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Figure B.53. Odontesthes mirinensis (“Omirinensis”) 
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Figure B.54. Odontesthes mauleanum (“Omauleanum”) 
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Figure B.55. Odontesthes ledae (“Oledae”) 
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Figure B.56. Odontesthes bonariensis (“Obonariensis”) 
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Figure B.57. Odontesthes hatcheri (“Ohatcheri”) 
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