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General Introduction 

Species conservation  

Conservation of species diversity is a priority for maintaining the balance, stability and 

resilience of ecosystems (Ives and Carpenter, 2007; Hong et al., 2022). The diversity of species and 

their benefits in an ecosystem have been widely studied because each species can have multiple 

functions in its niche, such as in the energy flow in the food web, pollination, nutrient cycling, etc. 

(Lyons et al., 2005). Unfortunately, in recent decades there has been a global crisis of species loss and 

extinction occurring at an alarming rate (Sigwart et al., 2018; Driscoll et al., 2018). Even remote sites, 

such as the Galapagos Islands, are not safeguarded from this biodiversity loss (Grant et al., 2005; 

Benitez-Capistros et al., 2014; Dvorak et al., 2020). Other well-known archipelagos, including Hawaii 

and other isolated islands, have recently suffered a significant loss of fauna (Paulay, 1994; Boyer, 

2008). Terrestrial vertebrate species on islands, especially birds, are the groups declining the most 

(Steadman, 1995; Alcover et al., 1998; Blackburn et al., 2004) and are presently in danger of island 

extirpation. Therefore, identifying key drivers for these changes in the Galapagos Islands and 

elsewhere is necessary. 

An important key factor to prevent species loss is the preservation of food resources. Resource 

availability and proper vegetation structure are essential for greater richness and diversity of bird 

populations in an ecosystem (Ferger et al., 2014; Wolfe et al., 2014). However, habitat alteration due 

to anthropogenic effects can have detrimental effects on birds (Callaghan et al., 2023). For example, 

consequences of agricultural practices include habitat alteration and habitat loss, which are considered 

the main causes of declines and extinctions of bird populations (Green et al., 2005; Stanton et al., 

2018). However, some species are more resistant to habitat alterations than others (Guénette and 

Villard, 2005). Another challenge in preventing species loss is the impact of invasive plants, which 

alter soil properties and microbial taxa, producing changes in nutrient cycling in an ecosystem 

(Hawkes et al., 2005; Gibbons et al., 2017). Therefore, these invasive species can change the 

vegetation structure, altering species diversity, species interactions, and primary production (Grice, 

2006). Furthermore, invasive plants can cause changes in species composition and cause declines in 

species richness, specifically of arthropods, in an ecosystem (Litt et al., 2014), which in turn, affects 

the survival of birds.  

Studying population dynamics allows us to identify the greatest threats and identify which life 

stage is most affected. A simple model of population dynamics for a population to grow or remain 

stable is influenced by demographic processes: births, survival, migration and immigration (Keeler 

and Joern, 1995; White, 2000; Lima and Jaksic, 1999). Each of these processes is influenced by 
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abiotic and biotic factors (Andrewartha and Birch, 1954; Hixon et al., 2002). For example, climate 

change, an abiotic factor, could alter seasonal reproduction and survival (Jiguet et al., 2010), while 

biotic factors, including parasitism and food availability, can affect population dynamics of a species 

(Loye, 1995; Lafferty and Kuris, 1999). Therefore, negative effects on these demographic processes 

might lead to population declines and can affect the long-term survival of a population.  

Furthermore, theories on population genetics propose that if a species' population is drastically 

reduced, it will no longer have a sufficient population size to generate and accumulate mutations and 

adapt to sudden changes in its environment (Loeschcke et al., 2013). Studies on threatened populations 

show that small populations have a risk of disappearing due to genetic bottlenecks that entail loss of 

heterozygosity, shifts in allele frequencies, reduced genetic diversity, inbreeding and genetic drift 

(Kirkpatrick and Jarne, 2000; Spigler et al., 2017). A review study of 53 species of birds found that 

population reductions had detrimental effects on their reproduction (Heber and Briskie, 2010). This 

occurs when a small population is exposed to stochastic environmental events, as well as facing 

genetic problems (Lande, 1993; Keller and Waller, 2002). For example, infertility or congenital 

problems might arise from mating with genetically closely related individuals (Jamieson and Ryan, 

2000; Briskie and Machiston, 2004). Therefore, the loss of genetic diversity could have an impact on 

reproduction and the viability of the population. Additionally, threatened and endangered bird species 

are often observed to have a biased sex ratio, usually consisting of more males than females, which 

poses additional risks, lowers the genetically-effective population size, and hampers population 

recovery (Robinson et al., 2014; Donald, 2007). 

 

Study Site 

 The Galapagos is a remote archipelago located in the Pacific Ocean with high species 

endemism both within and among islands (Emerson, 2002). Of the 28 endemic landbird species in 

Galapagos, 16 species are in decline and face conservation challenges (BirdLife International, 2024). 

All 16 species in decline have something in common - they all depend primarily on an arthropod diet 

to survive. The decline of arthropods and the decline in population sizes of insectivorous birds is a 

current global pattern (BirdLife International, 2022; Tallamy and Shriver, 2021; Sekercioglu, 2002; 

Forister et al., 2019), which is also documented in the Galapagos (Grant et al., 2005; Dvorak et al., 

2012, 2017, 2020). If this trend continues in the coming decades, the number of extinctions will 

increase in Galapagos. However, we still lack basic knowledge of the taxa and populations of birds in 

Galapagos despite substantial research conducted in the last century. In fact, certain groups that have 

been poorly studied are in decline; therefore it is likely that unique populations could be lost and their 

value or role in the ecosystem may also be lost.  
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Focal Study Species 

  Here, I present a series of studies on the vermilion flycatchers in the Galapagos Islands, 

Ecuador. This bird group is one of the most seriously impacted across the archipelago and lacking 

important data for its conservation. One species endemic to San Cristobal Island, the Least Vermilion 

Flycatcher (Pyrocephalus dubius), has recently been declared extinct (Dvorak et al., 2020), which may 

be the first vertebrate species extinction in the Galapagos in modern times. The other recognized 

vermilion flycatcher species in Galapagos, the Little Vermilion Flycatcher (Pyrocephalus nanus), is 

facing drastic population declines on multiple islands (BirdLife International, 2024) and is currently 

considered ‘near threatened’ (BirdLife International, 2024). A century ago, its populations were 

present on 12 islands in the Galapagos archipelago (Gifford, 1919; Swarth, 1931). However, vermilion 

flycatchers are no longer present on four islands and are on the brink of disappearing from three more 

islands (Fessl et al., 2017). Furthermore, some of these extirpated P. nanus populations were 

morphologically distinct and were possibly unique taxonomic lineages, endemic island species, or 

subspecies (Ridgway, 1897; Snodgrass and Heller, 1904; Swarth, 1931). 

  Pyrocephalus demonstrates a wide distribution both geographically and ecologically and faces 

challenges that many insectivorous birds have in common in Galapagos. Therefore, this genus is an 

excellent choice for studying general principles in island conservation, avian ecology, island 

biogeography, and other fields relevant in the Galapagos archipelago today. In my PhD thesis, I focus 

mainly on the Little Vermilion Flycatcher (P. nanus), since P. dubius has not been documented since 

2008 and is considered extinct. Santa Cruz Island has a particularly vulnerable population of P. nanus, 

which is on the brink of disappearing. As recently as two decades ago, the population was much 

larger, but it has more recently been reduced to fewer than 40 territories (Fessl et al., 2017; Leuba et 

al., 2020).  

  Population dynamics of P. nanus in Santa Cruz has not been studied in depth, but several 

factors might be affecting its demography. Reproduction in particular appears to be extremely low on 

Santa Cruz and Isabela islands (Leuba et al., 2020; Mosquera et al., 2022). Therefore, for recovery of 

this population, it will be critical to understand why reproduction and recruitment are so low. One 

major biotic factor affecting this population is the introduction of invasive species (Fessl et al., 2018; 

Rentería et al., 2021), which impact the reproduction and survival of this species. One invasive species 

in the Galapagos is the Avian Vampire Fly (Philornis downsi), which parasitizes nestlings (Leuba et 

al., 2020; Mosquera et al., 2022). This fly is native to South America and Trinidad (Bulgarella et al., 

2015; Koop et al., 2021) and was introduced to Galapagos, with its first record in an entomological 

collection in 1964 (Causton et al., 2006). To complete its life cycle, the Avian Vampire Fly needs an 

avian host during its larval stages, during which the larvae consume blood and tissue, mainly from 
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nestlings (Fessl et al., 2018). This significantly increases nestling mortality and reduces recruitment of 

new individuals (Leuba et al., 2020; Mosquera et al., 2022).  

  Furthermore, invasive plants are another key biotic factor that may influence P. nanus 

reproduction and recruitment due to their negative impact in the ecosystems in Santa Cruz (Leuba et 

al., 2020), such as that by the invasive blackberry (Rubus niveus). This invasive species has rapidly 

expanded in habitat areas of P. nanus, reducing the diversity of native and endemic plants and 

changing the structure of the understory (Rentería et al., 2012; Walentowitz et al., 2021). The 

blackberry plants alter invertebrate availability and can affect foraging behavior of endemic landbirds, 

including insectivores, leading to lower breeding success for Galapagos landbirds (Cimadom et al., 

2014; Jäger et al., 2015; Hood-Nowotny et al., 2023). On pristine areas P. nanus predominantly 

catches arthropods near the ground from low perches (Anchundia pers obs.). However, in disturbed 

island ecosystems the blackberry forms a dense understory leaving few open areas near the ground for 

P. nanus to hunt for arthropods (Leuba et al., 2020). Therefore, these stressors must be removed to 

facilitate successful foraging, thus potentially positively influencing reproductive success and 

population growth.  

  Additionally, theories of population genetics suggest that inbreeding could potentially distort 

sex ratio (Frankham and Wilcken, 2006). The small population size of P. nanus in Santa Cruz may 

lead to inbreeding and other forms of genetic drift that reduce genetic diversity and may threaten this 

population. Given the population’s biased sex ratio, it may already be experiencing inbreeding. We 

observed at least twice as many males as females in the Santa Cruz population. Furthermore, it is 

necessary to evaluate whether a genetic rescue, through translocations from other islands to increase 

genetic diversity, is needed for this population in Santa Cruz. To determine this, it is necessary to 

conduct a genetic evaluation on populations of P. nanus from all islands of the archipelago to 

determine which population is more closely related genetically to the population on Santa Cruz. 

Moreover, it is unknown if there is migration between each island or if each population of P. nanus is 

a different lineage. There is a perception that certain populations could be very distinct since 

morphological differences have been seen using museum collections, and some authors have even 

divided these populations into multiple species (up to five). Therefore, it is important to elucidate the 

evolutionary history of this group in Galapagos. 

Aims of This PhD Thesis 

  In my PhD thesis, I aimed to increase the knowledge about P. nanus in Galapagos to inform 

conservation and reintroduction initiatives. Firstly, I aimed to determine how habitat restoration and 

removal of invasive species influences the reproductive success of P. nanus in Santa Cruz. Secondly, I 
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aimed to evaluate the genetic diversity and heterozygosity of the small population in Santa Cruz and 

its long-term viability. Finally, I analyzed the taxonomy of the Pyrocephalus genus in Galapagos to 

determine if the populations on each island have distinct genetic differences and/or if there is frequent 

genetic exchange.  

Given this, I aimed to address the following questions in my PhD thesis: 

 

I. Does habitat restoration improve breeding success of P. nanus in Santa Cruz Island? 

II. What is the current genetic diversity of P. nanus in Santa Cruz Island and implications of this 

for its conservation, utilizing the whole genome? 

III. What is the level of genetic isolation between populations of P. nanus from different islands 

in the Galapagos? 

 

  To answer these questions, I conducted controlled field experiments involving invasive species 

removal to study bird behaviour and reproduction, conducted whole genome sequencing, and 

performed bioinformatics.  

  In Chapter 1, I aimed to investigate whether habitat management can improve the 

reproductive success of P. nanus to prevent its extirpation from Santa Cruz Island. I hypothesized that 

the poor reproductive success is related to the inaccessibility of food produced by the dense understory 

formed by blackberry and the parasitism of P. downsi. To improve habitat quality and enhance the 

reproductive success of P. nanus in Santa Cruz, in seven 1 ha areas invasive blackberry was removed 

to provide more open areas to facilitate P. nanus in foraging. To measure the impact of management, I 

compared foraging and breeding success of P. nanus in managed areas to areas where habitat 

restoration was not carried out. In managed and unmanaged areas, I compared data on their foraging 

behavior, feeding rate during incubation, rearing of nestlings, foraging success, pair formation, nesting 

attempts, and reproductive success. I predicted that habitat recovery will give these birds more 

opportunities to find more food close to the ground and will aid in improving their reproductive 

success. I discussed the results from this study in relation to using habitat management as a 

conservation tool. 

  In Chapter 2, I conducted an in-depth study of P. nanus using molecular techniques. I 

sequenced and assembled the whole genome of this species using the De Novo genome assembly 

method to use this as a reference genome. On this reference genome, we identified sexual 

chromosomes and thousands of genes of interest. This genome is ideal for identifying single 

nucleotide polymorphism (SNPs) that are under selection and for performing deeper genetic studies of 
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population structure and evolutionary history of Pyrocephalus. I conducted this further research in the 

next chapter. 

In Chapter 3, I investigated the current level of genetic diversity of the small population of P. 

nanus on Santa Cruz Island and its heterozygosity, comparing it with the genetic diversity of birds that 

lived 115 and 60 years ago in Santa Cruz, which are stored in the museum collections at the California 

Academy of Sciences. The museum specimens used for this study were collected at different sites on 

Santa Cruz Island, when P. nanus was still abundant. This allowed us to develop a baseline of how the 

genetic diversity of this population was in the past. For comparison of individuals from the past and 

present, I sequenced samples from these birds to obtain high coverage genomes and aligned them to 

the reference genome to obtain a large dataset and high-resolution results. Due to several 

characteristics that we currently observe in P. nanus in Santa Cruz, I predicted that the genetic 

diversity of this population has declined, and therefore, the population may have a high level of 

inbreeding.  

Additionally, in this Chapter, I focus to assess the level of genetic isolation between 

populations of P. nanus from different islands in the Galapagos. Several authors in the early 20th 

century suggested that populations of P. nanus on certain islands in the Galapagos differ 

morphologically; however, this has not been evaluated in depth from a genetic perspective. Due to the 

small population size of P. nanus in Santa Cruz, it is necessary to know if this population is 

genetically unique or if it shares similarities with other islands. This information is pertinent to help 

inform how to carry out translocations, if necessary. In this chapter, I aimed to understand the level of 

isolation versus connectedness of different Pyrocephalus populations in Galapagos using whole 

genome sequences, mapped to a reference genome. For islands where Pyrocephalus populations are 

already considered extinct or extirpated, I took samples from museum skins from the California 

Academy of Sciences to obtain DNA and sequences. The objectives were to 1) build a phylogeny of 

all Pyrocephalus populations in Galapagos and evaluate if there are distinct genetic groups, 2) 

compare their morphology and acoustics between islands, and 3) review their taxonomy, as necessary. 

The information from this study can be used in future rewilding (reintroduction) programs currently 

being implemented in Galapagos, with the aim to recover the original distribution of species that have 

disappeared through translocation, using individuals from the most genetically similar population. 

  Overall, the information gained from my PhD is crucial for supporting bird conservation 

efforts in the Galapagos, not only for the Pyrocephalus group but also for other species in decline. My 

research conducted on habitat restoration and control of invasive species could be applied effectively 

in Galapagos or elsewhere. Also, the integration of new molecular techniques into conservation 

studies is gradually increasing in Galapagos, and my research will further encourage local researchers 

to develop new projects aimed at conserving the unique species in the archipelago.  
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SUPPLEMENTARY INFORMATION 

  

Table S1. Comparison of logistic regression models fitted to daily nest failure data for 

Little Vermilion Flycatchers. Each row of the table reports the AICc value for each of 

five models fitted to the data (see main text and Table 1). The model specification 

columns show which of the two independent variables Season and Treatment and their 

two-way interaction term were included in the model. All models also included the stage 

of nesting (egg-stage; nestling stage) as an additional binary independent variable (see 

main text). 

  

  Model specification 

__________________________________________ 

________________________________________ 

    

Model 

code 

Season Treatment Season.Treatment Number of 

fitted 

parameters 

AICc 

0 0 0 0 2 87.522 

1 1 0 0 3 88.503 

2 0 1 0 3 86.278 

3 1 1 0 4 88.014 

4 1 1 1 5 85.807 
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Figure S1. a) Female sitting on a cup nest incubating the eggs. The nest is built by the female and 

comprised of moss, twigs, dry leaves, and sometimes feathers, hair and plant fiber are incorporated, b) 

nest with nestlings inside, and c) a nest with eggs inside. Photos by David Anchundia and George 

Gutiérrez. 
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Supplementary Material 

 

Part I.  Mitochondrial Genome Assembly using the HiFiMiTie pipeline. 
 

The HiFiMiTie (hereafter called hfmt) workflow uses known mitochondrial genomes from closely-

related taxa (in this case Aves) and blastn (version 2.12.0 with arguments -db mito -query $reads -

outfmt "6 std staxid stitle qlen qcovhsp qcovus" -max_target_seqs 5 -taxidlist aves_taxids.txt -evalue 

1e-10 -mt_mode 1) to search the taxonomic id matching entries in a copy of the NCBI GenBank 

mitochondrial database, using HiFi reads as queries. Reads with qcovus 50% or greater are extracted 

and reverse complemented if necessary to match the subject mitochondrion direction. Candidate reads 

are annotated with the mitochondrial tRNA finder MiTFi (Allio et al. 2020) using the mito genetic 

code associated with its taxon, here Aves. Additionally, 12S and 16S rRNAs are discovered using 

Infernal’s cmsearch. Control region goose hairpins and any OH, OL origins of replication are also 

annotated. The right neighbor tRNA of tRNAs in each candidate long read are counted and totals used 

to create the canonical tRNA order of the mitochondrion. Reads with this order for the subset of 

tRNAs in them are chosen for all downstream sequence creation; though the annotations of all 

candidate reads are available for additional analysis and corroboration.  The full documentation and 

files are available from github: https://github.com/calacademy-research/HiFiMiTie. 

 

According to convention for vertebrate mitochondrial genomes, the tRNA succeeding the Control 

Region is chosen as the start of the mitochondrial genome sequence, which is Phenylalanine (tPhe or 

F) for our genome as well as most vertebrates. This plus the preceding tRNA from the derived 

canonical order are designated as a first Control Region. Annotated goose hairpins that occur 

elsewhere in the HiFi reads are used to identify second control regions. When additional goose 

hairpins are found and one of the control regions is below a threshold size it is identified as a remnant 

and the other as the primary, which is the case with our data. 

 

After a primary control region is found, three sets of reads are created and each used as input to mafft 

(Katoh and Standley 2013) to form multiple sequence alignments (msa). The first set is extracted from 

reads with the tRNA after the CR up to the CR or the end of the read if no CR is after the tRNA. 

Second set extracted from reads from the beginning of a read up to the tRNA or rRNA that precedes 

the primary CR. And the third from those reads with both CR flanking tRNAs with the CR in between. 

 

From the mafft msa alignment of the first 2 sets, a consensus sequence is created from each, and the 

two are combined to create a mitochondrion sequence excluding the CR.  The CR reads are analyzed 
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for heteroplasmy, typically different copy numbers of repeats, if any, and representative versions are 

chosen for additional downstream analysis. The most common CR is used to complete the 

mitochondrion sequence. The sequence is constructed to start at tRNA tPhe, which canonically begins 

annotations of vertebrate mitogenomes. 

 

The mitochondrial sequence is annotated by the hfmt pipeline. Separately MITOS2 (Bernt et al. 2013) 

was used to confirm and check the annotation. When running HFMT, the program creates an extensive 

log file that is well annotated for novice users.  The complete log file for our mitochondrial assembly 

is pasted below, and it contains descriptions of the results and output of each step. A settings file 

records a range of values. 

 

hfmt.log: 

[2021-11-15 15:28:43] HiFiMiTie version 0.01 -- Find & Analyze Metazoan Mitochondria from HiFi reads 

 

[2021-11-15 15:28:43] Step 1 -- Setup: taxid and HiFi file(s) to use 

[2021-11-15 15:28:44] HiFiMiTie directory hfmt_111521 created 

[2021-11-15 15:28:44] HiFi file(s) to search for mitochondrial reads: 

[2021-11-15 15:28:44]     /home3/jdumbacher/pyrocephalus/asm/hifiasm_tst1/vf_asm.ec.fa 

[2021-11-15 15:28:52] Aves mitogenomes, taxid 8782, chosen as search targets. 964 Aves mitogenomes in the /ccg/blastdbs/mito 

db. 

 

[2021-11-15 15:29:04] Step 2 -- blast_to_mito 

[2021-11-15 15:29:04] created hifi_mito_matches to hold the blast output tsv files 

[2021-11-15 15:29:07] blastn -db /ccg/blastdbs/mito -query /home3/jdumbacher/pyrocephalus/asm/hifiasm_tst1/vf_asm.ec.fa -

outfmt "6 std staxid stitle qlen qcovhsp qcovus" -max_target_seqs 5 -num_threads 32 -taxidlist taxidlist -evalue 1e-10 -mt_mode 1 

[2021-11-15 15:43:03] completed in 0h13m56s with completion code 0 

[2021-11-15 15:43:03] 1 blasts completed in 0h13m56s 

[2021-11-15 15:43:15] top accn info: 2 mito code of NC_007975 183540 | Cnemotriccus fuscatus |

 cellular organisms; Eukaryota; Opisthokonta; Metazoa; Eumetazoa; Bilateria; Deuterostomia; Chordata; Craniata; Vertebrata; 

Gnathostomata; Teleostomi; Euteleostomi; Sarcopterygii; Dipnotetrapodomorpha; Tetrapoda; Amniota; Sauropsida; Sauria; 

Archelosauria; Archosauria; Dinosauria; Saurischia; Theropoda; Coelurosauria; Aves; Neognathae; Passeriformes; Tyrannidae; 

Cnemotriccus;  | 

[2021-11-15 15:43:15] mito code chosen:  2 

[2021-11-15 15:43:16] Step 2 completed in 0h14m11s 

 

[2021-11-15 15:43:16] Step 3 -- pull_fofn_cand_recs 

[2021-11-15 15:43:16] pulling records from /home3/jdumbacher/pyrocephalus/asm/hifiasm_tst1/vf_asm.ec.fa 

[2021-11-15 15:46:00]    pulled 167 records, excluded 3 with low coverage. 

[2021-11-15 15:46:00] created mito_hifi_rec_db to hold a blast database containing mito candidate fasta records 

[2021-11-15 15:46:02] Step 3 completed in 0h2m45s 

 

[2021-11-15 15:46:02] Step 4 -- select_mito_features 

[2021-11-15 15:46:02] features being retrieved from NC_007975 

[2021-11-15 15:46:02] retrieving mito features for NC_007975 

[2021-11-15 15:46:02] mito_analyze.py -rec -q NC_007975 -nh | sort -k3,3n | bioawk_cas {print ">" $2"_"$5, $3, $4, 

fldcat(6,NF); print $1} | fold -w 120 

[2021-11-15 15:46:04] top_match_feature_sequences.fasta file created 

[2021-11-15 15:46:04] Step 4 completed in 0h0m02s 

 

[2021-11-15 15:46:05] Step 5 -- blast_features 

[2021-11-15 15:46:05] created blast_results to hold the blast output tsv files 

[2021-11-15 15:46:05] created cr_analysis to hold control region(s) analysis files 

[2021-11-15 15:46:05] blastn -db hfmt_111521/mito_hifi_rec_db/mito_hifi_recs -query 

hfmt_111521/top_match_feature_sequences.fasta -outfmt "6 std staxid stitle qlen qcovhsp qcovus" -num_threads 8 -task blastn -evalue 

1e-10 -max_target_seqs 167 | sort -k2,2V -k9,9n -k12,12nr 

[2021-11-15 15:46:06] blastn completed in 0h0m01s results in hfmt_111521/blast_results/mito_feature_match_to_cand_recs.tsv 
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[2021-11-15 15:46:06] blastn -db OH.fas -query hfmt_111521/mito_hifi_recs.fasta -outfmt "6 std staxid stitle qlen qcovhsp 

qcovus" -max_target_seqs 5 -subject_besthit -evalue .00001 -num_threads 32 

[2021-11-15 15:46:09] both feature set and taxname Aves have starting trna of F, setting first trna to F 

[2021-11-15 15:46:10] Step 5 completed in 0h0m05s 

 

[2021-11-15 15:46:10] Step 6 -- rna_search 

[2021-11-15 15:46:10] cm_results directory created 

[2021-11-15 15:46:10] input files checked 

[2021-11-15 15:46:10] search for 12S_s-rna 

[2021-11-15 15:47:13] search for 16S_l-rna 

[2021-11-15 15:51:31] rrna_rrnS.tbl rrna_rrnL.tbl created in cm_results 

[2021-11-15 15:51:31] tRNA search mito reads using: MiTFi - mitochondrial tRNA finder 

[2021-11-15 16:13:13] mito_hifi_recs.mitfi created in cm_results 

[2021-11-15 16:13:14] trna_right_neighbor.matrix created using [1;34mF[0m as the first tRNA. 

[2021-11-15 16:13:14] trna order: F V L2 I Q M W A N C Y S2 D K G R H S1 L1 T P E 

[2021-11-15 16:13:14] mito_hifi_recs.cm_anno created with mitfi, goose_hairpin, 12S_rna and 16S_rna cm results 

[2021-11-15 16:13:14] cm_anno_right_neighbor.matrix created using [1;34mF[0m as the first tRNA. 

[2021-11-15 16:13:14] cm_anno rna order: F 12S V 16S L2 I Q M W A N C Y S2 D K G R H S1 L1 T gh P E 

[2021-11-15 16:13:15] one_line_per_rec.cm_anno.srt created 

[2021-11-15 16:13:15] Step 6 completed in 0h27m05s 

 

[2021-11-15 16:13:15] Step 7 -- CR_analysis 

[2021-11-15 16:13:16] grep -e trnE -e trnF -e ^Glu -e ^Phe hfmt_111521/blast_results/mito_feature_match_to_cand_recs.tsv 

[2021-11-15 16:13:16] trnE_trnF_distances.tsv created 

[2021-11-15 16:13:17] ControlRegion_btw_trnE_trnF_length.stats created 

[2021-11-15 16:13:18] CR1 has type remnant, with mean length 178 bp found from 113 reads containing it. flanking trnas E and F 

 

ControlRegion_btw_trnE_trnF_length.stats 

    Num CR_len 

    113 178 

 

recs: 113 

mean: 178 

stddev: 0 

mode: 178 

longest: 178 

shortest: 178 

diff: 0 

num within one stddev: 113  100.00% 

 

[2021-11-15 16:13:18] grep -e trnT -e trnP -e ^Thr -e ^Pro hfmt_111521/blast_results/mito_feature_match_to_cand_recs.tsv 

[2021-11-15 16:13:18] trnT_trnP_distances.tsv created 

[2021-11-15 16:13:19] ControlRegion_btw_trnT_trnP_length.stats created 

[2021-11-15 16:13:20] CR2 has type Control Region, with mean length 1430 bp found from 99 reads containing it. flanking trnas 

T and P 

 

ControlRegion_btw_trnT_trnP_length.stats 

    Num CR_len 

     99 1430 

 

recs: 99 

mean: 1430 

stddev: 0 

mode: 1430 

longest: 1430 

shortest: 1430 

diff: 0 

num within one stddev: 99  100.00% 

 

[2021-11-15 16:13:20] Step 7 completed in 0h0m05s 

 

[2021-11-15 16:13:20] Step 8 -- split_recs_into_sets 

[2021-11-15 16:13:20] created split_sequences to hold sequences for assembly by alignment 

[2021-11-15 16:13:21] tRNAs T P flank the Control Region. 

[2021-11-15 16:13:21] Splitting sequences from Pro to sequence end. 

[2021-11-15 16:13:21] Splitting sequences from sequence beginning to Thr. 

[2021-11-15 16:13:21] Splitting sequences from Thr to Pro to capture the Control Region and its flanks 

[2021-11-15 16:13:21] Split sequences created for alignment assembly and for Control Region assembly & repeat analysis 
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[2021-11-15 16:13:21] Step 8 completed in 0h0m01s 

 

[2021-11-15 16:13:21] Step 9 -- assemble_mito 

[2021-11-15 16:13:22] Step 9a -- assemble using megahit 

[2021-11-15 16:13:22] running megahit to assemble mito records using sequences in mito_hifi_recs.fasta 

[2021-11-15 16:13:24] megahit_best.fa mito file created 

[2021-11-15 16:13:24] running MiTFi to determine location of Phe so that the sequence will start there 

[2021-11-15 16:17:06] MiTFi run on megahit_best.fa completed 

[2021-11-15 16:17:06] mito_megahit.fasta reoriented to start with Phe. 

[2021-11-15 16:17:06] Running MiTFi on the reoriented sequence. 

[2021-11-15 16:20:49] input files checked 

[2021-11-15 16:20:49] search for 12S_s-rna 

[2021-11-15 16:20:50] search for 16S_l-rna 

[2021-11-15 16:20:52] mito_megahit_rrnS.tbl mito_megahit_rrnL.tbl created in megahit_out for mito_megahit.fasta 

[2021-11-15 16:20:52] goose hairpin sequence information added, if any found 

[2021-11-15 16:20:52] mito_megahit.cm_anno with rrns, rrnL, cr and any goose hairpins added to mitfi results created for 

mito_megahit.fasta 

[2021-11-15 16:20:52] MiTFi annotation of mito_megahit.fasta completed, results in mito_megahit.cm_anno 

 

[2021-11-15 16:20:52] Step 9b -- assemble using multi-sequence alignment (msa) consensus 

[2021-11-15 16:20:52] running mafft --auto Pro_to_end.fasta >Pro_to_end.mafft.fa 2>Pro_to_end.mafft.log 

[2021-11-15 16:22:11] consensus_from_fasta_alignment.sh Pro_to_end.mafft.fa >Pro_to_end.consensus.fa 

[2021-11-15 16:22:11] running multiple sequence alignment on reversed sequences of beg_to_Thr.fasta 

[2021-11-15 16:22:11] running mafft --auto reversed_beg_to_Thr.fa >reversed_beg_to_Thr.mafft.fa 

2>reversed_beg_to_Thr.mafft.log 

[2021-11-15 16:23:32] consensus_from_fasta_alignment.sh reversed_beg_to_Thr.mafft.fa >reversed_beg_to_Thr.consensus.fa 

[2021-11-15 16:23:32] re-reversing consensus file to make forward version beg_to_Thr.consensus.fa 

[2021-11-15 16:23:32] running mafft --auto Thr_CR_Pro.fasta >Thr_CR_Pro.mafft.fa 2>Thr_CR_Pro.mafft.log 

[2021-11-15 16:25:07] consensus_from_fasta_alignment.sh Thr_CR_Pro.mafft.fa >Thr_CR_Pro.consensus.fa 

[2021-11-15 16:25:07] non_cr_consensus.fasta from Pro_to_end.consensus.fa & beg_to_Thr.consensus.fa 

[2021-11-15 16:25:07] running mafft --localpair <(cat Pro_to_end.consensus.fa beg_to_Thr.consensus.fa) 

>non_cr_consensus.mafft.fa 2>non_cr_consensus.mafft.log 

[2021-11-15 16:25:15] consensus_from_fasta_alignment.sh non_cr_consensus.mafft.fa >non_cr_consensus.fasta 

[2021-11-15 16:25:15] running mitfi -code 2 analysis on non_cr_consensus.fasta 

[2021-11-15 16:28:57] non_cr_consensus.mitfi created with 22 entries 

[2021-11-15 16:28:57] removing 1374 from beginning and removing 0 from the end to create 15721bp mito_msa_no_cr.fasta 

[2021-11-15 16:28:57] mito_msa_no_cr.fasta created 

[2021-11-15 16:28:57] running mitfi -code 2 analysis on mito_msa_no_cr.fasta 

[2021-11-15 16:32:23] mito_msa_no_cr.mitfi created with 22 entries 

[2021-11-15 16:32:23] input files checked 

[2021-11-15 16:32:23] search for 12S_s-rna 

[2021-11-15 16:32:24] search for 16S_l-rna 

[2021-11-15 16:32:37] mito_msa_no_cr_rrnS.tbl mito_msa_no_cr_rrnL.tbl created in hfmt_111521/msa_assembly/cm_mitfi for 

mito_msa_no_cr.fasta 

[2021-11-15 16:32:37] mito_msa_no_cr.cm_anno created with rrnS, rrnL, cr and any goose hairpin added to mitfi results 

[2021-11-15 16:32:38] running mitfi -code 2 -onlycutoff analysis on Thr_CR_Pro.consensus.fa 

[2021-11-15 16:33:01] Thr_CR_Pro.consensus.mitfi created with 2 entries 

[2021-11-15 16:33:02] mito_msa.fasta created 

[2021-11-15 16:33:02] Control Region followed by Pro (P) but first_trna set to Phe, file will be reflowed to begin with Phe (F) 

[2021-11-15 16:33:02] mito_msa.fasta reflowed to begin with Phe (F) 

[2021-11-15 16:33:02] running mitfi -code 2 analysis on mito_msa.fasta 

[2021-11-15 16:36:44] mito_msa.mitfi created with 22 entries 

[2021-11-15 16:36:45] input files checked 

[2021-11-15 16:36:45] search for 12S_s-rna 

[2021-11-15 16:36:46] search for 16S_l-rna 

[2021-11-15 16:36:48] mito_msa_rrnS.tbl mito_msa_rrnL.tbl created in hfmt_111521/msa_assembly/cm_mitfi for mito_msa.fasta 

[2021-11-15 16:36:48] mito_msa.cm_anno created with rrnS, rrnL, cr and any goose hairpin added to mitfi results 

[2021-11-15 16:36:48] Step 9 completed in 0h23m27s 

 

[2021-11-15 16:36:48] Step 10 -- compare_assemblies 

[2021-11-15 16:36:49] compare_megahit_msa created 

[2021-11-15 16:36:49] Comparing mito_megahit.fasta (17172 bp) and mito_msa.fasta (17151 bp) 

 

Comparison between mito_megahit.fasta (17172 bp) and mito_msa.fasta (17151 bp) 

 

edit distance 21 

17149 bp in runs of matches 100 or greater 

15976 matches at the beginning and 1173 at end for 17149 contiguous matches 
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Following describes how to transform the 17172 bp mito_megahit.fasta into the 17151 bp mito_msa.fasta 

15976= 

1D1=10D1=10D 

1173= 

 

Areas of difference between mito_megahit.fasta and mito_msa.fasta 

 

ACTCTAGGCACTTCCATCTAAAACGTATTAATTCTTGTCATCAATTTTTTTTTCAAAAATTTAAAATTTTTTACACATTCCA

TTCCGCCGATTTCCCTCTTTAATAAAATTCATTCTTTTTTTTTGCAAAAATTTTCTTTTTTTTTGCAAAAATTTTTAC 

mito_megahit.fasta 15841-16000 

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||-|----------|----------| 139 matches 21 indels 

ACTCTAGGCACTTCCATCTAAAACGTATTAATTCTTGTCATCAATTTTTTTTTCAAAAATTTAAAATTTTTTACACATTCCA

TTCCGCCGATTTCCCTCTTTAATAAAATTCATTCTTTTTTTTTGCAAAAATTTT-T----------A----------C mito_msa.fasta 15841-

15979 

 

[2021-11-15 16:36:50] Step 10 completed in 0h0m01s 

 

[2021-11-15 16:36:50] Step 11 -- assemble_CR 

[2021-11-15 16:36:53] No tandem repeats found in the 99 Control Region sequences and length stddev 0 is less than 20, 

consensus will be used. 

[2021-11-15 16:36:54] Step 11 completed in 0h0m04s 

 

[2021-11-15 16:36:54] Step 12 -- complete 

[2021-11-15 16:36:54] msa consensus mitochondrion chosen as best representative 

[2021-11-15 16:36:54] mitochondrion.fasta created 

[2021-11-15 16:36:55] blastn of features against mitochondrion.fasta for protein coding gene annotation 

[2021-11-15 16:36:55] blastn -db hfmt_111521/complete/blastdb/mitochondrion.fasta -query top_match_feature_sequences.fasta -

outfmt "6 std staxid stitle qlen qcovhsp qcovus" -task blastn -evalue 1e-10 | sort -k2,2V -k9,9n -k12,12nr 

[2021-11-15 16:36:57] mitochondrion.anno created 

[2021-11-15 16:36:57] Step 12 completed in 0h0m03s 

 

[2021-11-15 16:36:57] 1h8m13s to complete Mon 15 Nov 2021 04:36:57 PM PST 
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settings.tsv: 

program_title    HiFiMiTie version 0.01 -- Find & Analyze Metazoan Mitochondria from HiFi reads 

version    0.01 

version_date    15-Oct-2021 

run_by    jdumbacher 

mitodb_dir    /ccg/blastdbs 

mitodb_name    mito 

taxonomy_dir    /ccg/db_sets/taxdump 

working_dir    workdir/pyrocephalus/mito/hfmt_111521 

start    Mon 15 Nov 2021 03:28:44 PM PST 

threads    32 

taxid    8782 

taxname    Aves 

taxlineage    /ccg/db_sets/taxdump/fullnamelineage.dmp 

mitogenomes    964 

step    12 

code    2 

step_completed    Mon 15 Nov 2021 04:36:57 PM PST 

HiFi_mito_reads    167 

top_mito_matches    NC_007975     

top_mito_match_first_recname    Phe_NC_007975 

top_mito_match_first_trna    F 

taxname_trna_starts    Aves: F 888, V 32, T 20, I 10, S2 10, E 2, G 1, P 1 

taxname_first_trna    F 

first_trna    F 

last_trna    E 

mito_blast_last_trna_counts    E:113 

trna_order    F V L2 I Q M W A N C Y S2 D K G R H S1 L1 T P E 

cm_anno_order    F 12S V 16S L2 I Q M W A N C Y S2 D K G R H S1 L1 T gh P E 

gh_prev_trna    T 

gh_succ_trna    P 

gh_rec_count    114 

gh_found_in_recs    114 

num_CRs    2 

Primary_CR    CR2 

CR1_flanks    E F 

CR1_mean    178 

CR1_stddev    0 

CR1_recs_w_CR    113 

CR1_type    remnant 

CR2_flanks    T P 

CR2_mean    1430 

CR2_stddev    0 

CR2_recs_w_CR    99 

CR2_type    Control Region 

msa_megahit_edit_dist    21 

msa_megahit_edit_cigar    15976=1D1=10D1=10D1173= 

CR2_seqs_w_repeats    0 

assemble_CR_result    msa 

anno_order    F rrnS V rrnL L2 ND1 I Q M ND2 W A N C Y COX1 S2 D COX2 K ATP8 ATP6 COX3 G ND3 R ND4L ND4 

                      H S1 L1 ND5 CYTB T cr gh P ND6 E cr 

finished    Mon 15 Nov 2021 04:36:57 PM PST 

run_time    1h8m13s 
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Fig S1. Complete mitochondrial genome was 17151 nucleotides in length as derived from a total of 

167 corrected HiFi reads that mapped to the mitogenome with 13 protein coding genes, 22 tRNAs, 2 

rRNAs, and 2 control regions, one complete, the other designated as a remnant CR. 

 

Mitochondrial DNA genome (in fasta text format): 

>Pnanus_complete_mitochondrion length 17151 

GTCCCTGTAGCTTACAAAAAGCATAACACTGAAGATGTTAAGATGGTTGCCCTAAACACCCAAGGACAAAA

GACTTAGTCCTAACCTTACTGTTAGTTCTTGCCACACATATACATGCAA 

GTATCCGCACTCCAGTGAAAATGCCCTCGACACCTTAAAAAGATAGTAGGAGCAGGTATCAGGCTCACTTAA

CTGTAGCCCAAAACGCCTTGCCTAGCCACACCCCCACGGGTACTCAGC 

AGTAATTGACATTAAGCAATAAGTGTAAACTTGACTTAGTTAAAGCAACCTACTAGGGTTGGTAAATCTTGT

GCCAGCCACCGCGGTCATACAAGAAACCCAAATTAACTTTTCACGGCG 

TAAAGAGTGGTCTCTCATTATCACCTCAACTAAGATTGAAATGCAATCAAGCTGTTATAAGCATAGAATGCA

CTTAACATCCCCTATCAAAATGATCTTAGCCCCCCGACTAATAAAGCC 

CACGAAAGCCAGGTCACAAACTGGGATTAGATACCCCATTATGCCTCGCCCTAAATCCTGATGTTTCTCCTAC

CAAAACATCCGCCCGAGAACTACGAGCACAAACGCTTAAAACTCTAA 

GGACTTGGCGGTGCTTCAAACCCACCTAGAGGAGCCTGTTCTATAATCGATAACCCACGATATACCCAACCA

CTTCTTGCCAAATCAGCCTATATACCGCCGTCGCCAGCTCACCCCTAC 

CCTGAGGGCCTAACAGTGAGCATAATAGCCCCCCCGCTAGCAAGACAGGTCAAGGTATAGCTTATGAAGTG

GAAGAAATGGGCTACATTTTCTAATATAGAAAACCACCCTACGACAAGG 

AACATGAAACTATTCCTAAAAGGCGGATTTAGTAGTAAAGCAGGACAATCATGCCTTCTTTAAACCGGCTCT

GGAGCACGTACATACCGCCCGTCACCCTCCTCACAAGCTACTTCACTA 

TATTCATACATAATTCACTTTTAAGCTAAAGATGAGGCAAGTCGTAACAAGGTAAGTGTACCGGAAGGTGTA

CTTAGTCTACCAAGATGTAGCTATAACAAAAGCATTCAGCTTACACCT 

GAAAGATACCTGTCCAGTATCAGGTCATCTTGAAGCCTACTCTAGCCCGCTCTTCCATCCACATAAACCAATT

GCCCTCTCTTCAAAAACCAAAACATTTTTTTACCTCAGTATAGGCGA 

TAGAAAGGTACCCCAAGGAGCAATAGAGACCACGTACCGCAAGGGAAAGATGAAATAGTAATGAAAACCC

AAGCGCCAAATAGCAAAGTTCAATCCTTGTACCTTTTGCATCATGATTTA 

GCAAGAACTGACCAAGCAAAACGCTAATTTAAGCTTGCCACCCCGAAACCCGCGCGAGCTACTTACGAGCA

GCTATTCAATGAGCAAACCCGTCTCTGTTGCAAAAGAGTGGGACGACTC 
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GTCAGTAGAGGTGAAAAGCCAATCGAGCCGGGCGATAGCTGGTTGCCTACGAAACGAATCTTAGTTCACCCT

CAATCTCCCTCCAAGGCCCAAACCAAACCCCCATGAAGAAGATCGAGG 

GCTACTTAAAGGAGGTACAGCTCCTTTAAAAAGAACACACTCTCCACAAGCGGATAAGTTCTCCCATATCCT

AACTGTGGGCCTTAGAGCAGCCACCACCAAAGAATGCGTCAAAGCTCA 

ACCCCTAAAAATTTGAAAGCCCTACAACTCCCTCTCCCCTAATAGGCTAACTTATATCTATAAGAGAATCAAT

GCTAAAATGAGTAACTAGGAACCTCCTCTATGGCGTAAACTTACATC 

CCCACATTATTACCAAATTTAGAGGTATATACTACCCTAACAAGACCCAATACCATAAAACCTGTTAACCCA

CCCAAGGAACGCCCCAAAGAAAGATTAAAATCTGCAAAAGGAACTAGG 

CAACTCCAAGGCCCGACTGTTTACCAAAAACATAGCCTTCAGCGAGTCAAGTATTGAAGGTGAAGCCTGCCC

AGTGACAGTACGTTCAACGGCCGCGGTATCCTAACCGTGCGAAGGTAG 

CGCAATCAATTGTCCCATAAATCGAGACACGTATGAATGGCTAAACGAGGTCTTAACTGTCTCTTGCAGATA

ATCAGTGAAATTGATCTCCCTGTGCAAAAGCAGGGATCATAACATAAG 

ACAAGAAGACCCTGTGGAACTTCAAAATCAACAGCCACTCCCATATACCACTCCCCCTACATATGGAATACC

TCACGGGACTCTATTGGCCTGTATTTTTTGGTTGGGGCGACCTTGGAG 

AAAAACGAATCCTCCAAAAATTAGACCACCCCTCTACACCAAGAACAACCTATCAACGTACTAACAGTAACC

AGACCCAATACCATTGATTAATGGACCTAGCTACCCCAGGGATAACAG 

CGCAATCTCCCCCAAGAGCCCCAATCGACAGGGAGGTTTACGACCTCGATGTTGGATCAGGACATCCTAGTG

GTGCAGCCGCTACTAAGGGTTCGTTTGTTCAACGATTAACAGTCCTAC 

GTGATCTGAGTTCAGACCGGAGTAATCCAGGTCGGTTTCTATCTATGATAAACTCCTTCCAGTACGAAAGGA

CAGAAAGAGTAAGGCCAATACCCCAAGCACGCCTTCGCCCAAAGATAT 

GAACTCAACTAAATCTCTTAGGGCTAACTTTCCTTACCCTCCTAAAAAAGGACCGCTAGAGTGGCAGAACTT

GGCAAATGCAAAAGGCTTAAGCCCTTTATCTAGAGGTTCAAATCCCCT 

CTCTAGCTTCCACACCAACTATATGATAATTTACCCCAACCTAACTCATCTCATCATATCCTTATCCTATGCCT

TACCCATTCTAGTTGCCGTAGCCTTCTTAACCCTAGTAGAACGTAA 

AGTCCTAAGCTATATACAAACACGTAAAGGCCCAAACATCGTAGGACCATTTGGTCTTCTACAACCTATAGC

AGATGGTGTAAAACTTTTTATTAAAGAGCCAATCCGCCCATCCACTTC 

TTCCCCCTACCTATTTATTCTCACTCCAATATTGGCCCTCCTTCTAGCAGTCATAATCTGAACCCCACTCCCAC

TACCTTTTCCTCTTGCAGATATAAACCTAGGCATACTTTTCCTCCT 

CGCACTATCTAGCCTCGCAGTCTATTCAATTCTATGATCTGGATGGGCCTCAAACTCAAAATATGCACTAATC

GGTGCTCTACGAGCAGTCGCACAAACAATTTCCTACGAAGTCACATT 

AGCCATTATTCTCCTATGTATTATCATTTTTAGCGGAAACTATACCCTTAATACCCTTACTACAACCCAAGAA

CCAATATACCTCATATTCTCTTCTTGACCCCTAGCAATAATATGATA 

TATTTCCACCCTCGCAGAAACAAACCGTGCCCCATTTGATCTAACAGAGGGTGAATCAGAACTAGTCTCAGG

GTTTAACGTTGAATATGCTGCAGGACCCTTTGCCTTATTTTTCCTAGC 

TGAATACGCTAACATCATACTTATAAATGCACTAACTACTATCTTATTCTTAAACCCAAGTTCACTTAACATC

ACCCAAGAACTCTACCCACTAACTCTAGCTACTAAAACCCTCCTACT 

TTCCGCAGGATTCCTATGAATCCGCGCCTCCTACCCTCGATTCCGCTACGACCAACTCATGCACCTACTATGA

AAAAGTTTCCTGCCACTTACACTATCATTATGCCTATGACATATCAG 

CCTTCCAATCTCATTCGCAGGTCTACCACCTCACCTAAGACTCCCGAGGAAATGTGCCTGAACGTTAAAGGG

TCACTATGATAAGGTGAACATAGAGGTATACCAACCCTCTCATTTCCT 

AGACTTAGAAAAGTAGGAATCGAACCTACACAGAAGGAATCAAAATCCTTCATACTTCCTTTATATTATTTC

CTAGTAAGGTCAGCTAATCAAGCTATCGGGCCCATACCCCGAAAATGA 

TGGTTTAACTCCTTCCCTTACTAATAAACCCCCAAGCTAAATTCATTTTCTCAATAAGTCTCCTCCTAGGTACT

ACAATTACAATTTCAAGCAACCACTGAATTATAGCATGAGCTGGAC 

TTGAAATTAATACTTTAGCTATCCTCCCCCTAATCTCAAAATCTCATCACCCACGAGCCATTGAAGCCTCAAC

TAAATACTTCCTAGTCCAAGCAACCGCCTCCACACTCCTCCTATTTT 

CCAGTATAACCAACGCATGATTCACTGGTCAGTGAGATATTACTCAACTCACTCATTCAGTATCATGTCTACT

GCTAACAGCTGCAATCTCAATAAAGCTAGGCTTGGTCCCATTCCACT 

TCTGATTCCCAGAAGTCCTTCAAGGTTCCTCCTTAATAACTAGCCTGCTGCTAGCCACAATCATAAAATTCCC

TCCCACCGTACTCCTCTTGTTAACCTCCCCCTCACTAAATCCCACAC 

TACTATCCATATTAGCAATTGCCTCCGCTGCCCTAGGAGGCTGAATAGGGCTCAACCAAACTCAAATCCGCA

AAATTATAGCCTTCTCGTCTATCTCCCATCTAGGCTGAATGACCATTA 

TCCTCATCTACAACCCTAAACTCACGCTTATTGCTTTCTACCTCTATTCTCTAACTACAGCTGCCATTTTCTCT

GCCCTCAGTGCTATCAACTCTTTAAAACTGACCACCTTAATAACTG 

CGTGATCCAAAATTCCTGCACTAAGTGCAACCCTAATACTAACTCTTCTATCTCTCGCAGGTCTTCCCCCATT

AACTGGATTTCTACCAAAATGGCTAATTATTCAAGAGCTAACTAAAC 

AAGAACTAACAGCCACAGCTACTATCATTGCCCTACTCTCTCTCCTAGGACTTTTCTTCTACCTCCGTCTTGCT

TACTGTGCAACAATTACACTTCCCCCAAACTCTGCTAACCACATAA 

AACAATGACGAACCAACAAGCTCACTAACTTACTAACCCCCACCCTCATTATAATATCAGCTACACTTTTACC

CCTATCACCTACAATCCTTACTATTCCATAGAAGCTTAGGTTACTTA 

AACCGAAGGCCTTCAAAGCCTTAGACAAGAGCTATTTCCTCTTAGCTTCTGCTAAGATCCGCAGGATACTAA

CCTGCATCCTCTGAATGCAACCCAGATGCTTTAACTAAGCTAGGACCT 
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TCCCTAGACAGATGGGCTTCGATCCCATAACACTCTAATTAACAGCTAGATGCCATAACCTACAGGCTCCTG

TCTACTAGACTCCGGTATATACTTAATACACATCTTTGAGTTTGCAAC 

TCAATATGAAATTCACTACAGAGTCGATAAGAAGAGGAATTAAACCTCTGTCAAAAGGACTACAGCCTAAC

GCTTCAACACTCAGCCATCTTACCTATGACCTTCATTAACCGATGATTA 

TTCTCAACCAACCATAAAGACATTGGCACATTATACCTAATTTTTGGCGCTTGAGCTGGCATAATTGGTACCG

CCCTAAGCCTCCTTATCCGAGCAGAATTAGGACAACCAGGGACTCTC 

CTAGGGGATGACCAAATCTATAATGTAATCGTCACTGCTCATGCCTTTGTAATAATCTTCTTTATAGTAATGC

CCATTATAATCGGAGGATTCGGTAATTGATTAGTTCCCTTAATAATT 

GGTGCCCCCGACATAGCATTCCCCCGCATGAACAACATAAGTTTCTGACTATTGCCCCCATCATTCCTCCTTC

TTCTAGCCTCATCCACAGTCGAAGCCGGAGCCGGAACAGGATGAACT 

GTCTACCCACCATTAGCTGGAAACCTAGCACATGCTGGAGCTTCCGTAGACTTAGCTATTTTCTCCCTTCACC

TTGCAGGTGTCTCTTCAATTTTAGGTGCCATCAATTTTATTACTACC 

GCAATTAACATAAAACCACCCGCCCTATCACAATACCAAACTCCCCTCTTTGTGTGATCCGTCCTAATCACTG

CAGTCCTTCTCCTCCTCTCTTTACCAGTCCTTGCCGCAGGTATCACC 

ATGCTATTAACAGATCGCAACCTTAACACTACATTTTTCGACCCCGCAGGAGGAGGAGACCCAATCTTATAC

CAACATCTTTTCTGATTCTTTGGTCACCCCGAAGTTTATATTCTAATC 

TTACCAGGATTCGGTATTATTTCTCATGTAGTAGCATACTACGCTGGCAAAAAAGAACCATTCGGCTACATA

GGAATAGTCTGAGCCATACTCTCTATTGGTTTCCTAGGTTTTATCGTA 

TGAGCTCATCATATATTTACAGTAGGAATGGACGTAGACACTCGAGCATACTTTACATCCGCCACAATAATC

ATTGCAATCCCTACCGGCATTAAAGTTTTTAGCTGACTAGCTACACTT 

CATGGAGGGACTATTAAATGAGACCCTCCCATGCTATGAGCTCTGGGATTTATCTTTCTATTTACCATCGGAG

GACTCACAGGCATTGTCTTAGCCAACTCTTCCTTAGACATTGCTCTT 

CATGACACTTATTATGTAGTAGCCCACTTCCACTATGTCTTATCAATAGGGGCTGTATTTGCAATCCTAGCAG

GCTTTACACACTGATTCCCACTCTTCACAGGCTACACCCTCCATCAA 

ACATGAGCTAAAGCCCATTTTGGAGTCATGTTTACAGGTGTAAATTTAACCTTCTTCCCCCAACACTTCCTAG

GCCTAGCTGGTATACCACGACGATATTCAGATTACCCAGATGCCTAC 

ACCTTATGAAACACCCTATCCTCTATTGGCTCTCTCATCTCTATAACTGCTGTAATTATGCTTATGTTTATCAT

CTGAGAAGCTTTTGCATCCAAACGAAAAGTAATGCAACCTGAACTT 

ACTTCTACCAACATTGAATGAATCCATGGTTGCCCTCCCCCATATCACACTTTTGAAGAACCAGCCTTCGTCC

AAATCCAAGAAAGGAAGGAATCGAACCCTCACAAGCTGGTTTCAAGC 

CAACCGCATTAAGCCACTTATGCTTCTTTCTTATGGGTTGTTAGTAAAAAAATTACATAGTCTTGTCAAGACT

AAATCACAGGTGAAAACCCAGTACACCCCATCCCTTCCAATGGCCAA 

CCACTCCCAATTCGGTTTCCAAGACGCCTCATCTCCCATCATAGAAGAATTAATTGAATTCCATGATCACGCT

TTAATAGTTGCCCTAGCAATCTGTAGCCTAGTACTTTACCTCCTGAC 

CCTTATACTCATAGAAAAACTATCATCCAACACTGTTGACGCGCAAGAAGTAGAACTAGTCTGAACCATTCT

ACCCGCAATTGTCCTAATCATGCTAGCCCTTCCCTCACTTCAAATTCT 

TTATATAATAGACGAAATTGACGAACCCGACCTCACACTTAAAGCTATCGGCCACCAATGATATTGATCCTA

TGAATATACAGACTTCAAAGAATTATCCTTCGATTCATACATACTACC 

AACTACAGAACTCCCACTAGGTCACTTTCGACTACTAGAAGTTGACCACCGTATTGTTATTCCTATAGAATCC

CCCATTCGGGTTATCGTAACAGCCGATGACGTCCTACATTCTTGAGC 

CATTCCTAGTCTCGGCGTAAAAACTGACGCAATCCCAGGGCGACTCAACCAAACATCATTTATTACTACCCG

ACCTGGAATTTTCTATGGTCAATGTTCAGAAATCTGCGGAGCGAACCA 

TAGCTTCATACCTATCGTAGTTGAATCAGCCCCCCTAACCCACTTCGAAAGCTGATCTTCACTCCTATCATCA

TAAACATTAAGAAGCTATGAACCAGCACTAGCCTTTTAAGCTAGAGA 

AAGAGGACCTCAACCCTCCTTAATGGTATGCCACAGCTAAACCCAGCACCATGATTCTTTATCATGTTATCCT

CATGATTTATTTTTTCCTTTATCCTTCAGCCCAAAATTCTATCATTC 

ACCTCCACAAACCAACCCTCTAACAAAGCCCTCTCTACCATAAAAACATCCCCCTGAAACTGACCATGAACC

TAAGCTTCTTTGACCAATTTATAAGCCCTTCCCTATTAGGAATCCCAT 

TAATCCTTATCTCACTCTTGTTTCCAACACTCCTATACCCTTCCCCTAGCAACCGATGAATTACAAACCGTATT

TCTACCCTCCAACTCTGACTCTTTCAACTACTCACAAAACAACTTA 

TAACCCCAATAAACAAAAAAGGACATAAATGAGCCCTAATCTTACTCTCACTCATAATCTTTCTCCTGACAA

TTAATCTTCTAGGGCTCCTACCTTATACATTCACTCCTACTACCCAAT 

TATCCATAAACCTAGCCCTAGCCTTTCCACTATGACTCGCAACCTTACTCACAGGCCTACGAAACCAACCCTC

AGCCACTCTAGGCCATCTCCTGCCAGAAGGCACCCCCACACCCTTAA 

TTCCTGCCCTCATTTTAATTGAAACTACTAGCTTACTTATTCGCCCCTTAGCCCTAGGAGTTCGCCTTACTGCT

AACCTCACAGCCGGACATTTACTCATCCAACTTATTTCAACTGCTA 

CTACTGTCCTTCTACCTATAATTCCAACAGTATCTTTACTTACTGCAACCATCCTCTTTTTACTCACTATCTTA

GAGGTAGCTGTTGCCATAATTCAAGCCTACGTTTTCGTTCTACTAT 

TAAGTCTTTACCTACAAGAAAATATCTAAACCCTAATGACCCACCAAGCACACTCATTTCATATAGTAGATC

CAAGCCCCTGACCCATTTTTGGAGCAGCAGCTGCTCTTCTCACTACTT 

CAGGACTAACCATATGATTTCATCATAACTCTACCCAACTCCTAACCTTAGGGTTATTATCCATAGTCCTTGT

TATAATTCAATGATGGCGCGATATCGTACGAGAAAGCACATTCCAAG 
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GCCATCATACTCCTACCGTCCAAAAAGGTCTACGTTACGGTATAATCTTATTTATTACATCCGAAGCATTTTT

TTTCTTAGGCTTCTTCTGGGCATTCTTCCATTCAAGCCTAGTCCCAA 

CTCCAGAACTCGGAGGACAATGACCTCCTATAGGAATCAAACCCCTCAACCCCATAGAAGTTCCCCTATTAA

ATACAGCGATCCTACTAGCCTCTGGTATTACCGTCACATGAGCACACC 

ATAGCATTGTAGAAGCCAACCGAACCCAAGCAACCCAAGCTCTATTTATAACTATCGCGTTAGGATTCTACT

TCACAGCTCTCCAAGCAATAGAATATTATGAAGCCCCATTTTCAATCG 

CCGATGGAGTCTACGGATCAACTTTTTTTGTAGCCACAGGATTTCATGGCCTTCATGTAATCATTGGTTCTTC

CTTCCTATCCGTCTGCTTCCTTCGACTTGTTAAATTCCACTTCACCT 

CTAACCACCACTTTGGTTTCGAAGCAGCAGCTTGATACTGACATTTTGTTGATGTCATCTGACTATTCCTCTAT

ATAACTATTTACTGATGAGGATCCTGCTCTTCTAGTATAATAATTA 

CAATTGACTTCCAATCTTTAAAATCTGGACCAAAACCAGAGAAGAGCAATTAACATAATCACCTTCATACTG

ATATTATCCCTATCACTAAGTATCATCCTCACTACACTAAATCTATGA 

CTAGCACAAACCAACCCAGACTCAGAAAAATTATCCCCCTACGAATGCGGCTTCGACCCACTAGGATCCGCT

CGACTCCCATTTTCAATCCGATTCTTTCTAGTCGCAATTTTATTCCTC 

CTCTTTGACTTAGAAATTGCACTCCTTTTACCCCTCCCGTGAGCTACTCAACTTCAATCCCCCCTCACCACCCT

AACATGGGCATTTATCATACTTCTTCTCCTAACACTAGGACTTATA 

TATGAATGAGCCCAAGGAGGTCTAGAATGGGCAGAATAACTCCAGAAAGTTAGTCTAATAAAGACAGTTGA

TTTCGGCTCAACAAATCACAGTCCTACCCTGTGACCTTCTCTATGACCT 

TCCTACACCTAACTTTCTATTCCACTTTTACCCTAAGCAGCCTAGGCCTAGCCTTCCACCGAACCCACCTAAT

CTCTGCCCTTTTATGCTTAGAAAGCATAATACTGTCTATATATATCG 

CCCTTTCTTTATGACCCATCCAAACACAAATATCCTCCTCCACCCTAATACCCATCCTAATATTAGCATTCTCT

GCCTGCGAAGCAGGCGCTGGCCTTGCAATTCTAGTAGCCTCAACCC 

GGACCCATGGATCCGACCACCTCCACAACCTCAACCTCTTACAATGCTAAAAATTATCATCCCAACGATAAT

ACTCCTCCCAACAGCCCTCCTATCACCCTCAAAGTCCCTATGAATCAA 

TGTTACCTCCCACAGCCTATTAATTGCAGCCGTAAGCCTCCATTGACTCTCCCCAACATACTACGCTAACAAA

AATCTATCTCAATGACTTGGGGTGGATCAAATCTCATCACCATTACT 

AGTCTTATCTTGCTGACTTCTACCCCTCATAATATTAGCTAGCCAAAACCACCTTCAACAAGAACCATCCACA

CGAAAACATATTTTTATCCTAACCATAATTCTTACTCAACCCTTTAT 

TTTACTAGCATTCTCATCCCTAGAACTCATATTATTTTATATTGCATTCGAAGCTACCTTAATCCCCACCCTCA

TCCTAGTTACACGGTGAGGAAGTCAACCAGAACGCCTAAGTGCTGG 

TATTTACCTACTATTTTACACACTTATTAGCTCCCTCCCACTATTAGTTGTTATCCTCCACCTTCATACCCAAA

CGGGCACCATGCATCTTGCTATAATAAAACTTATCCACCCGTCCCT 

TACTGACTCATGAACAGGAACTTTATCCAGTCTCGCCTTACTCCTTGCATTCATAGTAAAAGCTCCTCTTTAC

GGACTACACTTATGACTTCCAAAAGCACACGTAGAAGCCCCAATCGC 

AGGATCTATGCTTTTAGCCGCCCTCCTTCTAAAACTTGGAGGATATGGCATCATACGCGTATCCATAATTACA

AACCCCCTCCTAAACTACCTACACTACCCATTTCTATCTCTAGCTCT 

ATGAGGAGCATTAATAACAAGCTCCATCTGTCTCCGCCAAATCGACTTAAAATCTATAATCGCATATTCTTCT

GTAAGCCACATAGGCCTAGTCGTAGCCGCAGTCATAATCCAAACCCA 

CTGATCATTTTCAGGGGCTATAATCCTAATAATCTCCCATGGACTTACATCCTCCATATTATTCTGTCTAGCCA

ACACAAACTATGAACGAACACATAGCCGAATTCTATTCCTAACACG 

AGGCCTACAACCCCTCCTTCCCCTCATAGCTATCTGATGACTTCTAGCCAGTCTCACTAACATAGCACTTCCC

CCCACAACCAACCTTATAGCCGAACTAACCATTATAATTGCCCTCTT 

TAACTGATCTGCTCTCACCATTATCTTAACCGGAATTGCAACCCTCTTAACTGCCCTATACACCCTATACATG

TTACTTACAACCCAGCGAGGCCCCATCCCAACTTACATGACATCAAT 

TCAAAACTCCAACACCCGAGAACACTTACTTATAACTCTCCACATCCTCCCCGCCCTTTTACTTATTCTAAAA

CCAGAACTTATCTCAATAATCCCTTCATGCAAGCATAGTTTTAATCC 

AAACATTAGACTGTGATCCTAAAAATAGAAGTTAAACTCTTCTTGCCTGCCGAGGGGAGGTTTAACCAACAA

GAACTGCTAACTCTTGCATCTGAGTATAAAAGCTCAGCCCCCTTACTT 

TTAAAGGATAGTAGCAATCCACTGGTCTTAGGAGCCATTTACCTTGGTGCAAATCCAAGTAAAAGTAGTGCA

TATCCCATTAATCCTAAACTCCTTCATAATCCTCACCCTTCTCATCCT 

ACTAACCCCAATCTTCCTTCCCCTTCTAATCAAAAACTACCAAAACTCTCCAACTAACATTACACAAACTGTC

AAAGCCTCATTTATTACCAGCCTAGTGCCAATAACTCTTTTCATATA 

TATAAACATGGAAAGTATTTCATTATACTGAGAATGAAAATTTATTATAAACTTCAAAATCCCACTAAGCTTC

AAAATAGACCAATACTCACTAACATTCTTTCCCATCGCATTATTTGT 

AACATGATCTATTCTTCAATTTGCATCATGATACATAGCCTCAGAACCCTTCATCACAAAATTCTTCTTCTATC

TTCTAACCTTTCTTATCGCTATACTTTGCCTCATCATCGCAAACAA 

CATATTCCTTTTATTTATTGGATGAGAAGGAGTCGGAATCATATCTTTTCTCCTTATCGGATGATGACACGGA

CGAGCAGAGGCCAACACAGCTGCTCTCCAAGCCGTACTCTATAACCG 

CATCGGAGACATTGGCCTAATCCTATCAATGGCCTGACTAGCTTCCTCCCTAAACACCTGAGAAATTCAACA

ACTGTCATTTCAGAATCAAATTCCACTACTCCCCCTTCTAGGCCTAAT 

CCTCGCAGCCACAGGAAAATCCGCTCAATTCGGTCTACATCCATGACTCCCAGCAGCCATAGAAGGCCCCAC

TCCTGTCTCCGCCCTACTTCATTCTAGCACTATAGTAGTAGCTGGAAT 
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CTTCTTACTTATCCGCACCCACCCCATACTTTGCAACAACCAAATTGCCCTTACTTTGTGTCTCTGCCTGGGAG

CTCTCTCCACACTATTTGCCGCCGCATGCGCTCTTACCCAAAATGA 

CATCAAAAAAATCATCGCCTTCTCCACATCAAGCCAATTAGGCCTAATGATAGTAACAATTGGCCTAAACCT

TCCACAATTAGCCTTCCTACACATTTCAACTCATGCATTCTTCAAAGC 

AATACTCTTCTTATGCTCAGGCTCAATCATTCATAGCCTCAACGGTGAACAAGACATTCGAAAAATAGGAGG

CCTACAAAAATCACTTCCAATCACCATATCATGCTTAACCATTGGCAA 

CCTAGCCCTCATAGGAACCCCCTTCTTAGCAGGATTCTACTCAAAAGACCTTATCATCGAAAACCTAAACAC

ATCTTACCTCAACACGTGAGCACTTCTCTTAACACTCTTAGCCACATC 

CTTTACTGCAACTTACAGCATACGCATATCCTTACTAGTACAAACCAACTTCACCCGAACTTCCTCCTCCACT

CCAATCAATGAAAACCACCCAGCAGTCATAAACCCAATTAGCCGCCT 

TGCCATTGGAAGCATCATAGCCGGACTACTAATCACCTCCTTTATCCTTCCTACAAAAACTCCACCTATAACT

ATATCTTTTACTACAAAAACTGCAGCCATCATTGTATCCCTACTAGG 

AATCATAATTGCACTAGAACTATCAAAACTAACCCATATTCTCACTAGCCCTAAACAAAATGCCACTACTAA

CTTCTCTACCTCCTTAGGCTACTTCAACCCCCTAATACACCGCCTAAG 

TTCAACCAAACTACTAAGCACCGGACAAAATATCGCATCACACCTAATCGACCTGTACTGGTATAAAAAAAT

AGGCCCCGAAGGACTCGCAACCCTCCAACTTAAAGCTACCAAAACCTC 

AACTACTCTCCACAGCGGATTAATCAAAACTTACCTAGGATCCTTCGCACTATCTATTTTTATCATTATCCTGT

ACATACACGGAACTAATCAATAATGGCACCCAACCTACGAAAACAC 

CACCCTCTCCTAAAGATAGTAAACGACTCTCTTATCGATCTTCCCACTCCATCAAACATCTCAGCCTGATGAA

ACTTTGGTTCTCTTCTAGGAATCTGCCTAGCAACACAAATCGTCACC 

GGCCTCCTACTTGCTATACACTACACTGCAGACACCTCTTTAGCCTTTACATCAGTTGCCCACACATGCCGAA

ACGTCCAATTTGGCTGACTAATCCGTAACCTCCATGCAAATGGAGCA 

TCCTTTTTCTTCATCTGCATTTACCTACATATCGGGCGAGGATTCTACTATGGATCATACTTATATAAAGAAA

CCTGAAACACTGGCGTTATCTTACTTCTAACCCTAATAGCAACTGCT 

TTCGTCGGATATGTCCTTCCATGAGGGCAAATATCATTCTGAGGCGCTACAGTAATTACCAATTTATTTTCAG

CAATCCCTTACATCGGTCAAACACTCGTAGAATGAGCCTGAGGTGGA 

TTTTCAGTTGATAACCCTACACTTACTCGATTCTTTGCCCTCCACTTCCTTCTCCCATTCATAATCGCAGGTCT

TACATTTATCCACCTAACCTTCCTTCATGAAACAGGATCAAACAAC 

CCTTTAGGAATTTCCTCAAACTGCGATAAAATTCCATTCCACCCTTATTTTTCCACAAAAGATATCTTAGGCT

TCATTATTCTACTCTTACCACTAATAACATTAGCTATATTCTCACCT 

AATCTCCTAGGCGACCCAGAAAATTTTACGCCCGCCAACCCATTAGTAACTCCCCCCCACATTAAACCAGAA

TGATATTTCCTTTTTGCGTATGCTATCCTTCGATCCATCCCTAACAAG 

CTCGGAGGGGTCTTAGCACTTGCAGCCTCAGTCCTAGTACTATTTCTAGTCCCATTCCTTCACATATCGAAAC

AACGCACCATAACCTTCCGCCCTCTCTCCCAACTACTATTCTGAATC 

CTAGTAACTAACCTCCTCATCCTAACATGAATTGGAAGCCAACCAGTAGAACATCCATTCATTATTATCGGCC

AACTGGCCTCACTAACTTACTTCACTATCATTCTAATCCTATTCCCA 

ATTATCGAAATACTAGAAAACAAGCTACTAAGTTTCTAACTACTCTAATAGTTTATTAAAACATTGGTCTTGT

AAACCAAAGACTGAAGGTTCCCCCCTTCTTAGAGTTATAAACCCCTA 

CAACTTAACACCAGCACACACTTCCCTCTAATAATAAAAGGGACCCCCCCCCTCCCCCCCAATTTTTACATTT

TAGGGTATGTATTACTTTGCATTACATTATTTTCCACATTAGACATA 

CCATGCATGTAGGAAAATGTCATATTAATTTAATGGTCGGAGCGCATAAATTTTCATGCTTAGTCCCATAACA

ATCCACCCAAGCCATATCCCGATCTAGGCACATTTCTACTTCAAGGA 

CCCGCCATGTCATGATCTAGGAATATTCCCAATACCCGGACTAAAACCTATTAAATGCCAGTTTTTGCATAAA

TCCTTCTTATACACGAGGAACCTCCCAAGACTTAAAATCCATGTACT 

AAGGACCACTCATCAATTAACCTTGCTCTACGTACTGACCAAGAAGTACTGGGTTATTTATTGATCGTACCCC

TCACGAGAAACCAGCAACCCGGCGTTAGTAATGTTTATCACGACCAG 

CTTCAGGTGCATTCTTCCCTCGTCCCTGGCCCAACTTGCGCTTTTGCGCCTCTGGTTCCTCGGTCAGGGCCATA

ACTTGATTAATTTTCCTATACTTGCTCTCCGTTACTAATGGTTGGG 

GATGCTTGACCATTATGGACCTCGTGATCGCGGCATCTTCTTTCTTCTATACTTCTCTTATCTTTTTTGGGGTA

GATCTCAATAAGCCCTTCAGAGTGCTCCGCCAGTGGGCCCCCATAT 

ATGCTTGACATGTCCATCTTGTGGTCGGCGTGCGGTTTTCTCACTTTCTCGAGCAAATTAATGATATGGGGTC

ATGTGTAACTCGGTCTCATACTGTAGCACTGATGCACTTTGTTGTGC 

TATTGGTTTGGAACTTCCAGTTCGTCTCTAAGCTAGGTGTTGTTCAGTTAATGCTCGCCGGACATATTTTGAC

CTCGTCAATTTCACAAAAATTGACAAAAATTTATACATTTTGCCACT 

ACTCTAGGCACTTCCATCTAAAACGTATTAATTCTTGTCATCAATTTTTTTTTCAAAAATTTAAAATTTTTTAC

ACATTCCATTCCGCCGATTTCCCTCTTTAATAAAATTCATTCTTTT 

TTTTTGCAAAAATTTTTACATTCAATTTAAAAACCCATGAATTTTCTAGGCTAATCCCTTTTATTATCATCGTT

TTATGTTTATTTATTTATTTTTGCATAACCATCCATCAATTTTTCT 

ACTAGAATCCCTTTAATCAACGAATTATTCAACTTACCCCCACAAAATTTCCAACGATATATTTATTGTTTTG

ACCCTTTCACTACCCTAACAATCAACCCCTTAACCGATTTTATTCAA 

ACCTAACTATGAGACTAACACAACCCAATCATCTTACTCCATCCCATATAATCATCAATTAAACTACCAGTTT

AAACTTGTTCAACCCCCCCCCCACATTCAGAGAAAAAGGAATCAAAC 
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CTTTATCATCAACTCCCAAAGCTGACATTTTAATTAAACTATTCTCTGATTTATCTCCCCTAAACAGCCCGAA

TAGTCCCCCGAGACAGCCCTCGCACAAGCTCCAAAACCACAAATAAA 

GTTAATAACAACCCCCAACCCGCAACAAAAAACTGTCCCACTCCCCAAAAATAAAACATAGCTGCACCATCA

AAATCTAACCGTACAGAAGCCATCCCCTCACAATCCACTGTACCGACA 

CCAACCAACCACCCCCCCGGCAACCCAACTAAAAACACCCCACATACTAATACTACAACTAACCCTACAGCA

TATACTAAAACTCGTCAATCCCCCCAAGCCTCAGGAAAAGGATCAGCC 

GCCAATGATACTGAGTAAACAAACACTACCAACATTCCGCCTAAATATACTAAAAATAGTACCAACGATACA

AAAGACGATCCTAAACTCATCAACCACCCACACCCCACAATAGACCCC 

AACACCAGACCTATCACCCCATAATAAGGAGAAGGATTAGAAGCTACCGCCAATCCTCCTAAAATAAAACA

AATACTTAAAAAAATCATAAAGTATGTCATAGAATTCCTACTTGGTTTC 

TCTCCAAGACCTATGGCCTGAAAAACCACCGTTGTAAATTCAACTATAAGAACTTACATTACTACAAACTCC

TAACCAAACACAACCAAAACTTCTTCCACATCACCTTACTTACTACTT 

TCAACCTCCCCAACCCATTCTAACAAATGCTTCTTTTTTTTAGACCCATCCAATACAACCAATACCCCTACGT

CAAAAGTACTACAACTATAAAACCAACACACAACTAAA 
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Part II.  Nuclear genome assembly and annotation 

Estimates of genome completeness using BUSCO and compleasm, passeriformes lineage. 

 

Completeness of genome assembly based upon BUSCO v5.4.7 analyses: 

 

 C:96.2%[S:95.9%,D:0.3%],F:0.6%,M:3.2%,n:10844     

 10437 Complete BUSCOs (C)       

 10400 Complete and single-copy BUSCOs (S)     

       37 Complete and duplicated BUSCOs (D)     

       62 Fragmented BUSCOs (F)       

     345 Missing BUSCOs (M)       

 10844 Total BUSCO groups searched  

 

Completeness of genome assembly based upon compleasm v0.2.2 results: 

 

 C:99.45%[S:99.35%, D:0.09%],F:0.30%,M:0.25%,n:10844 

10784 Complete BUSCOs (C) 

10774 Complete and single-copy BUSCOs (S)    

      10 Complete and duplicated BUSCOs (D) 

      33 Fragmented BUSCOs (F) 

      27 Missing BUSCOs (M)  

10844 Total BUSCO groups searched  

 

Completeness of genome assembly based upon combined BUSCO and compleasm analyses: 

 

C:99.72%[S:99.63%,D:0.09%],F:0.-6%,M:0.22%,n:10844 

10814  Complete BUSCOs (C) 

10804  Complete and single-copy BUSCOs (S)    

      10     Complete and duplicated BUSCOs (D) 

        6     Fragmented BUSCOs (F) 

      24     Missing BUSCOs (M) 

10844  Total BUSCO groups searched 

 

BUSCO reported 345 missing, while compleasm found all but 27, of the 10844 passeriformes lineage 

single copy orthologs. Of the 27 not found by compleasm, 3 of those however were found by BUSCO. 
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Table S1.  P.nanus 1.0 Repeat Elements 

file name: bPyrNan1.0.fasta 

sequences: 152 

total length: 1072479546 bp (1072468046 bp excl N/X-runs) 

GC level:      42.30% 

bases masked:   120094435 bp (11.20 %) 

            

number of 

elements*  

length occupied 

of sequence   

percentag

e 

Retroelements    223983 80090817 bp 7.47% 

   SINEs:          9529 1115561 bp 0.10% 

   Penelope:        168 60923 bp 0.01% 

   LINEs:        180191 58469783 bp 5.45% 

          CRE/SLACS 0 0 bp 0.00% 

          L2/CR1/Rex  172099 56473377 bp 5.27% 

          R1/LOA/Jockey 0 0 bp 0.00% 

          R2/R4/NeSL    4414 330241 bp 0.03% 

          RTE/Bov-B     1812 1249014 bp 0.12% 

          L1/CIN4         78 18471 bp 0.00% 

   LTR elements:  34263 20505473 bp 1.91% 

          BEL/Pao 0 0 bp 0.00% 

          Ty1/Copia      315 128833 bp 0.01% 

          Gypsy/DIRS1   2077 1374185 bp 0.13% 

          Retroviral 31601 18935339 bp 1.77% 

    

DNA transposons   26638 5513805 bp 0.51% 

   hobo-Activator  4104 921735 bp 0.09% 

   Tc1-IS630-Pogo   570 98656 bp 0.01% 

   En-Spm             0 0 bp 0.00% 

   MULE-MuDR        359 165393 bp 0.02% 

   PiggyBac           0 0 bp 0.00% 

   Tourist/Harbinger   8018 827140 bp 0.08% 

   Other (Mirage, P-element, 

Transib) 0 0 bp 0.00% 

    

Rolling-circles     217 74483 bp 0.01% 

    

Unclassified:     43282 16674470 bp 1.55% 

    

Total interspersed repeats:     102340015 bp 9.54% 

    

Small RNA:         2576 410422 bp 0.04% 

    

Satellites:        3630 1299929 bp 0.12% 

Simple repeats:  278611 13149163 bp 1.23% 

Low complexity:   54796 3038055 bp 0.28% 
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Table S2.  Scaffold composition: assignment to chromosome and information about size and gene and 

telomere content.
 

 

Scaffold /Chr 

number 
Size bp 

Location along 

genome 

Cumulative 

Genome 

percentage 

BUSCO markers data into categories of 

total BUSCOs (B), Complete and single-

copy (C), Complete and duplicated (D), 

Fragmented (F), and any duplicated, 

fragmented or complete (d). 

Telomere regions present in 

the scaffold 

Chr1_Lvf 117695848 117,695,848 10.97% B:890 C:886 F:1 D:2 d:3 telomeres: BOTTOM 

Chr2_Lvf 115308024 233,003,872 21.73% B:904 C:903 F:1 D:0 d:0 
telomeres: TOP BOTTOM_near 

BOTTOM_near 

Chr3_Lvf 97861697 330,865,569 30.85% B:577 C:575 F:0 D:1 d:2  

Chr4_Lvf 74117589 404,983,158 37.76% B:659 C:658 F:1 D:0 d:0 telomeres: BOTTOM 

ChrZ_Lvf 74110192 479,093,350 44.67% B:536 C:534 F:0 D:1 d:2 telomeres: TOP BOTTOM 

Chr6_Lvf 74038366 553,131,716 51.58% B:548 C:548 F:0 D:0 d:0 telomeres: TOP 

Chr7_Lvf 63982733 617,114,449 57.54% B:728 C:727 F:0 D:1 d:1 telomeres: TOP 

Chr8_Lvf 55732288 672,846,737 62.74% B:404 C:401 F:0 D:2 d:3 telomeres: TOP 

Chr9_Lvf 39130240 711,976,977 66.39% B:374 C:373 F:1 D:0 d:0  

Chr10_Lvf 36877371 748,854,348 69.82% B:412 C:409 F:1 D:1 d:2 telomeres: BOTTOM 

Chr11_Lvf 30701327 779,555,675 72.69% B:420 C:420 F:0 D:0 d:0  

Chr12_Lvf 25824471 805,380,146 75.10% B:355 C:355 F:0 D:0 d:0 
telomeres: TOP BOTTOM_near 

BOTTOM 

Chr13_Lvf 21584164 826,964,310 77.11% B:258 C:258 F:0 D:0 d:0 telomeres: TOP 

Chr14_Lvf 21327804 848,292,114 79.10% B:303 C:303 F:0 D:0 d:0 telomeres: TOP 

Chr15_Lvf 20799835 869,091,949 81.04% B:290 C:290 F:0 D:0 d:0 telomeres: TOP 

Chr16_Lvf 20111806 889,203,755 82.91% B:243 C:242 F:0 D:1 d:1 telomeres: TOP TOP_near 

Chr17_Lvf 18644349 907,848,104 84.65% B:251 C:251 F:0 D:0 d:0 telomeres: TOP BOTTOM 

Chr18_Lvf 16541591 924,389,695 86.19% B:318 C:316 F:0 D:1 d:2 telomeres: TOP BOTTOM 

Chr19_Lvf 15567225 939,956,920 87.64% B:262 C:262 F:0 D:0 d:0 telomeres: TOP BOTTOM 

Chr20_Lvf 15002696 954,959,616 89.04% B:274 C:274 F:0 D:0 d:0 telomeres: TOP 

Chr21_Lvf 12777097 967,736,713 90.23% B:229 C:229 F:0 D:0 d:0 
telomeres: TOP TOP_near 

MIDDLE MIDDLE 

Chr22_Lvf 12573319 980,310,032 91.41% B:223 C:222 F:1 D:0 d:0 telomeres: MIDDLE 

Chr23_Lvf 11756239 992,066,271 92.50% B:248 C:248 F:0 D:0 d:0 telomeres: TOP 

Chr24_Lvf 8003886 1,000,070,157 93.25% B:188 C:188 F:0 D:0 d:0 telomeres: TOP BOTTOM 

Chr25_Lvf 7744152 1,007,814,309 93.97% B:139 C:139 F:0 D:0 d:0 telomeres: TOP BOTTOM 

Chr26_Lvf 7268963 1,015,083,272 94.65% B:134 C:134 F:0 D:0 d:0 telomeres: BOTTOM 

Chr27_Lvf 6803409 1,021,886,681 95.28% B:154 C:153 F:0 D:1 d:1 telomeres: TOP 

Chr28_Lvf 6444326 1,028,331,007 95.88% B:170 C:170 F:0 D:0 d:0 telomeres: TOP 

Chr29_Lvf 6179786 1,034,510,793 96.46% B:164 C:163 F:0 D:1 d:1 telomeres: TOP 

Chr30_Lvf 4788275 1,039,299,068 96.91% B:85 C:82 F:0 D:2 d:3 telomeres: TOP BOTTOM 

Chr31_Lvf 4683349 1,043,982,417 97.34%  telomeres: MIDDLE BOTTOM 

Chr32_Lvf 4644022 1,048,626,439 97.78% B:61 C:60 F:0 D:1 d:1 telomeres: TOP BOTTOM 

Chr33_Lvf 2372421 1,050,998,860 98.00% B:29 C:29 F:0 D:0 d:0 telomeres: BOTTOM 

Chr34_Lvf 2292617 1,053,291,477 98.21%  telomeres: TOP TOP_near 

Chr35_Lvf 1968829 1,055,260,306 98.39% B:3 C:0 F:0 D:1 d:3 * telomeres: MIDDLE BOTTOM 

Chr36_Lvf 1929877 1,057,190,183 98.57%  telomeres: TOP 

Chr37_Lvf 1896899 1,059,087,082 98.75%  telomeres: TOP 

Chr38_Lvf 1688031 1,060,775,113 98.91%   

scaffold_39 792425 1,061,567,538 98.98%   

scaffold_40 681081 1,062,248,619 99.05%   
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scaffold_47 617421 1,062,866,040 99.10%   

scaffold_41 466723 1,063,332,763 99.15%   

scaffold_42 392199 1,063,724,962 99.18%   

scaffold_43 352952 1,064,077,914 99.22%  telomeres: TOP 

scaffold_44 352859 1,064,430,773 99.25%   

scaffold_45 332306 1,064,763,079 99.28%  telomeres: TOP 

scaffold_46 331746 1,065,094,825 99.31% B:1 C:1 F:0 D:0 d:0 telomeres: TOP 

scaffold_48 274237 1,065,369,062 99.34%   

scaffold_49 255847 1,065,624,909 99.36%   

scaffold_50 232336 1,065,857,245 99.38%   

scaffold_51 222529 1,066,079,774 99.40%   

scaffold_52 212371 1,066,292,145 99.42%   

scaffold_53 208070 1,066,500,215 99.44%   

scaffold_54 195784 1,066,695,999 99.46%  telomeres: TOP 

scaffold_55 183290 1,066,879,289 99.48%  telomeres: TOP 

scaffold_56 178647 1,067,057,936 99.49%   

scaffold_57 174567 1,067,232,503 99.51%  telomeres: BOTTOM 

scaffold_58 171796 1,067,404,299 99.53%   

scaffold_59 147170 1,067,551,469 99.54%  telomeres: TOP 

scaffold_60 140188 1,067,691,657 99.55%   

scaffold_61 137719 1,067,829,376 99.57%   

scaffold_62 134803 1,067,964,179 99.58%   

scaffold_63 131517 1,068,095,696 99.59%   

scaffold_64 127349 1,068,223,045 99.60% B:1 C:1 F:0 D:0 d:0  

scaffold_65 126107 1,068,349,152 99.61%   

scaffold_66 110870 1,068,460,022 99.63%   

scaffold_67 109590 1,068,569,612 99.64%   

scaffold_68 105808 1,068,675,420 99.65%   

scaffold_69 101436 1,068,776,856 99.65%   

scaffold_70 98449 1,068,875,305 99.66%   

scaffold_71 91546 1,068,966,851 99.67%   

scaffold_72 81735 1,069,048,586 99.68%   

scaffold_74 81294 1,069,129,880 99.69%   

scaffold_73 81234 1,069,211,114 99.70%   

scaffold_75 81173 1,069,292,287 99.70%   

scaffold_76 81135 1,069,373,422 99.71%   

scaffold_77 78901 1,069,452,323 99.72%   

scaffold_78 78067 1,069,530,390 99.73%   

scaffold_79 72673 1,069,603,063 99.73%   

scaffold_80 72651 1,069,675,714 99.74%   

scaffold_81 72397 1,069,748,111 99.75%   

scaffold_82 69919 1,069,818,030 99.75%   

scaffold_83 68207 1,069,886,237 99.76%   

scaffold_84 68123 1,069,954,360 99.76%   

scaffold_85 66988 1,070,021,348 99.77%   

scaffold_86 66445 1,070,087,793 99.78%   

scaffold_87 65391 1,070,153,184 99.78%   

scaffold_88 65280 1,070,218,464 99.79%   

scaffold_89 64227 1,070,282,691 99.80%   
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scaffold_90 62549 1,070,345,240 99.80%   

scaffold_91 61490 1,070,406,730 99.81%   

scaffold_92 60214 1,070,466,944 99.81%   

scaffold_93 57685 1,070,524,629 99.82%   

scaffold_94 55126 1,070,579,755 99.82%   

scaffold_95 54002 1,070,633,757 99.83%   

scaffold_96 53407 1,070,687,164 99.83%   

scaffold_97 53309 1,070,740,473 99.84%   

scaffold_98 53113 1,070,793,586 99.84%   

scaffold_99 51578 1,070,845,164 99.85%   

scaffold_100 51029 1,070,896,193 99.85%   

scaffold_101 49169 1,070,945,362 99.86%   

scaffold_102 47514 1,070,992,876 99.86%   

scaffold_103 47339 1,071,040,215 99.87%   

scaffold_104 46409 1,071,086,624 99.87%   

scaffold_105 45961 1,071,132,585 99.87%   

scaffold_106 44915 1,071,177,500 99.88%   

scaffold_107 43785 1,071,221,285 99.88%   

scaffold_108 42595 1,071,263,880 99.89%   

scaffold_109 42074 1,071,305,954 99.89%   

scaffold_110 39410 1,071,345,364 99.89%   

scaffold_111 38733 1,071,384,097 99.90%   

scaffold_112 37418 1,071,421,515 99.90%   

scaffold_113 36837 1,071,458,352 99.90%   

scaffold_114 36251 1,071,494,603 99.91%   

scaffold_115 35676 1,071,530,279 99.91%   

scaffold_116 34611 1,071,564,890 99.91%   

scaffold_117 34461 1,071,599,351 99.92%   

scaffold_118 33737 1,071,633,088 99.92%   

scaffold_119 33636 1,071,666,724 99.92%   

scaffold_120 33209 1,071,699,933 99.93%   

scaffold_121 32981 1,071,732,914 99.93%   

scaffold_122 31952 1,071,764,866 99.93%   

scaffold_123 31535 1,071,796,401 99.94%   

scaffold_124 30636 1,071,827,037 99.94%  telomeres: TOP 

scaffold_125 30585 1,071,857,622 99.94%   

scaffold_126 30321 1,071,887,943 99.94%   

scaffold_127 30188 1,071,918,131 99.95%   

scaffold_128 29982 1,071,948,113 99.95%   

scaffold_129 29297 1,071,977,410 99.95%  telomeres: TOP_near 

scaffold_130 29174 1,072,006,584 99.96%   

scaffold_131 28482 1,072,035,066 99.96%   

scaffold_132 27437 1,072,062,503 99.96%   

scaffold_133 26543 1,072,089,046 99.96%   

scaffold_134 25991 1,072,115,037 99.97%   

scaffold_135 25876 1,072,140,913 99.97%   

scaffold_136 24322 1,072,165,235 99.97%   

scaffold_137 23071 1,072,188,306 99.97%  telomeres: TOP_near 

scaffold_138 22816 1,072,211,122 99.97%  telomeres: TOP 
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scaffold_139 22711 1,072,233,833 99.98%   

scaffold_140 21735 1,072,255,568 99.98%   

scaffold_141 20752 1,072,276,320 99.98%  telomeres: TOP_near 

scaffold_142 20686 1,072,297,006 99.98%   

scaffold_143 20552 1,072,317,558 99.98%   

scaffold_144 20471 1,072,338,029 99.99%   

scaffold_145 20400 1,072,358,429 99.99%   

scaffold_146 19697 1,072,378,126 99.99%   

scaffold_147 18830 1,072,396,956 99.99%   

scaffold_148 18614 1,072,415,570 99.99%   

scaffold_149 18076 1,072,433,646 100%   

scaffold_150 17734 1,072,451,380 100%  telomeres: TOP_near 

scaffold_151 15505 1,072,466,885 100%  telomeres: TOP_near 

scaffold_152 12661 1,072,479,546 100%   
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Candidate Annotation summary stats: 

30101 Genes 

13.26% Percentage of Genome 

142232926 Total Gene Length 

1072479546 Assembly Length 

 

31748 mRNA 

5119.83 Mean Length 

171634 Longest 

201 Shortest 

162544457 Total mRNA Length 

 

161303 Exons 

5.08 Mean per mRNA 

199.33 Mean Length 

1012.74 Mean Length per mRNA 

13482 Longest Exon 

3 Shortest Exon 

32152359 Total Exon Length 

5056 15.93% Single Exon mRNA 

 

129555 Introns 

4.08 Mean per mRNA 

993.75 Mean Length 

4055.21 Mean Length per mRNA 

26550 Longest Intron 

41 Shortest Intron 

128744773 Total Intron Length 

 

15.16% mRNA 

3.00% Exons 

12.00% Introns 

 

1072479546 Assembly Length 

 

16468 Genes with gene names 

17902 mRNA with gene names 

19303 mRNA with gene descriptions 

 

 

Candidate Annotation associated files: 

bPyrNan1.0.basic_gff_stats.txt: Contains basic statistics regarding the annotation.  

bPyrNan1.0.codingseq.fna: is a fasta file containing nucleotide sequence for each annotated coding sequence. 

bPyrNan1.0.faa: is a fasta file containing amino acid sequence for each annotated coding sequence. 

bPyrNan1.0.gff: is a general feature format of annotations for the genome. 

 

Table S3.  Statistics of nine assembled genomes from birds of the family Tyranidae, including the 

genome of Pyrocephalus nanus.
 



 

64 

 

 

 

Species Date 

Genome 

size 

# 

Scaffold 

Scaffold 

N50 

# 

Contigs 

Contig 

N50 

Assembly 

level Sequence platform 

Empidonax 

traillii  

3-Apr-

2018 1.1 Gb 7791 

 

895.1 kb 

 

45,995 

 

86.6 kb Scaffold Illumina HiSeq 

Myiozetetes 

cayanensis 

10-Mar-

2022 1.1 GB 
1692 

63.7 Mb 

 

1,873 13 Mb Scaffold 

Oxford nanopore; 

Illumina 

Tyrannus 

savana 

10-Jul-

2020 1.1 GB 

 

35393 436.2 kb 70,134 

 

72.3 kb Scaffold Illumina HiSeq 

Neopipo 

cinnamomea 

10-Jul-

2020 1 GB 

 

11198 

 

486 kb 
61,449 

 

43.1 kb Scaffold Illumina HiSeq 

Tyrannus 

tyrannus 

9-Dec-

2022 1.1 GB 

 

43947 

 

63.1 Mb 

 

114,348 

 

22.5 kb Scaffold Illumina 

Pitangus 

sulphuratus 

20-Mar-

2023 1 GB 

 

11553 

 

829.5 kb 

 

116,115 

 

15.7 kb Scaffold 

Illumina MiSeq; 

Illumina HiSeq 

Empidonax 

alnorum 

2-Jun-

2022 1.1 GB 

 

15260 

 

7.7 Mb 

 

31,625 

 

165.8 kb Scaffold Illumina HiSeq  

Mionectes 

macconnelli 

10-Jul-

2020 1 GB 

 

4545 1.6 Mb 

 

33,645 72.8 kb Scaffold Illumina HiSeq 

Pyrocephalu

s nanus 

16-Nov-

2023 1.07 GB 

 

152 74.0 Mb 

 

267 

 

17.8 Mb 

Chromosome 

& scaffold 

PacBio Hifi, 

Illumina HiC 
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Abstract 

  The Galapagos archipelago is recognized for its endemism produced by its isolation in the 

Tropical Pacific Ocean as well as the differentiation of endemic groups across islands. However, there 

is still a lack of knowledge about many groups, such as the genus Pyrocephalus, a group of flycatchers 

whose populations have declined rapidly in recent decades. Using samples from 53 Pyrocephalus 

individuals from 11 Galapagos islands, we reconstructed a phylogeny using 233,916 SNPs obtained by 

sequencing whole-genomes. Pyrocephalus in Galapagos is much older than previously thought, with 

an estimated arrival of 1.3 million years ago (MYA). Our data indicates that there are at least seven 

genetically distinct groups in the Galapagos, including Pyrocephalus dubius, a recognized species 

endemic to San Cristobal Island, at the base of the topology; however, this species is likely already 

extinct. Pyrocephalus populations on Floreana Island also diverged long ago and had been isolated for 

at least 1 MYA, but are also presumed extinct. Also, we identified different divergent groups of 

Pyrocephalus populations from the islands Isabela-Fernandina, Pinta, Santa Cruz, Pinzón-Rabida and 

Santiago-Marchena that have remained isolated between 0.77 and 0.15 MYA. 

  We compared the morphology of P. nanus populations among island populations using wing 

size and found significant differences. Birds from Pinta and Isabela had the largest wing size, while 

those with smaller wing sizes were birds from Pinzon and Santa Cruz. Bioacoustic analyses among 

these genetic lineages confirmed that there are significant differences in male territorial song. These 

results suggest that these populations have had little interaction or migration recently. Furthermore, we 

evaluated whether the Pyrocephalus population on Santa Cruz Island is suffering from inbreeding due 

to its small population size by comparing modern samples with museum samples collected from Santa 

Cruz in the past (60-120 yrs ago), when the populations were larger. We found a significant reduction 

in nucleotide diversity within the island. However, we found no evidence of breeding among close 

relatives, suggesting that the population may have declined rapidly. 

 

mailto:davidanchundia@gmail.com
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1. Introduction 

  Biodiversity in the Galapagos Islands is in decline (Benitez-Capistros et al., 2014), thus it is 

important to investigate poorly-studied species in order to understand their status or need for 

protection or conservation. Currently, several species of landbirds in the Galapagos Islands are 

declining (Dvorak et al., 2012, 2017, 2019; Fessl et al., 2017), including the endemic Little Vermilion 

Flycatcher, Pyrocephalus nanus (BirdLife International 2023). This species was formerly distributed 

across at least twelve islands in the Galapagos (Gifford, 1919; Swarth, 1931) and is currently among 

the avian species showing the greatest population decline (Merlen 2013; Fessl et al., 2017; Leuba et 

al., 2020; Mosquera et al., 2022; Anchundia et al., 2024a). The closely related Least Vermilion 

Flycatcher (P. dubius) was categorized as an endemic species after its presumed extinction on San 

Cristobal Island (Carmi et al., 2016; Del Hoyo et al., 2016; Chesser et al., 2022) and there have been 

no confirmed sightings since 2008 (Dvorak et al., 2017). These species are also the most brightly-

colored and arguably the most charismatic landbird species in the Galapagos.  Despite severe 

population reductions, relatively little attention has been dedicated to the population genetics of this 

genus in the Galapagos. To effectively conserve the species, including translocating individuals and 

augmenting declining populations, practitioners need to understand genetic relationships among 

islands’ populations.  

  Since the discovery of the vermilion flycatcher in Galapagos by Charles Darwin in 1835 

(Gould, 1841), their populations across the Galapagos archipelago have been the subject of taxonomic 

controversy. Several authors have separated them into two to five species and two subspecies based on 

morphological characters, with the authors disagreeing on how many species exist or where the 

divisions occur (Gould, 1841; Ridgway, 1894; Rothschild & Hartert, 1899; Snodgrass & Heller, 1904; 

Swarth, 1931; Carmi et al., 2016).  Thus, Pyrocephalus appears to be a cryptic species complex in 

which several species may exist, but their morphological differences are subtle and their taxonomic or 

ecological implications unclear, and thus they have been difficult to classify (Bickford, 2007, Mills et 

al., 2017). 

  However, analysis using mitochondrial genes confirmed the existence of at least two species, 

corresponding to P. dubius (San Cristobal Island) and P. nanus (the rest of the Galapagos; Carmi et 

al., 2016). Additionally, this study found distinct genetic groups within P. nanus (Carmi et al., 2016) 

suggesting that there are potentially genetically distinct populations, subspecies, or cryptic species that 

have not been described. The conclusions of Carmi et al. (2016), were based primarily on only a few 
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mitochondrial DNA sequences under 1000 bp derived from museum specimens. Therefore, further 

study is needed and should include greater genetic and geographic sampling to understand population 

structure and taxonomy of Pyrocephalus in the Galapagos (Ennos et al., 2005; Irestedt et al., 2017).  

To help corroborate genetic data, we would like to also evaluate morphological and bioacoustic data 

among P. nanus populations (Carmi et al., 2016). Song variation among populations often reflects 

reproductive isolation (Seddon & Tobias, 2007) and both birders and guides have reported song 

differences among island populations. 

  The decline of Galapagos Pyrocephalus is linked to human impacts across many of the 

Galapagos Islands (Campbell & Donlan, 2005, Watson et al., 2010, Dvorak et al., 2019). This has led 

to the apparent extinction of P. dubius and the extirpation of P. nanus from Floreana, Santa Fe, and 

Baltra islands. Additionally, P. nanus is becoming rare on Santa Cruz, Santiago, and Rabida islands 

(Fessl et al., 2017; Harris, 1973; Anchundia pers. obs). Currently, the only islands with stable 

populations are Isabela, Pinzon, Pinta, Marchena, and Fernandina (Charles Darwin Foundation, 

unpublished data). On Santa Cruz Island, where P. nanus was abundant 30 years ago, the population 

has decreased to fewer than 30 to 40 individuals occurring only in the highlands, with an apparent sex-

ratio of approximately two males to each female (Anchundia et al., 2024a). These declines and biased 

sex-ratio can lead to a reduced effective population size and a genetic bottleneck. This dramatic 

decline on Santa Cruz has been linked to habitat degradation due to invasive blackberry (Rubus 

niveus) as well as reproductive losses from the invasive parasitic avian vampire fly (Philornis downsi), 

whose larvae parasitize nestlings and decrease host breeding success (Leuba et al., 2020; Mosquera et 

al., 2022; Anchundia et al., 2024a). 

  The potential genetic bottleneck of P. nanus in Santa Cruz is a major concern. Small 

populations in isolated localities are vulnerable to stochastic environmental and demographic events 

that accelerate extinction (Lande, 1993; Keller & Waller, 2002). Sudden variation in climate, food, 

predators, competition, and parasites make population trajectories unpredictable (Lande, 1993; Keller 

& Waller, 2002). When populations become small, like those in Santa Cruz, they can lose alleles by 

random drift and lead to inbreeding depression, fitness declines, and ultimately the inability to 

reproduce and survive (Reed & Frankham, 2003; Brekke et al., 2010, Duntsch et al., 2023). Signs of 

inbreeding depression in avian populations are well documented, including a decrease in egg fertility 

(Jamieson & Ryan, 2000), reduction in egg hatching (Briskie & Machiston, 2004; Kruuk et al., 2002; 

Jamieson et al., 2003; Heber & Briskie, 2010; Greenwood et al., 1978), and lower weight and smaller 

size upon hatching (Keller, 1998). Nestlings with greater inbreeding have lower probabilities of 

survival (Greenwood et al., 1978; Van Noordwijk & Scharloo, 1981; Keller, 1998; Kruuk et al., 2002).   

  Inbreeding also decreases the genetic diversity that allows populations to adapt and evolve 

(Loeschcke et al., 2013; Willi et al., 2022; Duntsch et al., 2023). Because P. nanus on some other 
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islands show similar population size reductions, loss of genetic diversity is a concern for Galapagos 

Pyrocephalus conservation. Most populations lack the baseline demographic data required to assess 

their population status. With a strong genetic dataset, we can estimate genetic demography parameters, 

estimate potential inbreeding, search for evidence of consanguineous mating, and evaluate whether 

they are losing genetic diversity (Willi et al., 2022). This information is valuable for informing future 

recovery programs of Pyrocephalus on the Galapagos. 

  Our study aims to better understand the phylogenetic relationships, population genetics, and 

connections among the different populations of P. nanus in the Galapagos using whole sequencing 

genome. The first aim is to reconstruct a well-supported phylogeny of all island populations of 

Pyrocephalus and assess whether there are distinct genetic and taxonomic groups within P. nanus. We 

first briefly assess available bioacoustics and morphological data among islands for concordance with 

genetic data and recommend revisions in its taxonomy where appropriate. Second, we aim to assess 

the current nucleotide diversity, heterozygosity and consanguineous mating of P. nanus on Santa Cruz 

Island by comparing present-day genetic variation across thousands of single nucleotide 

polymorphisms (SNPs) to the variation present in museum specimens collected from Santa Cruz 

between 60 to 115 years ago. Museum specimens utilized for this study were collected at different 

sites on Santa Cruz island when P. nanus was apparently abundant, which will serve as a baseline. 

Third, we aim to evaluate the current nucleotide diversity and heterozygosity of the populations of 

Fernandina, Isabela, Pinta, and Pinzon islands, using modern samples. 

 

2. Methods 

2.1. Study site and study species 

  This study was conducted on the Galapagos archipelago, an isolated volcanic island system 

located in the equatorial eastern tropical Pacific about 1000 km west of mainland Ecuador (Fig. 1). 

Pyrocephalus species have marked sexual dimorphism. Adult males have red plumage on the chest 

and crown of the head and glossy black plumage on the back, tail, and wings, while females have 

more cryptic pale yellow chest and crown and brown back, wing, and tail feathers.  

  Pyrocephalus nanus is significantly larger than the closely related species P. dubius, with an 

average wing length of 63.4 mm (range 61 - 66 mm) and average tail length of 52.7 mm (range 50 - 56 

mm) (Snodgrass & Heller, 1904), while P. dubius has average wing length of 57.1 mm (range 55 - 59 

mm) and average tail length of 48.9 mm (range 48 - 52 mm) (Snodgrass & Heller, 1904). The smaller 

size of P. dubius was among the reasons cited by several authors who separated it into a different 

taxon even before the rise of genetic analysis (Gould, 1841; Ridgway, 1894; Rothschild & Hartert, 

1899; Snodgrass & Heller, 1904; Swarth, 1931). 

2.2. Genetic Sampling  



 

72 

 

2.2.1. Modern samples 

  Approximately 50 µl of blood was sampled from the brachial vein of the birds captured in mist 

nets. Birds were sampled from the Santa Cruz, Pinzon, Pinta, and Fernandina islands and from three of 

the six volcanoes of Isabela Island (Sierra Negra, Alcedo and Wolf volcanoes). Due to the remoteness 

of these islands and without immediate access to refrigeration, the samples were preserved in 

Longmire buffer (Longmire et al., 1997) to prevent degradation. Subsequently, upon arrival at the 

Charles Darwin Research Station on Santa Cruz Island, the samples were stored in a freezer at -27°C 

to prevent degradation. An attempt was made to acquire samples from Santiago and Rabida islands 

where this species is apparently still present, but no birds were seen or captured during six days of 

fieldwork on these islands. Samples were collected on Marchena Island, but due to movement 

restrictions during the Covid pandemic, these samples could not be exported for laboratory analysis. 

Frozen tissue samples from P. obscurus from Arizona, USA (Burke Museum Collection, Table 1) 

were used as an outgroup taxon for the Galapagos Pyrocephalus group. 

2.2.2. Ancient samples 

  On islands where modern samples of P. nanus could not be obtained (Floreana, Rabida, 

Santiago, Marchena, Baltra, and Wolf), DNA was extracted from museum specimens of the California 

Academy of Sciences (CAS) (Table 1). Also, samples of P. dubius from San Cristobal (Table 1) were 

added to examine the relationships among these species. Small skin samples were shaved off from the 

toe pad of these specimens using a scalpel, yielding approximately 1 mm3 of tissue (Fig. 1).  

Table 1 

List of samples used in this study. Sixteen bird skins considered historical and preserved in the CAS 

museum were used. The skins were collected between 1899 and 1962. One sample from Arizona and 

38 modern blood samples collected between 2014 and 2021 were used. In the column “Analysis 

performed with sample”, PHY=phylogenetic, STR=structure and PGEN=population genetics. All 

samples are uploaded on NCBI, SRA ascension project PRJNA1064398. 

Island 
Type of sample 

Ancient (A)   
Modern (M) 

Locality Sex Date 
CAS Museum  

No. / Sample ID 

Analysis performed  
with sample   

Baltra Toe pad skin museum (A) Arid zone F 21 Nov 1905 ORN3211 / 1BLT-39A PGEN 
Fernandina Toe pad skin museum (A) --- F 5 Apr 1899 ORN76696 / 1FRN-23A PHY/STR/PGEN 
Fernandina Blood sample (M) Volcano rim M 21 Feb 2021 2FRN-28BL PHY/STR/PGEN 
Fernandina Blood sample (M) Volcano rim F 21 Feb 2021 3FRN-29BL PHY/STR/PGEN 
Fernandina Blood sample (M) Volcano rim F 22 Feb 2021 4FRN-30BL PHY/STR/PGEN 
Fernandina Blood sample (M) Volcano rim M 24 Feb 2021 5FRN-31BL PHY/STR/PGEN 
Floreana Toe pad skin museum (A) Highland Wittmer farm M 24 Jan 1962 ORN86222 / 1FLO-43A PHY/STR 
Floreana Toe pad skin museum (A) Highland Wittmer farm F 24 Jan 1962 ORN86223 / 2FLO-27A PHY/STR 
Floreana Toe pad skin museum (A) --- F 10 May 1899 ORN76686 / 3FLO-14A PHY/STR 
Isabela  Blood sample (M) Alcedo Volcano rim M 26 Jan 2017 1ISB-2BL PHY/STR/PGEN 
Isabela  Blood sample (M) Alcedo Volcano rim F 26 Jan 2017 2ISB-3BL PHY/STR/PGEN 
Isabela  Blood sample (M) Sierra Negra volcano rim F 19 Nov 2014 3ISB-210BL PHY/STR/PGEN 
Isabela  Blood sample (M) Sierra Negra volcano rim F 21 Nov 2014 4ISB-211BL PHY/STR/PGEN 
Isabela  Blood sample (M) Sierra Negra volcano rim M 26 Nov 2014 5ISB-213BL PHY/STR/PGEN 
Isabela  Blood sample (M) Sierra Negra volcano rim M 26 Nov 2014 6ISB-214BL PHY/STR/PGEN 
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Isabela  Blood sample (M) Sierra Negra volcano rim F 26 Nov 2014 7ISB-215BL PHY/STR/PGEN 
Isabela  Blood sample (M) Sierra Negra volcano rim M 27 Nov 2014 8ISB-218BL PHY/STR/PGEN 
Isabela  Blood sample (M) Sierra Negra volcano rim M 28 Nov 2014 9ISB-219BL PHY/STR/PGEN 
Isabela  Blood sample (M) Sierra Negra volcano rim M 18 Nov 2014 10ISB-207BL PHY/STR/PGEN 
Isabela  Blood sample (M) Sierra Negra volcano rim F 27 Nov 2014 11ISB-216BL PHY/STR/PGEN 
Isabela  Blood sample (M) Sierra Negra volcano rim F 27 Nov 2014 12ISB-217BL PHY/STR/PGEN 
Isabela  Blood sample (M) Wolf volcano slope M 28 Jan 2020 13ISB-17BL PHY/STR/PGEN 
Marchena Toe pad skin museum (A) ---- F 17 Sept 1906 ORN3206 / 1MRC-41A PHY/STR 
Marchena Toe pad skin museum (A) ---- F 17 Sept 1906 ORN3199 / 2MRC-20A PHY/STR 
Pinta Toe pad skin museum (A) ---- M 25 Jun 1899 ORN76689 / 1PNT-19A PHY/STR 
Pinta Blood sample (M) Highland near submit M 11 Feb 2017 2PNT-4BL PHY/STR/PGEN 
Pinta Blood sample (M) Highland near submit F 11 Feb 2017 3PNT-5BL PHY/STR/PGEN 
Pinta Blood sample (M) Transition zone F 31 Jan 2019 4PNT-6BL PHY/STR/PGEN 
Pinta Blood sample (M) Transition zone M 31 Jan 2019 5PNT-7BL PHY/STR/PGEN 
Pinzon Blood sample (M) Arid zone (top of island) F 18 May 2019 1PNZ-10BL PHY/STR/PGEN 
Pinzon Blood sample (M) Arid zone (top of island) F 6 March 2015 2PNZ-411BL PHY/STR/PGEN 
Pinzon Blood sample (M) Arid zone (near the coast) F 21 May 2019 3PNZ-11BL PHY/STR/PGEN 
Pinzon Blood sample (M) Arid zone (near the coast) F 21 May 2019 4PNZ-12BL PHY/STR/PGEN 
Pinzon Blood sample (M) Arid zone (near the coast) F 3 March 2015 5PNZ-407BL PHY/STR/PGEN 
Pinzon Blood sample (M) Arid zone (near the coast) F 5 March 2015 6PNZ-408BL PHY/STR/PGEN 
Rabida Toe pad skin museum (A) ---- M 21 Dec 1905 ORN3112 / 1RBD-37A PHY 
San Cristobal Toe pad skin museum (A) ---- M 17 Oct 1905 ORN3287 / 1SCB-1A PHY 
Santa Cruz Toe pad skin museum (A) Transition zone F 22 Nov 1961 ORN86209 / 1SCZ-2A PHY/STR/PGEN 
Santa Cruz Toe pad skin museum (A) Transition zone M 25 Nov 1961 ORN86210 / 2SCZ-15A PHY/STR/PGEN 
Santa Cruz Toe pad skin museum (A) Arid zone M 19 Nov 1905 ORN3087 / 3SCZ-42A PGEN 
Santa Cruz Blood sample (M) Highland (Mina Roja) M 15 Mar 2019 4SCZ-8BL PHY/STR/PGEN 
Santa Cruz Blood sample (M) Highland (Mina Roja) M 19 Dec 2019 5SCZ-13BL PHY/STR/PGEN 
Santa Cruz Blood sample (M) Highland (Mina Roja) F 1 Sept 2020 6SCZ-21BL PHY/STR/PGEN 
Santa Cruz Blood sample (M) Highland (Mina Roja) M 4 Dec 2020 7SCZ-27BL PHY/STR/PGEN 
Santa Cruz Blood sample (M) Highland (Mina Roja) M 22 Mar 2021 8SCZ-32BL PHY/STR/PGEN 
Santa Cruz Blood sample (M) Highland (Mina Roja) F 6 Feb 2020 9SCZ-18BL PHY/STR/PGEN 
Santa Cruz Blood sample (M) Highland (Mina Roja) F 5 Mar 2020 10SCZ-19BL PHY/STR/PGEN 
Santa Cruz Blood sample (M) Highland (Mina Roja) F 1 Sept 2020 11SCZ-22BL PHY/STR/PGEN 
Santa Cruz Blood sample (M) Highland (Mina Roja) F 19 Dec 2019 12SCZ-14BL PHY/STR/PGEN 
Santa Cruz Blood sample (M) Highland (Mina Roja) M 19 Dec 2019 13SCZ-15BL PHY/STR/PGEN 
Santa Cruz Blood sample (M) Highland (Mina Roja) M 6 Dec 2016 14SCZ-1BL PHY/STR/PGEN 
Santiago Toe pad skin museum (A) ---- F 19 Dec 1905 ORN3233 / 1STG-40A PHY/STR 
Santiago Toe pad skin museum (A) ---- M 23 Dec 1905 ORN3067 / 2STG-21A  PHY/STR 
Wolf Toe pad skin museum (A) ---- F 24 Sept 1906 ORN3185 / 1WLF-38A PHY 

USA-Arizona Frozen tissue (M) Duncan M 15 Sept 2003 
Burke Museum 77983 / 

1ARZ-ARZ 
 

PHY 
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Fig. 1. Map of the Galapagos Islands. Red dots indicate localities where modern samples were 

collected and yellow dots indicate the approximate locations where the museum skins were collected. 

2.3. Phylogenetics  

  For phylogenetic analysis, we used 53 samples (Table 1; 38 modern and 15 museum samples). 

For outgroups, one sample was used from San Cristobal P. dubius and one sample from P. obscurus 

from Duncan, Arizona (USA) (latitude 32.9, longitude -109.22). Santa Fe Island is the only 

historically documented island population (last documented in 1929) not represented in our analysis 

(Fisher & Wetmore, 1931). 

 2.3.1. DNA extraction of modern samples  

  DNA was extracted using the Monarch® Genomic DNA Purification Kit following the 

manufacturer’s protocol from New England Biolab (NEB). DNA was quantified using a Qubit 3.0 

(Invitrogen). All modern samples had DNA concentrations greater than 100 ng/µl and fragment sizes 

~5000 bp long, confirming that samples were well preserved in Longmire buffer without refrigeration 

for several days in the field. We sheared long fragments into smaller fragments for library construction 

using a qSonica sonicator. 

2.3.2. DNA extraction of ancient samples 
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  For museum skin DNA extraction, we used a dedicated ancient DNA laboratory at CAS to 

minimize the risk of contamination. For the extraction, the phenol-chloroform-isoamyl alcohol method 

was used, followed by concentration using gravity-assisted dialysis in Centricon (Ultracel YM-30) 

spin columns. The samples were quantified on a Qubit after extraction and the DNA concentration 

was typically much lower (< ~5 ng/µl) and more degraded (average fragment sizes of ~120 bp or less) 

than modern samples.  

2.3.3. Sequencing 

  We prepared sequencing libraries using NEBNext® Ultra™ II DNA Library Prep Kit for 

Illumina® following the manufacturer’s instructions and used 50 µl of samples (5-200 ng of DNA 

depending on specimen age and tissue size). Quality of libraries was assessed using a bioanalyzer to 

assure that library inserts were of the desired size and that adapters were removed before sequencing. 

The samples were sequenced by Novogene in San Francisco (USA) on an Illumina Novaseq 6000. 

2.3.4. Bioinformatic analysis for phylogenetics 

  Analyses were conducted on a local scientific computing cluster at the California Academy of 

Sciences. Initially, 61 samples were sequenced and the program FastQC v.0.11.5 (Andrews, 2010) 

summarized sequence run data and quality for all the samples. For six individuals, the quality and 

depth was low and we eliminated them from further analysis. The analysis was continued with 55 

individuals (Table 1), and the program FastP v.0.23.2 (Chen et al., 2018) was used to filter adapters 

and low-quality sequences. Subsequently, sequences were mapped to a high quality reference genome 

of P. nanus (Anchundia et al., 2024b, NCBI accession JAWZSU000000000) using the program BWA-

MEM v.2.2.1 (Li, 2013). Resulting alignment files were kept in BAM format to reduce the file sizes. 

SAMtools v.1.15 (Danecek et al., 2021) flagstat was used to check basic statistics of the number of 

reads that passed map quality filters and how many did not adequately map to the reference. We used 

the program DamageProfiler v1.1 (Neukamm et al., 2021) on the 15 “ancient” DNA sequences to 

identify signatures of deamination. No sample showed signs of deamination, so the analyses continued 

with all samples. 

  The program Picard v.2.26.11 (Picard Tools Broad Institute) was used with two program 

functions, including MarkDuplicate to mark the repeated reads to avoid bias in the subsequent analysis 

and the AddOrReplaceReadGroups function to add read groups so that each sequence file had a 

unique ID and identified the sequencing platform. The program Freebayes v.0.9.2 (Garrison & Marth, 

2012), a Bayesian genetic variant detector, was used to call variant sites and filter the variants among 

the 55 individuals analyzed. Single nucleotide polymorphisms (SNPs) and insertion/deletion sites 

(Indels) are labeled in the Freebayes output variant call file (VCF). For our analysis, we proceeded to 

work only with biallelic SNPs (18,802,482 SNP sites in our initial VCF) and the program VCFtools 

v.0.1.16 was used to split SNPs and Indels into separate files (Danecek et al., 2011). Additionally, two 
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samples (1 Santa Cruz and 1 Baltra) were removed at this step of the analysis because they had a 

significant number of sites with missing data, leaving 53 samples for the phylogenetic analyses. 

  VCFtools was used to filter SNPs using the following methods; map quality (MQ) > 30, read 

depth (minDP) > 4, meanDP > 4 and max meanDP = 50, missingness rate < 0.95, and minor allele 

frequency (MAF) > 0.05, obtaining an average coverage of 9.4x. After filtering, 233,916 SNPs 

remained in the dataset with 50 samples having between 0 and 8% missing data, 2 samples 13% and 

one sample 29% missing data. The filtering was increased with a missingness rate < 0.97 and 74,512 

SNPs were obtained, where 52 samples had between 0 and 5% missing data and one sample had 17%. 

Finally, the maximum and strictest filtering was done with a missingness rate 1 and 13,523 SNPs were 

obtained where no sample had sites that were missing data. We continued the analysis with these three 

datasets (233,916 SNPs, 74,512 SNPs, 13,523  SNPs) to explore how robust the data was to various 

filtering thresholds.  The vcf-to-tab utility (Chen, 2015) was used to convert the VCF data to tab-

delimited text and vcf_tab_to_fasta_alignment.pl (Chen, 2015) was used to convert the data to FASTA 

format. In order to flatten and phase the VCF file on the heterozygous sites, IUPAC nucleotide 

ambiguity codes were substituted for SNPs for heterozygous individuals in the matrix using vcf-tab-

to-fasta (Chen, 2015). Subsequently, the program ModelTest-NG (Darriba et al., 2020) determined the 

best-fit model to use for phylogeny. Of all the tested models, GTR-InvGamma with 4 gamma rate 

categories fit our data best. The seqmagick (FHCRC Computational Biology) program was used to 

convert the FASTA file to Nexus format for the Bayesian phylogenetic program MrBayes 

(Huelsenbeck & Ronquist, 2001). MrBayes was run with 4,000,000 generations with 2 runs and 4 

chains. After the trees converged and reached a standard deviation less than 0.01, we discarded the 

first 25% of trees as burn-in, and performed a consensus analysis of the remaining sampled trees to 

estimate posterior probabilities of nodes and credible intervals of branch lengths. With the same data 

set, Maximum Likelihood tree and statistics were obtained using the RaxmlHPC, a high-performance 

computer program developed to handle large data sets (Stamatakis, 2006). We used the same GTR-

InvGamma model with 50,000 rapid bootstrap replicates. With both phylogenetic methods, we ran 

several analyses with the different SNP datasets (233,916 SNPs, 74,512 SNPs, 13,523  SNPs) and 

obtained a similar topology and support values for each of the three datasets. Therefore, we used the 

trees of the data set with the greatest number of SNPs. Geneious Prime® software version 2023.0.1 

(https://www.geneious.com) and FigTree 1.4.4 software (Rambaut, 2018) were used to visualize the 

phylogenetic trees and support values at nodes. 

2.4. Structure analysis 

The program STRUCTURE 2.3.4 (Pritchard et al., 2000; Hubisz et al., 2009) was used to 

perform Bayesian analysis of population structure among islands. This analysis was performed with 

the dataset of 13,523 SNPs. Only samples of P. nanus from islands with at least two individuals 
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sequenced were included in the analysis. A total of 49 individuals met this criterion. The 

STRUCTURE program was run with the data for 500,000 MCMC generations for each run, of which 

50,000 generations were discarded as the burnin, and we used K values from one to eight with three 

runs for every K totaling 12,000,000 generations. We chose to run a maximum of eight K because we 

only had eight islands/populations in our analysis. Additionally, VCFtools was used to obtain 

population statistics including Weir and Cockerham FST values (Table 2). 

2.5. Divergence time analysis 

For the molecular clock analysis using biallelic SNPs, we used the SNAPP program (Bryant et 

al., 2012) and the dataset with 13,523 SNPs. Only one individual from each island was used. The 

XML file to run SNAPP was made using the Ruby script snapp_prep.rb (Matschiner, 2022), which 

added the list of individuals and constraints values. To calibrate the tree, we used the Galapagos 

Pyrocephalus population that is closest to the base of the phylogenetic tree (P. dubius from San 

Cristobal). The calibration value was obtained from the estimate from the analysis in Bayesian tree 

inference in BEAST for multi coalescent tree model, using a strict clock model. We used a nuclear 

DNA substitution average rate of 0.12% per million years, for passerines (Lerner et al., 2011). The 

SNAPP program by default applied ascertainment bias correction (Bryant et al., 2012), since the 

substitution rate is different in different parts of the genome. After obtaining the XML file, it was 

subsequently run as input in the BEAST program version 2.7.1 (Bouckaert et al., 2019) for 2 million 

generations with a burnin of 10% using the TreeAnnotator v2.6.3 program (Drummond & Rambaut, 

2007). The Tracer program version 1.7.2 (Rambaut et al., 2018) was used to visualize the data and 

ensure that it converged with high confidence. Figtree version 1.4.4 (Rambaut, 2018) was used to 

visualize the tree along with its node support values and error estimates. 

2.6. Bioacoustics of male song 

  Songs of adult males were recorded during the breeding season while visiting islands to collect 

blood samples for genetic analysis (Santa Cruz n=6, Pinzon n=4, Marchena n=4, Isabela n=4, 

Fernandina n=5, and Pinta n=2). Songs were opportunistically recorded while hiking and searching for 

birds. Each song file used in these analyses was assumed to be from different males because they were 

recorded in different geographic locations. Songs were recorded with a Zoom F1-SP field recorder 

equipped with a Zoom shotgun microphone capsule SGH-6 with a hairy windscreen to reduce wind 

noise and were saved in WAV format at high quality sample rate of 96 Khz-24 bit. One additional 

song from Santa Cruz was obtained from the avian bioacoustic repository xeno-canto (https://xeno-

canto.org/) and was used in this analysis (audio file XC409621). Song spectrograms were plotted 

using the program Raven Pro 1.6 (Cornell Laboratory of Ornithology, Ithaca, NY, USA). From each 

territorial male recorded, we used the manual selection tool in Raven Pro to extract the minimum and 

maximum frequency in hertz (Hz) and the duration of each syllable (delta time in seconds (s)). These 
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measurements were then averaged for each individual and used in further statistical analyses. Due to 

the smaller sample size, the Pinta recordings were not used in these quantitative analyses but are still 

presented for qualitative comparison. 

  Song data were analyzed using R Studio (R Core Team 2022). We ran a Box-M test to test for 

equal covariance matrices across islands using the boxM function in the biotools package (Da Silva, 

2021). Given homogeneity of the covariance matrices (X2 = 28.402, df = 24, p = 0.24), we performed a 

linear discriminant function analysis (LDA) using the lda function from the MASS package (Venables 

& Ripley, 2002). We first scaled the predictor variables (low frequency, high frequency, and syllable 

length) to have a mean = 0 and sd = 1. Data were split into training and testing sets and then a LDA 

model was fit to the data. The LDA model was used to make predictions and a plot was created to 

visualize linear discriminants LD1 and LD2. Next, to test for differences in song between islands, a 

MANOVA was conducted with island as the independent variable and LD1 and LD2 (the canonical 

axes 1 and 2) as dependent variables. For each significant variable of the MANOVA, we conducted a 

univariate one-way anova using the kruskal_test function to determine which variables had significant 

differences between islands. For the resulting p-values, we applied a Bonferroni correction for 

multiple testing, so that p ≤ 0.0167 was considered significant. For each significant variable, we then 

performed a Tukey HSD post hoc test for pairwise comparisons between islands, using the tukey_hsd 

function in the rstatix package (Kassambra, 2023). 

2.7. Morphometric data  

  There is slight sexual size dimorphism in P. nanus, with females being slightly smaller than 

males (Ridgway, 1897). Therefore, to avoid any gender bias in morphometric data, we only took 

measurements of fully adult male birds with red plumage to confirm the sex. We did not include 

morphometric data of female-plumed birds as both females from young males have similar plumage. 

We used wing length from live birds and bird skin collections for comparison between islands. We 

checked to ensure that primary feathers were intact to insure comparable wing measurements. 

Additionally, we included data from publications that included wing length measurements (Ridgway, 

1897; Snodgrass & Heller, 1904), along with measurements we took when capturing birds for 

sampling. The data was grouped together and statistical analysis was conducted in R Studio (R Core 

Team, 2022). A Kruskal-Wallis test was run on wing length, and compared between islands. A 

pairwise Wilcoxon rank sum test was performed with Benjamini-Hochberg correction to determine 

which islands had differing wing lengths. The boxplot/figure was created in R. 

2.8. Population genetics Santa Cruz 

  In order to more closely examine the population dynamics and genetic indicators of a declining 

population of vermilion flycatchers, we focused on the individuals from Santa Cruz. For this analysis, 

14 individuals from Santa Cruz and one individual collected in Baltra were used (11 modern samples, 
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4 ancient samples) (Table 1). We include the specimen from Baltra since this is a satellite island of 

Santa Cruz separated by a distance of only 350 m (Fig. 1), and we assume that this represents the 

genetics of lowlands of Santa Cruz. Stringent filtering using VCFtools was applied to the biallelic 

SNPs, selecting only the SNPs with the following characteristics: missingness rate 1, minor allele 

frequency (MAF) > 0.05, mapping quality (MQ) > 30, read depth (minDP) > 4, meanDP > 4 and max 

meanDP 50, and Hardy Weinberg Equilibrium (HWE) > 0.05. As a result, no individuals had sites 

with missing data, giving 172,663 SNPs with an average depth of coverage of 11.09 ± SD 2.73 for 

ancient Santa Cruz samples and an average depth of coverage of 10.82 ± SD 2.3 for modern Santa 

Cruz samples (Supplementary material Fig. S1).  

  Using the program Plink (Purcell et al., 2007) with the Kinship function, we estimated the 

degree of consanguinity of modern individuals in Santa Cruz to look for signs of inbreeding (Fig. 6a). 

The VCFtools and Plink program were used with the “het” function to obtain information on 

heterozygosity from each individual and estimate the inbreeding coefficient, F (Fig. 6b). Additionally, 

VCFtools estimated population statistics including, Tajima D and nucleotide diversity (Pi π) with the 

window 100000 parameter to sample across the genome and estimate statistical values.  

2.9. Population genetics across the Galapagos 

  From the islands where modern samples were collected (Isabela 13 samples, Pinzon 6 samples, 

Fernandina 4 samples and Pinta 4 samples), we estimated values of standard population statistics to 

infer the status of these populations. Each island population was considered a separate lineage and 

SNP variant data were separated into distinct files for each island. Stringent filtering using VCFtools 

was used on the biallelic SNPs, only SNPs with the following characteristics were selected: 

missingness rate 1, minor allele frequency (MAF) > 0.05, mapping quality (MQ) > 30, read depth 

(minDP) > 4, meanDP > 4, max meanDP 50, and Hardy Weinberg Equilibrium (HWE) > 0.05. The 

final data files included 1,465,429 SNPs for Fernandina Island, 1,002,638 SNPs for Isabela, 974,344 

SNPs for Pinzon, and 836,158 SNPs for Pinta. The Plink program was used with the het function to 

obtain heterozygosity information from each individual and estimate the inbreeding coefficient F. 

VCFtools was used to obtain population statistics including, Tajima D and nucleotide diversity (Pi π) 

with the window 100000 parameter to sample across the genome and estimate statistical values.  

3. Results 

  The average number of reads after sequencing for modern samples was 68,725,956 ± SE 

2,966,047 and 93% of these reads passed quality control with a Phred score of Q > 30. Ancient 

samples were sequenced at greater depth due to small fragments sizes and the number of reads was 
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higher with an average of 103,645,890 ± SE 13,187,741, with 86% of these reads passing quality 

control with a Phred score of Q > 30.  

3.1. Phylogenetics and divergence dating 

  Using Maximum Likelihood and Bayesian analyses for our data set with 53 samples with 

233,916 SNPs, we recovered a well-supported phylogenetic tree (Fig. 2a). Pyrocephalus obscurus 

from Arizona USA and P. dubius from San Cristobal were used to root the tree. Additionally, by 

conducting a divergence time analysis for each island using the SNAPP program, we estimated the 

time of isolation from each clade (Fig. 3). With an estimated separation of P. dubius from the rest of 

the Galapagos archipelago between 1.16 to 1.40 MYA 95% highest posterior density (HPD). Within 

P. nanus, our tree supported at least six genetically isolated and monophyletic lineages (Fig. 2a). The 

Floreana lineage is sister to a clade containing all remaining P. nanus, suggesting that there is 

considerable genetic distance to its sister clade, with an estimated divergence date between 0.95 to 

1.21 MYA 95% highest posterior distribution (HPD).  

  Within the remaining P. nanus, there are five distinct lineages that began to diverge between 

0.68 to 0.86 MYA with a 95% HPD.  The first split, around 0.77 MYA, separates a clade containing 

birds from Isabela and Fernandina Islands plus another lineage of birds from Pinzon and Rabida 

isolated between 0.41 to 0.55 MYA 95% HPD. Rabida birds are more closely related to Pinzon, 

despite Rabida’s close geographic proximity to Santiago Island. Birds from Santa Cruz, along with 

birds from Santiago, Marchena, and Pinta islands, share a common ancestor and comprise the 

remaining clade. They diverged approximately 0.36 to 0.48 MYA 95% HPD, with an average estimate 

of Santa Cruz being isolated 0.42 MYA. Birds from Pinta Island are sister to Marchena and Santiago 

birds, but separated by a long branch, diverging between 0.22 to 0.31 MYA 95% HPD. Santiago and 

Marchena are a sister group separated between 0.1 to 0.19 MYA 95% HPD (Fig. 3). 
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Fig. 2. a) Phylogenetic ML tree display with 53 individuals. The support values reported at each node 

are ML bootstrap values / Bayesian posterior probabilities. Branch lengths are reported above 

branches in italics. b) STRUCTURE analysis of P. nanus populations among islands.  

 

Fig. 3. Divergence times of Galapagos Pyrocephalus clades using SNAPP program for population of 

each island. The purple bars are the 95% probability that a population has been isolated and the 

number is the average in Mya of separation.  

3.2. Island differentiation using STRUCTURE and FST 

  The island-wide population structure and differentiation analysis by the STRUCTURE 

program showed clearly the genetic division within various P. nanus subpopulations (Fig. 2b). The K 

= 3 shows at least three different major subpopulations, which include (1) Floreana, (2) Santa Cruz, 

Pinzon, Santiago, Marchena and Pinta, and (3) Isabela and Fernandina and up to K = 5, clearly 

recovers subdivision of the Pinzon and Pinta populations. This pattern coincides with the major clades 

in the phylogeny. Also, there is strong genetic variation observed in FST values (Table 2) between 

populations from different islands suggesting moderate and high levels of differentiation between 

these populations. Within P. nanus, the island pairs with the lowest FST value were Santiago-

Marchena (FST=0.01) and Isabela-Fernandina (FST=0.02) and the islands with the highest FST value 

were Pinta-Floreana (FST=0.27). The P. nanus population from Pinta Island was the population with 

the highest degree of genetic differentiation from P. dubius from San Cristobal Island (FST=0.35) 

Supplementary material Fig.S2 (Table 2).  
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Table 2 

Pairwise FST of P. nanus individuals from eight islands and P. dubius from San Cristobal Island. 

 
Pairwise Fst 

   

 

Santa Cruz Pinzon  Santiago Marchena Pinta Isabela Fernandina Floreana  

Santa Cruz -- 

       Pinzon  0.13 -- 

      Santiago 0.14 0.12 -- 

     Marchena 0.14 0.14 0.01 -- 

    Pinta 0.14 0.16 0.15 0.18 -- 

   Isabela 0.16 0.12 0.14 0.16 0.15 -- 

  Fernandina 0.18 0.13 0.15 0.16 0.19 0.02 -- 

 Floreana  0.19 0.18 0.17 0.18 0.27 0.19 0.21 -- 

San Cristobal 0.25 0.26 0.21 0.22 0.35 0.22 0.24 0.26 

3.3. Bioacoustic song analysis 

  Prior to the acoustic analysis, during sample collection on the Galapagos Islands, D.A. noticed 

that the males’ territorial songs were different between islands. Acoustic analyses confirm that there 

are differences in male songs between different islands. The spectrogram shows that only the 

populations of Isabela and Fernandina islands maintain a similarity in the male song pattern with a 

frequency range of 3358 - 6661 Hz, while the male songs of Pinta Island have the largest frequency 

range of 358 - 14534 Hz. Santa Cruz has a frequency range of 2035 - 6752 Hz, Pinzon 1449 - 10464 

Hz, and Marchena 1127 - 6911 Hz. The time duration of each syllable(s) was very similar for birds 

from Isabela, Fernandina, Santa Cruz, and Marchena with a duration of 0.13-0.14 s, while birds from 

Pinta and Pinzon had a time duration of each syllable of 0.16-0.17 s (Fig. 4a).   

  The Linear Discriminant Analysis (LDA) model distinctly separated songs by island (Fig. 4b) 

and all songs (100%) were classified correctly by island via cross-validation. LD1 explained 92.0% of 

the variation in the song data, with low frequency and high frequency as important variables in 

discriminating between islands. Songs were distinctly separated by island in LD1; however, 

Fernandina and Isabela were grouped close together. The LD2 accounted for 7.96% of the variation. 

Songs were significantly different between islands (Wilks lambda <0.001, F4,26 = 307.6, p <0.0001). 

Songs significantly differed between islands in high frequency (H(4) = 23.5, p <0.001), low frequency 

(H(4) = 24.8, p <0.0001), and syllable length (H(4) = 19.7, p < 0.001), with a Bonferroni p-value 

cutoff of p = 0.0167. Pairwise comparisons between islands for each variable separately yielded 

significant differences between most islands in high frequency and syllable delta time (Table S1).  
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Fig. 4. a) Spectrogram comparison of male territorial and breeding/displaying songs during breeding 

season on six islands. There were no songs available from Floreana, San Cristobal, Rabida and 

Santiago. Each square is a spectrogram with two syllables with frequency (KHz) on the y-axis and 

time (s) on the x-axis. b) LD1 separates 4 groups due to variation in their song of birds from Pinzon, 

Marchena, Santa Cruz and a group consisting of Isabela and Fernandina. We see that the high 

frequency (Hz) and low frequency (Hz) variables are in a positive direction and these variables 
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account for most of the variation in the data, while the delta time of syllables (s) does not explain 

much variation. 

3.4. Morphometrics - wing length 

  Wing length was significantly different between P. nanus males on some islands (X2 = 19.189, 

df = 7, p = 0.0076). Pairwise comparisons indicate that both Pinzon and Santa Cruz have significantly 

different wing lengths compared to both Isabela and Pinta separately (Table 3, Fig. 5).   

Table 3 

Pairwise p-values for wing length between islands. Only males were included in the analysis. 

Significant p-values (<0.05) are in bold. 

 Fernandina Floreana Isabela Marchena Pinta Pinzon Santa Cruz 

Floreana 0.802 - - - - - - 

Isabela 0.370 0.617 - - - - - 

Marchena 0.653 0.530 0.276 - - - - 

Pinta 0.191 0.372 0.617 0.269 - - - 

Pinzon 0.370 0.191 0.041 0.639 0.041 - - 

Santa Cruz 0.642 0.370 0.041 0.967 0.041 0.372 - 

Santiago 0.802 0.620 0.195 0.694 0.184 0.269 0.642 
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Fig. 5. Comparison of wing length of P. nanus populations from different islands. The top boundary of 

each boxplot reflects the third quartile, the bottom boundary the first quartile, and the lines at each end 

show the minimum and maximum value. The line inside the diagram is the mean. 

3.5. Population genetics for Santa Cruz 

3.5.1. Relatedness of modern samples from Santa Cruz 

  Although the current population of Santa Cruz is extremely small (30 to 40 individuals), we 

found that most of the 11 individuals we sampled randomly were not closely related genetically. From 

the 55 pair recombinations between these 11 individuals, only two showed a first and second degree of 

consanguinity. The rest of the recombination showed a low degree of relatedness. Additionally, eight 

birds (4 females and 4 males) that formed pairs during 2020 and 2021 were not related to each other 

(Fig. 6a). 

3.5.2. Santa Cruz past and present inbreeding coefficient 

  The mean inbreeding coefficient of the modern population in Santa Cruz, using 345,326 alleles 

in using Plink program, was F = -0.026 ± SD 0.069 (range of -0.133 to 0.078), and using VCFtools 

program, was F = 0.007 SD ± 0.067 (range -0.095 to 0.108). While the average for past population 

using a similar number of alleles; Plink program, result F = 0.044 ± SD 0.247 (range of -0.254 to 

0.324), VCFtools software F = 0.076 ± SD 0.238 (range -0.212 to 0.347) (Table 4, Fig. 6b). There is 

no obvious change in heterozygosity and thus no visible inbreeding. This agrees with the 

consanguinity analysis that the birds in the existing population are not related, therefore there are not 

cases of inbreeding. 

Table 4 

 Inbreeding coefficient of birds from Santa Cruz Island from populations that lived in 1905, 1961, 

considered past or old samples (4 samples) and modern population where most of the samples were 

collected between 2019-2021, and only one sample in 2016 (11 samples). Hum (humid zone), trans 

(transition zone), E.HOM (expected homozygote), O.HOM (observed homozygote), and SNPs (single 

nucleotide polymorphism). 

Year sample 

& habitat 

 

 

Sex 

No. SNPs 

PLINK 

(O.HOM) 

PLINK 

(E.HOM) 

 (F) 

inbreeding 

coefficient 

PLINK 

VCFTOOL 

(O.HOM) 

VCFTOOL 

(E.HOM) 

(F) inbreeding 

coefficient 

VCFTOOL 

1905 Arid past M 172663 0.805 0.711 0.325 0.805 0.701 0.347 

1905 Arid past F 172663 0.752 0.711 0.141 0.752 0.701 0.170 

1961 Hum/Trans past F 172663 0.637 0.711 -0.254 0.637 0.701 -0.212 

1961 Hum/Trans past M 172663 0.701 0.711 -0.033 0.701 0.701 0.001 

2016 Hum modern M 172663 0.727 0.711 0.057 0.727 0.701 0.089 
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2019 Hum modern M 172663 0.719 0.711 0.029 0.719 0.701 0.061 

2019 Hum modern M 172663 0.734 0.711 0.078 0.734 0.701 0.109 

2019 Hum modern F 172663 0.694 0.711 -0.058 0.694 0.701 -0.022 

2019 Hum modern M 172663 0.709 0.711 -0.007 0.709 0.701 0.026 

2020 Hum modern F 172663 0.699 0.711 -0.043 0.699 0.701 -0.008 

2020 Hum modern F 172663 0.677 0.711 -0.117 0.677 0.701 -0.080 

2020 Hum modern F 172663 0.683 0.711 -0.097 0.683 0.701 -0.061 

2020 Hum modern M 172663 0.711 0.711 0.001 0.711 0.701 0.034 

2020 Hum modern F 172663 0.672 0.711 -0.133 0.672 0.701 -0.096 

2021 Hum modern M 172663 0.711 0.711 -0.001 0.711 0.701 0.032 

 

3.5.3. Nucleotide diversity and Tajima’s D 

  There was a significant reduction in nucleotide diversity (𝝅) (22.5 %) from past to modern 

samples from Santa Cruz (p < 0.001), with a mean 𝝅 for past samples of 0.40 ± SE 0.0003 and a mean 

𝝅 for modern samples of 0.31 ± SE 0.0003 (Supplementary material Fig.S3a). Also, there is a 

significance difference in Tajima’s D between modern and ancient samples (p < 0.001). The Tajima’s 

D values estimated from ancient samples show the Santa Cruz population did not deviate significantly 

from the expectation of a neutrally evolving population with constant size, with Tajima D = 0.14 ± SD 

0.60. In contrast, the modern population has a Tajima’s D value of 0.41 ± SD 0.68, so the population 

experienced a decrease in population size, indicated by the low levels of low and high polymorphism 

(Supplementary material Fig.3b). 

3.6. Population genetics of Fernandina, Isabela, Pinta, and Pinzon   

  Of the four islands with current populations sampled apart from Santa Cruz, Pinta (F = -0.15 ± 

SE 0.03) and Fernandina (F = -0.14 ± SE 0.02) had the lowest inbreeding coefficient, followed by 

Pinzon (F = -0.11 ± SE 0.06). The birds with the highest inbreeding coefficient were in Isabela (F = -

0.02 ± SE 0.02). This coefficient coincides with the order of the average coefficient of nucleotide 

diversity in these four islands. Firstly, Pinta has a higher nucleotide diversity (𝝅) (0.40 ± SD 0.12), 

followed by Fernandina (0.40 ± SD 0.12), Pinzon (0.36 ± SD 0.13), and Isabela, which had the lowest 

(𝝅) coefficient (0.33 ± SD 0.14). Additionally, Pinta was the island with the lowest Tajima D value 

(0.07 ± SE 0.008), followed by Fernandina (0.21 ± SE 0.004), these populations did not have a 

significant deviation from the neutral expectation. These Tajima D values were followed by Pinzon 

(0.41 ± SE 0.007) and Isabela with the highest Tajima D value (0.87 ± SE 0.005), which indicates 

these two island populations might have experienced decreases in population size recently.  
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Fig. 6. a) Consanguinity of 11 sequenced samples from individuals in Santa Cruz in 55 pairwise 

comparisons. 1st degree relationships are very closely related individuals, one male and one female 

(parent-offspring, full sibling). 2nd degree relationships are two closely related females (half siblings, 

grandparent-grandchild, etc.). Known breeding pairs (shown in red) were not related. b) Inbreeding 

coefficients from modern samples collected from Pinta (green dots), Fernandina (brown dots), Isabela 

(red dots), Pinzon (blue dots), Santa Cruz from 1905-1961 (purple dots), and Santa Cruz from 2016-21 

(black dots). 
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4. Discussion 

  Populations of P. nanus are highly genetically differentiated among the Galapagos islands. The 

acoustic, morphological, and large genomic dataset, using hundreds of thousands of SNPs, clearly 

indicates that this is an older and more taxonomically complex group than previously thought. These 

results provide a better understanding that should ultimately improve the taxonomy as well as 

management options for Galapagos Pyrocephalus. The isolation and differentiation of at least six 

groups were detected in the phylogeny and the STRUCTURE analysis: 1) Floreana, 2) 

Isabela+Fernandina, 3) Pinzon+Rabida, 4) Santiago+Marchena, 5) Pinta, and 6) Santa Cruz. Our 

results appear biogeographically consistent with these islands' ages, geographic locations, and relative 

isolation. In addition to genetic differentiation, we also present data on significant differences in male 

breeding songs between most populations and significant differences in wing morphometrics between 

some populations. Likewise, Swarth (1931) mentioned that there are differences in P. nanus between 

islands. Our results also confirm that P. dubius from San Cristobal belongs to a separate species. This 

had already been suggested previously (Carmi et al., 2016) and accepted (Chesser et al., 2022). This 

species coalesces with P. nanus around ~1.3 MYA.  

4.1. Differences of the populations between islands 

4.1.1. Floreana 

  Surprisingly, in our analyses, the P. nanus individuals from Floreana form a separate isolated 

clade. The separation of Floreana with the other population of P. nanus clade is deep, which suggests 

that Floreana population has been in isolation for a very long time, with a mean divergence time of 

1.06 MYA. Floreana Island is one of the older and more isolated islands in the Galapagos archipelago 

that has developed several of its own endemic birds including the Floreana Mockingbird (Mimus 

trifasciatus) (Arbogast et al., 2006), Medium Tree Finch (Camarhynchus pauper) (Kleindorfer et al., 

2014), endemic subspecies of Grey Warbler Finch (Certhidia fusca ridgwayi) (Grant et al., 2005), 

genetically isolated populations of yellow warblers (Setophaga petechia) (Chaves et al., 2012), 

Galapagos flycatchers (Myiarchus magnirostris) (Sari and Parker 2012)  and a genetically 

differentiated Short-eared Owl population (Asio flammeus galapagoensis) (Schulwitz et al., 2018). 

  Similarly, the morphological differences found by Ridgway (1897) led him to name the 

vermilion flycatcher population a different species, Pyrocephalus carolensis. Our phylogenetic and 

STRUCTURE analyses support the differentiation of the Floreana population. Similar observations 

were made in the Pinchot Expedition to the Galapagos Islands in 1929, suggesting that P. nanus 

“females from Floreana compared to Santa Cruz are quite different and warrant a taxonomic revision 
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to at least subspecies category” (Fisher & Wetmore, 1931). Swarth reached a similar conclusion in 

1931 when he grouped birds from Santa Cruz and compared them with other islands, mainly Floreana, 

and concluded that the populations between islands are quite different and the differences are most 

noticeable in females (Swarth, 1931). In particular, Floreana females have a very marked chest with 

streaks, while in Santa Cruz they do not. During our inspection of the specimens preserved in the CAS 

museum in 2021, we confirmed this pattern. The Floreana population was formerly very large and 

present throughout the island (Rothschild & Hartert, 1899; Baldridge, 1968; Steadman, 1986). 

Unfortunately, this population appears to have already gone extinct from Floreana Island (Merlen 

2013, Dvorak et al., 2021) and intensive bird surveys in 2008 (O’Connor et al., 2010), yearly from 

2014 to 2016 (Dvorak et al., 2017), and 2023 survey (CDF unpublished data) could not find any P. 

nanus individuals. The last verified observations of Pyrocephalus on Floreana were in 2004 

(O’Connor et al., 2010). It is possible that the decline of this population began in the 1970s, coinciding 

with the arrival of the Avian Vampire Fly, Philornis downsi, as its earliest record in Galapagos is from 

1964 (Causton et al., 2006). This avian parasite is one of the main threats to flycatchers species in 

Galapagos (Leuba et al, 2020; Pike et al., 2021; Mosquera et al., 2022), as it drastically reduces 

breeding success and recruitment of new individuals into the population. Additionally, another major 

threat is the alteration of habitat and food sources, which produces a decline in their reproductive 

success (Anchundia et al., 2024a). 

  The remaining populations of P. nanus form a sister clade to Floreana. Within this clade, there 

are two large separated groups, with a mean divergence time of 0.77 MYA. One clade includes an 

Isabela-Fernandina group and a Rabida-Pinzon group and the second clade includes a Santa Cruz 

group, Pinta group and Santiago-Marchena group. 

4.1.2. Isabela and Fernandina 

  These two islands form a separate isolated group with a very deep branch, which separated 

around 0.77 MYA. Due to the geographical proximity between Isabela and Fernandina (~4 km), as 

well as the younger age of these islands (particularly Fernandina), the phylogenetic and STRUCTURE 

analyses suggest the movement of birds between these two islands and probable colonization of 

Fernandina from Isabela and a high level of genetic exchange between Isabela’s volcanoes. We also 

observed that the populations of both islands have similar male songs during the nesting season, which 

is consistent with genetic similarities of both islands. 

  We found no evidence of recent genetic exchange between this group and the other groups of 

P. nanus. This is somewhat surprising since the other groups of P. nanus are only 16 km away from 
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Santiago Island and 18 km away from Pinzon Island (Fig. 1). Despite the fact that this distance seems 

close for a highly mobile bird, our data suggest that there is little to no genetically-effective migration. 

This is striking since a bird was collected from Wolf Island (Gifford, 1919), which is 143 km from 

Isabela Island and the phylogenetic analysis placed this bird within this Isabela-Fernandina group. 

This shows that they can disperse over longer distances, but perhaps there is selection against these 

migrants on Pinzon or Santiago where these populations are genetically divergent from the Isabela-

Fernandina populations.  

  In the population genetic analysis of Isabela, most of the samples were from the Sierra Negra 

volcano. The results showed less genetic diversity compared to other modern populations on 

Fernandina, Pinzon, and Pinta. This result coincides with the population reduction observed in the 

Sierra Negra volcano of Isabela Island observed by local people (CDF unpublished data). On the 

contrary, the Fernandina population is the modern population with the highest genetic diversity, but 

we lacked studies on this population due to the remoteness of this active volcano. Most of Fernandina 

Island is inhospitable, with large barren lava fields; however, the LVF population is thriving in 

scattered patches of vegetation. 

4.1.3. Pinzon and Rabida 

  Another lineage discovered includes the birds from Pinzon and Rabida, which have been 

separated for approximately 0.48 MYA. The geographically closest island to Pinzon is Santa Cruz, 

separated by a 10.5 km ocean channel. However, we find that Pinzon’s population has remained 

isolated, developing a unique type of song. Surprisingly, its wing size was also found to be the 

smallest of all P. nanus populations in Galapagos. It is likely that the smaller size of their wings is an 

evolutionary adaptation to the type of ecosystem where they live. Pinzon Island has dense xerophytic 

vegetation, consisting mainly of bushes. Perhaps, the smaller wing size would make it easier for the 

birds to fly efficiently between close vegetation to chase and hunt insects (Anchundia, pers. obs. on 

Pinzon Feb 2023; Gerdes et al., 2012). It also could help them to hover and capture insects on the 

branches (Anchundia, pers. obs on Pinzon Feb 2023; Warrick, 1998). Additionally, the population 

genetic analysis of Pinzon shows a slightly lower genetic diversity than other islands. This coincides 

with the observations made one decade ago that this population was reduced due to the impact of 

introduced black rats (Rattus rattus) (Island Conservation, unpublished data). However, currently its 

population has increased (CDF, unpublished data) due to rodent eradication conducted on this island 

in 2012 (Rueda et al., 2019). 
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4.1.4. Santa Cruz 

  In the second largest clade of P. nanus, there is greater complexity. The results showed that the 

Santa Cruz population diverged from Santiago, Marchena and Pinta approximately 0.42 MYA. This 

population developed its own song, and after the Pinzon population it is the population with the 

smallest wing size. Swarth (1931), with morphological analysis, separated the population of Santa 

Cruz into an endemic subspecies, P. nanus intercedens. Similarly, Ridgway delineated Santa Cruz as a 

different species, P. intercedens, together with Isabela. These statements show that there are some 

morphological differences in the Santa Cruz population, compared to other islands. Our phylogenetic 

and STRUCTURE analyses validate the interpretation that this population has been isolated for a long 

time and forms a unique lineage. Our modern observations of live birds of plumage of females in this 

population compared with Pinzon, Pinta, Isabela and Fernandina show subtle differences. The females 

in Santa Cruz have been observed having a creamy yellow plumage on the abdomen up to the neck, 

and sporadically, females with orange plumage on the head have been recorded. Unfortunately, this 

unique lineage is on the brink of disappearing due to its drastic population decline (Anchundia et al., 

2024a). 

4.1.5. Pinta 

  Geographically, this island is one of the most remote locations where P. nanus has established 

a population. Our results indicate that this population has been highly isolated, with a mean divergence 

time of 0.26 million years ago (MYA) and is rapidly differentiating from other populations. This 

population has also differentiated in its song from other islands and is the population with the largest 

wing size of all P. nanus populations, with a significantly larger size compared to Santa Cruz and 

Pinzon. Head-bill length was measured for four modern individuals from Pinta and their head-bill 

length was larger than other populations; however, we had insufficient data to conduct a more in-depth 

analysis. Ridgway (1897) divided this population into P. abingdoni together with Marchena. 

Similarly, Snodgrass and Heller (1904) considered these populations as the subspecies P. nanus 

abingdoni. Our phylogenetic and STRUCTURE analyses validate that there is a separation and 

isolation of this island from nearby Marchena Island. Due to the remoteness of Pinta Island, more 

information on its population in the past is lacking. However, the population genetic analysis shows 

that Pinta’s population has a greater genetic diversity than other islands, which suggests that this 

population has remained stable. Pinta is the smallest island (60 km2) in Galapagos with a humid zone 

and has diverse types of ecosystems with a steep elevation up to the summit volcano. The surprisingly 

larger wing size perhaps is an adaptation for frequent movement between regions of these ecosystems, 

since this bird is observed from the beach to the top of the highland zone of this island, 659 m above 
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sea level. Moreover, larger sized wings may also give the birds the ability to return to Pinta if they are 

blown away from the island by wind. 

4.1.6. Santiago 

  It was not possible to obtain new samples from Santiago because P. nanus individuals have 

become scarce there. However, the two historical samples used in the analysis show that this 

population also remained isolated. Santiago is one of the largest islands in the Galapagos, with a 

variety of ecosystems. This island was one of the main islands visited by pirates, whalers, and 

explorers before Galapagos was inhabited. Records of these previous visits show that P. nanus was 

abundant from the coast to the highlands of Santiago (Colnett, 1798; Porter, 1822). Additionally, 

Darwin visited this island in 1835 and collected several specimens and the origin of the name nanus 

comes from this population (Gould, 1841, Ridgway, 1897). However, this unique lineage of Santiago 

is about to disappear. Therefore, more effort should be devoted to search efforts, update its population 

status, and its conservation. The last sighting was made in 2017 by park rangers in the highlands of 

Santiago. During our visit in 2020 to collect samples for this study, no birds were seen despite hiking 

30 km. The disappearance of P. nanus might be linked to the destruction of nearly all the vegetation 

by introduced goats (Hamann, 1981; Schofield, 1989). The goats were introduced in 1813 by the 

U.S.S. Essex (Porter, 1822) and their population expanded dramatically to 100,000. They were 

eradicated on this island in 2005 (Cruz et al., 2009), but the P. nanus population did not recover. After 

the goat eradication, the invasive plant species blackberry expanded rapidly since there were no large 

herbivores to control it (Renteria, et al., 2012). Also, blackberry covers previously open areas, which 

leads to reduced foraging success of P. nanus (Anchundia, et al., 2024a). Furthermore, the Avian 

Vampire Fly is present in relatively high numbers, at least in the highlands of Santiago (CDF, 

unpublished data), adding further pressure to this population and perhaps reducing its reproductive 

success. 

4.1.7. Marchena 

  The analysis also shows the isolation of this population, and the genetically closest population 

seems to be birds of Santiago Island, as the mean divergence time between the two islands is only 0.15 

MYA. Geographically, Marchena is closer to Pinta, but there is no evidence of recent genetic 

exchange and our results indicate they separated ~0.26 MYA. Also, Marchena and Pinta have a high 

pairwise FST, suggesting that there has been no exchange between these islands for some time. 

However, Marchena and Santiago have a lower pairwise FST, suggesting a more recent connection. 

We do not know if the territorial song is unique to this island since we do not have songs from 
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Santiago Island, and both populations are more closely related genetically. Little is known about this 

isolated and remote population. It lives only in an arid and dry ecosystem. Reports from early 

explorers suggest the bird was not common (Rothschild & Hartert, 1899), hence few individuals were 

collected in the past. Most of the island (2/3) is covered with lava fields and the little vegetation 

present is in rocky places with little soil, so it does not have a proper environment to support large 

populations. 

4.2. Changes within populations and speciation  

  One barrier to gene flow are the differences in song between bird populations since it is an 

important aspect of species recognition and mate choice (Grant & Grant, 2008). Differences in songs 

have served as a tool to delimit and classify species in avian systematics (Alstrom & Ranft, 2003; 

Kumar, 2003). For morphologically very similar bird species, acoustic and genetic differences have 

provided better resolution for their classification (Päckert et al., 2004; Toews & Irwin, 2008; 

Carpenter et al., 2022). Within P. nanus, it is evident that there are some acoustic differences between 

males in territorial or displaying songs.  

Another diverse group in Galapagos similar to Pyrocephalus are mockingbirds (MB) (genus Mimus) 

(Arbogast et al., 2006). Phylogenetic analysis of this genus showed a similar distribution pattern to 

Pyrocephalus. The San Cristobal MB became isolated and split off, forming an endemic species. 

Similarly, the Floreana and Española MBs also split separately and became two endemic species 

(Arbogast et al., 2006; Hoeck et al., 2010; Nietlisbach et al., 2013). In the western part of the 

archipelago, MBs from Isabela, Fernandina and even the remote Wolf Island group in the same clade 

(Nietlisbach et al., 2013; Arbogast et al., 2006) with surprisingly low gene flow to the central islands, 

similar to P. nanus. MBs in the center of the archipelago were grouped together with Santa Cruz, 

Santiago, Santa Fe, Marchena and Pinta (Nietlisbach et al., 2013; Arbogast et al., 2006). This similar 

distribution pattern of the genus Mimus in Galapagos with Pyrocephalus is striking, suggesting that 

the same barriers impact these two groups. The Mimus group arrived in Galapagos with a mean 

divergence time of 0.5 MYA (Nietlisbach et al., 2013). It is a much younger group than Pyocephalus, 

which is estimated to have arrived in Galapagos around 1.3 MYA. However, Mimus populations in 

Galapagos have already been divided into four endemic species and six subspecies. Additionally, 

phylogenetic reconstruction using millions of SNPs from Darwin’s finches, shows that Darwin’s 

finches diverged around 0.9 MYA (Lamichhaney et al., 2015) and they have become 17 recognized 

species. There was a rapid radiation of ground and tree finches around 0.3 to 0.1 MYA (Lamichhaney 

et al., 2015). Although Pyrocephalus in Galapagos is as old as other groups of iconic and endemic 

Galapagos birds, its taxonomy has not been evaluated in detail. 
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  Strong genetic differentiation, a lack of evidence of migration, song differentiation between 

populations and morphological differences strongly suggests there are several unique lineages or 

species within P. nanus (Fig. 7). Therefore, we must highlight the protection of these unique, 

genetically distinct populations. We suggest dividing P. nanus into at least six species. The Floreana 

population could be elevated and recognized as Pyrocephalus carolensis by Ridgway 1897; however, 

it is unfortunately extinct. The Isabela-Fernandina populations (Pyrocephalus albemarlei), Albemarle 

is the old name from this island, Santa Cruz (Pyrocephalus intercedens) by Swarth 1931, Pinzon 

(Pyrocephalus duncan) Duncan is the old name of this island, Pinta (Pyrocephalus abingdoni) by 

Ridgway 1897 and Santiago-Marchena (Pyrocephalus nanus) by Gould 1839. These groups are 

unique as they have been completely isolated (Fig. 7).  
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Fig. 7. History of the taxonomic classification of the genus Pyrocephalus in the Galapagos 

archipelago, it shows the references for old names used. Reference taken from the study by Carmi & 

Dumbacher 2016, dotted lines are islands where there is uncertainty if that island should be included 

by the author. 
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4.3. Santa Cruz population genetics  

  The Santa Cruz population (a unique island evolutionary unit) shows that it has lost genetic 

diversity and has lost some of its heterozygosity, although no strong signs of inbreeding are observed 

yet. Perhaps this is due to the rapid decline of the population, with low breeding success and the few 

individuals remaining are not closely related. However, inbreeding would not inhibit a population 

from recovering and growing again (Johnson et al., 2011). The genetic samples of birds used for the 

modern genetic analysis were contemporaneous and lived at the same time (years 2019-2021), except 

for one sample from 2016. This gives a good snapshot in time of this population. However, a visit to 

this small population in 2023-2024 showed that most of the birds sampled and used in this study were 

no longer present and may have died, as the average lifespan of these birds is short around 5- 6 years. 

  To prevent the disappearance of this population, a habitat restoration coupled with control of 

parasitism by the Avian Vampire Fly was implemented (Anchundia et al., 2024a) and since 2021, the 

reproductive success of these birds has improved. In 2021, eight fledglings from three pairs were 

incorporated into the population (Anchundia et al., 2024a). In 2022, seven fledglings from three 

breeding pairs, in 2023, 12 fledglings from three breeding pairs and in 2024, 15 fledglings from seven 

breeding pairs (CDF unpublished data) were incorporated into the population. Despite intensive search 

efforts, no successful nests from other pairs outside the managed area were recorded. In line with the 

increasing breeding success the cases of inbreeding between these new birds might increase too as 

they come from very few breeding pairs and many of the new fledglings are related. Thus, continued 

genetic evaluation of this vulnerable population is necessary.  

  The analysis of birds collected in 1905 shows a surprisingly high inbreeding coefficient. One 

of these samples is from Baltra, where its population size apparently was small during the capture, 

since Gifford (1919) mentioned only two individuals were observed. The other sample was from the 

arid zone on the northwest side of Santa Cruz. Deamination could occur throughout time specially in 

ancient samples, which could slightly alter the analysis. However, in our analysis, we did not find a 

problem with deamination. 

4.4. Genetic rescue Santa Cruz 

  The Santa Cruz population is very small and potentially very closely related since the more 

recent higher breeding success from 2021 to the present. A genetic rescue through translocation has 

been suggested to prevent this population from declining further and disappearing. Genetic rescue is 

being used to avoid the extinction of populations that are declining, to prevent or limit inbreeding, and 

to alleviate deleterious effects and genetic drift (Johnson et al., 2011; Bateson et al., 2014; Segelbacher 
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et al., 2022; Jackson et al., 2022). However, an ecological, genetic, and risk assessment must be 

carried out on a target population for translocation before moving individuals (Frankham et al., 2017, 

Pérez-Pereira et al., 2022).  

  Genetic adaptations that may have evolved in a population in isolation could be altered by 

introducing a population with different adaptations, though there could be problems of introgression or 

outbreeding depression (Frankham et al., 2017; Rick et al., 2019, Pérez-Pereira et al., 2022). This 

could cause a reduction in fitness due to the mixture of two different genetic groups (Rick et al., 2019; 

Pérez-Pereira et al., 2022). Also, genes from one population could dominate genes from another 

population and could reduce genetic diversity (Frankham et al., 2017) and it might produce the 

opposite effect and accelerate its extinction. Moreover, for a successful genetic rescue of P. nanus on 

Santa Cruz, there must be a simultaneous effort to address the causes of the problems why the 

population became small, or else it will fall back into inbreeding after the translocation (Hedrick et al., 

2019).  

  The genetic analysis shows that the Santa Cruz population is genetically distant from other 

islands. Therefore, any translocation to Santa Cruz could dilute its the genetic makeup. Thus, the best 

is to safeguard this genetically unique Santa Cruz population given that we know what is needed, such 

as a combination of habitat restoration and parasite control. But if the population continues to decline 

and inbreeding is severely affected, there would be no other option than to translocate individuals 

from the island with a closer FST, such as Pinzon. This is also the geographically closest population to 

Santa Cruz, separated by only 10.5 km. Also, the adaptation of a bird before translocating it to a 

similar type of ecosystem should be reviewed to understand its adaptation to this new environment.  

  Review of genetic adaptations of P. nanus living in the humid and arid ecosystems on Santa 

Cruz and Isabela shows no differentiation within an island’s FST, which suggests there is movement 

of birds from humid and arid zones on the islands. Therefore, birds from humid or arid zones should 

be able to adapt to any of the two environments. The birds that live in Pinzon do so in an arid and 

xerophytic ecosystem, very similar to more than half of the surface area of Santa Cruz. However, the 

last remnant of the population in Santa Cruz is found in the humid zone (Anchundia et al., 2024a). 

Thus, if a translocation ever occurs, Pinzon birds moved to Santa Cruz would eventually need to adapt 

to a more humid environment.  

4.5. Reintroduction of Pyrocephalus to Floreana 

  Currently there is a project underway to eradicate invasive species (cats and rodents) on 

Floreana Island (Ruíz-Ballesteros & Tejedor, 2022). Once the eradication is completed, there is 
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another project planned to reintroduce species that were present on this island and that previously 

disappeared due to anthropogenic activities (Hanson & Campbell, 2013), including Pyrocephalus. The 

ideal aim is to bring a population of Pyrocephalus from another island close to the Floreana lineage, to 

better adapt to this island ecosystem. Two candidate populations may be birds from Pinzon Island and 

birds from Isabela. Both populations have a FST of 0.18 - 0.19 respectively compared to the endemic 

Floreana populations, and both populations have a large population size (CDF unpublished data), 

which is important since a large population will be a constant source to establish a new population on 

another island. 

Conclusions 

1.- Pyrocephalus is a quite old group in Galapagos, even older than several other endemic bird groups 

in Galapagos. 

2.- The geographical barriers of each island produces isolation of Pyrocephalus. Even between very 

close islands there is no movement. 

3. - For the great time of isolation of some populations, accumulation of mutations, differences in 

morphology and song we suggest dividing Pyrocephalus nanus into 6 subspecies or species. 

4.-The current population of Santa Cruz has decreased in genetic diversity compared to the past, 

although there were no strong signs of inbreeding. The current management of the remaining 

population needs to be continued and expanded and the genetic evaluation added to the management 

plan.  

5.- After removing the problems that were the reasons for the disappearance of the Floreana birds, a 

reintroduction can be considered. The birds that would probably adapt best would be populations from 

Isabela, namely from the Alcedo and Sierra Negra volcanoes.  

6.- The conservation status of each population should be evaluated on all the islands. To evaluate 

conservation strategies and highlight the protection of each lineage.  

7.- If the taxonomy of Pyrocephalus in Galapagos is modified it would be necessary to use names that 

were already used in the past to describe species or subspecies. 
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Appendix A. Supplementary material  

 

 

 

 

Figure S1. Average coverage of sequences of Santa Cruz individuals from the past and present. 

 

 

 

Figure S2. Graphical pairwise FST  
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Figure S3: a) Comparison of the nucleotide diversity from birds that lived in Santa Cruz: past (1905, 

1961) and present (2016 - 2021), with males and females combined (see samples list in Table 1). b) 

Tajima’s D density plot comparison of the current population living in Santa Cruz with the past 

population. Results show significant differences between populations over time.   
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Phylogenetic ML tree built using the whole mitochondrial genome of Pyrocephalus with 17178 bp. 

The support values reported at each node are ML bootstrap values. 
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Table S1. Tukey HSD Post hoc test results for pairwise comparisons between islands for song 

variables, including A) High frequency (Hz), B) Low frequency (Hz), and C) Syllables delta time (s). 

A) High Frequency 

 

Island 1 Island 2 
Mean 
estimate 

confidence  
(low) 

confidence 
(high) p-value significance level 

Fernandina Isabela 0.006778 -0.18852 0.202072 1 ns 

 
Marchena 0.481861 0.242676 0.721046 3.66E-05 **** 

 
Pinzon 2.941825 2.70264 3.181009 2.10E-14 **** 

 
Santa Cruz 0.332258 0.116352 0.548163 0.00117 ** 

Isabela Marchena 0.475083 0.264142 0.686024 6.79E-06 **** 

 
Pinzon 2.935047 2.724105 3.145988 2.10E-14 **** 

 
Santa Cruz 0.32548 0.141355 0.509604 0.00022 *** 

Marchena Pinzon 2.459964 2.207841 2.712087 2.10E-14 **** 

 
Santa Cruz -0.1496 -0.37976 0.080553 0.337 ns 

Pinzon Santa Cruz -2.60957 -2.83972 -2.37941 2.10E-14 **** 

B) Low Frequency 

Island 1 Island 2 
Mean 
estimate 

confidence  
(low) 

confidence 
(high) p-value significance level 

Fernandina Isabela 0.22537 0.013581 0.43716 0.0331 * 

 
Marchena -2.1259 -2.38529 -1.86651 2.11E-14 **** 

 
Pinzon -1.89248 -2.15187 -1.63309 2.13E-14 **** 

 
Santa Cruz -1.39204 -1.62618 -1.15789 5.80E-14 **** 

Isabela Marchena -2.35127 -2.58003 -2.12251 2.10E-14 **** 

 
Pinzon -2.11785 -2.34661 -1.88909 2.10E-14 **** 

 
Santa Cruz -1.61741 -1.81708 -1.41773 2.11E-14 **** 

Marchena Pinzon 0.233416 -0.04 0.506835 0.12 ns 

 
Santa Cruz 0.733863 0.484267 0.98346 7.15E-08 **** 

Pinzon Santa Cruz 0.500447 0.250851 0.750044 3.92E-05 **** 

C) Syllables delta time (s) 

Island 1 Island 2 
Mean 
estimate 

confidence 
(low) 

confidence 
(high) p-value significance level 

Fernandina Isabela 0.375489 -0.2047 0.955676 0.341 ns 

 
Marchena 1.233751 0.523169 1.944332 0.000276 *** 

 
Pinzon 2.977094 2.266513 3.687675 6.74E-11 **** 

 
Santa Cruz 0.607935 -0.03349 1.249356 0.0692 ns 

Isabela Marchena 0.858261 0.231588 1.484935 0.00401 ** 

 
Pinzon 2.601604 1.974931 3.228278 8.15E-11 **** 

 
Santa Cruz 0.232446 -0.31456 0.779451 0.722 ns 

Marchena Pinzon 1.743343 0.994325 2.492361 4.02E-06 **** 
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Santa Cruz -0.62582 -1.30957 0.057941 0.0842 ns 

Pinzon Santa Cruz -2.36916 -3.05292 -1.6854 3.15E-09 **** 
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General discussion 
 

Pyrocephalus nanus - reproduction in Santa Cruz  

  Habitat degradation on Santa Cruz Island significantly impacts the reproductive success of P. 

nanus (Anchundia et al., 2004a). My results confirm that habitat deterioration and the consequent 

reduction of access to food sources are primary factors causing females to abandon their nests during 

the early stages of incubation. This adverse effect occurs before the Avian Vampire Fly parasitizes the 

nests. Due to this, P. nanus faces two major sequential challenges, such that an initial limited food 

availability yields a lower energy capacity of the birds for nest maintenance, resulting in nest 

abandonment. However, when food was accessible, the birds continued to incubate their nests; 

however, the Avian Vampire Fly subsequently parasitized the nests within a few days. Our findings 

indicate that addressing both issues—enhancing food availability and controlling parasitism—

improves the reproductive success of P. nanus, allowing them to spend more time for nest brooding 

and offspring care. 

  Additionally, we observed and confirmed that P. nanus thrived better in open places. This was 

somewhat expected, since flycatchers generally prefer these types of open areas (Beedy, 1981; 

Mannan, 1984). Unfortunately, invasive vegetation on Santa Cruz has significantly altered the 

ecosystem (Rentería et al., 2012; Walentowitz et al., 2021) and the absence of herbivores has allowed 

invasive plant species to expand. A pressing concern is that the P. nanus population in Santa Cruz is 

very small and the genetically effective population size is even smaller because there are more males 

than females. The survival of this population relies heavily on the reproductive success of the 

relatively few females of reproductive age (~11 individuals). Thus, it is crucial to continue and expand 

restoration efforts to enhance breeding conditions for more pairs, thereby preventing the 

extinction/extirpation of P. nanus on Santa Cruz. 

  Another critical aspect of habitat restoration is the management of nest parasitism by the Avian 

Vampire Fly. The insecticide injection method, which is a short-term solution to control parasitism, 

successfully eliminated these nest parasites in my study, similar to previous studies with landbirds in 

Galapagos (Cimadom et al., 2019; Leuba et al., 2020). However, a long-term solution currently in 

development using biological control to reduce the prevalence of these parasites (Boulton et al., 2019; 

Ramirez, 2023). By addressing both the food scarcity and parasitism issues, habitat restoration creates 

a more favourable environment for vermilion flycatchers in Santa Cruz and potentially on other islands 

where the populations have declined.  

  Moreover, habitat restoration may be facilitated by the reintroduction of native herbivores that 

might play a vital role in controlling invasive plant species. The largest native herbivores in Santa 

Cruz Island are two species of giant tortoises (Chelonoidis porteri, Chelonoidis donfaustoi) 
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(Poulakakis et al., 2015). Giant tortoises in Galapagos were decimated by whalers, buccaneers, early 

expeditions, and impacted by invasive predators, etc, (Garrick et al., 2015), with an estimated 100,000 

to 200,000 tortoises harvested on several islands over two centuries (MacFarland et al., 1974; Conrad 

and Gibbs, 2021). In Santa Cruz, both species currently show signs of inbreeding due to drastic 

population declines (Garrick et al., 2015). One of these species, C. donfaustoi, has an estimated 

population size of only 250 individuals (Poulakakis et al., 2015) while C. porteri has an estimated 

population size of ~3400 individuals (Cayot et al., 2007). 

  Currently, tortoises are not reported to be present in the center of Santa Cruz (Poulakakis et al., 

2015, Bastille‐Rousseau et al., 2017) where the last remnant of P. nanus remains on this island. 

However, it is likely that tortoises were more widespread on Santa Cruz Island in the past. These large 

herbivores have an important role in transforming ecosystems in the Galapagos (Hunter et al., 2021). 

Therefore, their reintroduction to the highlands may help re-establish the ecosystem balance and 

prevent the overgrowth of invasive plants; however, more studies are necessary before moving giant 

tortoises to the location where P. nanus is still present. Importantly, it is necessary to determine which 

of the two species was formerly present in that area before potentially conducting translocations.  

Genetic diversity of P. nanus population in Santa Cruz 

  To obtain genetic data, I randomly sampled one-third of the P. nanus population from Santa 

Cruz from 2019-2020. Analysis of this data revealed no signs of inbreeding depression or excess 

homozygosity, despite the population's small size. Contrary to our expectations, the analysis indicated 

that paired individuals were not closely related, suggesting there was limited inbreeding within this 

small population. Data from before habitat restoration (2017-2019) indicated that breeding attempts 

were largely unsuccessful, leading to low recruitment. Additionally, I postulate that prior to our 

monitoring in 2017, breeding rates were similarly low because the population decreased very quickly 

in just a few years. It is also important to note that the genetic samples used in my study are from birds 

that lived from 2019-2020, a period marked by minimal reproductive success. Thus, it is unclear 

whether these findings reflect the current state of the Santa Cruz population in 2024. 

  Since 2021, habitat restoration efforts have resulted in higher reproductive success each 

breeding season, albeit with a limited number of breeding pairs (Anchundia et al., 2004a). Most 

individuals sampled in 2019-2020 have most likely died as the lifespan of these birds is short (5-6 

years long), with only their descendants remaining to maintain the population. If habitat restoration 

had not taken place, the Santa Cruz population would likely have faced extinction in coming years. 

The surviving individuals are descendants of individuals that bred during the initial habitat restoration 

efforts during my study. Their offspring are now breeding amongst themselves, raising new concerns 
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about potential inbreeding within the population in 2024. Ongoing genetic assessments in the coming 

years are essential for monitoring and managing their population dynamics.  

  Analysis of ancient DNA from P. nanus on Santa Cruz from 60 and 115 years ago provided a 

window into the past genetics of this population. While we did not have a large sample size from the 

past to compare with birds that lived in modern times in Santa Cruz, the large number of SNPs 

(N=233,916) obtained from these five skin museums were sufficient to draw several conclusions. 

Ancient DNA analysis revealed a higher nucleotide diversity in the past compared to the current 

population in Santa Cruz, with a significant decline in diversity of 22.5%.  Surprisingly, we found in 

the museum collection that P. nanus lived on Baltra Island and in the arid zone of Santa Cruz, areas 

currently completely devoid of these birds.  (California Academy of Sciences ORN:3211, 3087). This 

suggests P. nanus from Santa Cruz has the capabilities to thrive in drier conditions too, but that some 

yet unidentified factor affected their survival in these areas. The decline in genetic diversity could 

have implications for adaptability of these birds. However, the history of Galapagos species 

colonization suggests that small founding populations can overcome challenges through adaptation 

and expansion, (Grant et al., 2001, Hedrick, 2019) highlighting the resilience of the ancestors of this 

group. Therefore, it is possible that P. nanus can recover in Santa Cruz if they have more favorable 

habitat conditions and protection from parasitism by the Avian Vampire Fly. 

 

Genome assembly 

  The assembly of the P. nanus genome enables more comprehensive studies on population 

genetics and phylogeography in the Galapagos to be conducted. This genome holds particular 

significance within the Tyrannidae bird family, where assembled genomes are scarce, making it a 

valuable resource for broader research on lesser-studied species (Anchundia et al., 2024b). Moreover, 

it underscores the importance of conducting further investigations on this genus, not only in the 

Galapagos but also across the American continent. The complete genome is essential for identifying 

SNPs that are under selection or that are involved in local adaptation and identify the genes or 

mechanisms involved (Brandies et al., 2019, Fuentes‐Pardo and Ruzzante, 2017). In addition, it is 

important to obtain transcriptomic data to aid with the detailed annotation. This genome offers 

opportunities for studies on how birds adapt to diverse habitats and climates (Wang et al., 2022). Such 

insights are crucial for understanding their capacity to thrive and potentially inform conservation 

strategies, including translocations and habitat management. 
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Phylogenetics of Pyrocephalus in Galapagos 

  Phylogenetic analyses shed light on the colonization history and current relationships among 

Pyrocephalus populations in the Galapagos archipelago. Surprisingly, this research has identified the 

Santa Cruz population as a distinct evolutionary unit with a unique genetic lineage, highlighting the 

urgent need for its conservation. Contrary to prior assumptions, P. nanus and P. dubius have been 

revealed as old groups in the Galapagos, predating other well-known endemic species such as 

mockingbirds, Galapagos flycatchers, ground finches, and tree finches (Nietlisbach et al., 2013; 

Arbogast et al., 2006; Lamichhaney et al., 2015; Sari and Parker, 2012). My study has identified at 

least seven distinct genetic groups within the Pyrocephalus genus, supported by genetic, acoustic, and 

morphological characters. Despite comprehensive analysis of the data that I had, I also found evidence 

of extinct populations from Santa Fe Island (four museums specimens collected in 1900 and housed at 

the American Museum of Natural History), which suggests future work to understand the phylogenetic 

affinities of birds from Santa Fe. Furthermore, the sampling of birds from Marchena and Santiago 

included only two birds per island, so additional work for these islands may elucidate genetic 

interactions and patterns of migration and colonization. 

Taxonomy 

  Current taxonomic classifications by Birdlife International and Clements Checklist of Birds of 

the World recognize the presence of endemic Pyrocephalus species in the Galapagos, although 

discrepancies exist in the number of species and subspecies identified (Clements et al., 2023; Birdlife 

International, 2024). Birdlife accepts two species P. nanus and P. dubius (Birdlife International, 2024), 

while Clements recognizes one species with two subspecies (P. nanus nanus and P. nanus dubius 

(Clements et al., 2023). However, the distinct differences within P. nanus observed in this study 

warrant a reevaluation of its taxonomic status, potentially leading to a refined classification that aligns 

with the unique evolutionary trajectories of distinct island populations. Certain island populations of 

Pyrocephalus no longer mix and are on their own evolutionary trajectory. Studies of isolation on 

islands show that when there is no admixture with other populations, populations take their own 

evolutionary course (Giarla et al., 2018; Losos and Ricklefs, 2009), which eventually results in the 

formation of new species. Therefore, isolation is one of the main requirements for a new species to 

appear (MacArthur and Wilson, 1963; Hamilton and Rubinoff, 1967). These data support arguments 

for Pyrocephalus reclassification in Galapagos and highlight its conservation. Emphasis should be 

placed on research efforts dedicated to each distinct group, because these genetic lineages are unique 

and these island populations are declining very quickly (Fessl et al., 2017). 
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Translocation  

  One distinct population of P. nanus is from Isabela, which is currently the largest living 

Pyrocephalus population in Galapagos (CDF, unpublished data). Its isolation for over 0.7 MYA, 

despite its close proximity to several islands, and no evidence of movement toward this island recently 

is quite surprising. Island biography theories predict that the number of species and population size on 

an island increases with increasing island size (MacArthur and Wilson, 1967), and it is less likely for a 

species to become extinct on a large island than on a small island (MacArthur and Wilson, 1967; 

Losos and Ricklefs, 2009). The larger size of Isabela Island most likely contributes to the resilience of 

P. nanus there and hopefully continues to support a larger population. 

  Currently, a management program has been developed that plan to reintroduce Pyrocephalus 

birds to Floreana Island. We suggest that this reintroduction should be conducted after addressing and 

eliminating the problems that contributed to the past extirpation of Pyrocephalus on Floreana. As this 

population is already extirpated, there would be no concerns of genetic matching or lineage mixing; 

therefore, managers could select birds that would best adapt to Floreana’s ecological conditions. 

Perhaps the most ideal populations are those on Isabela, which has the most abundant populations in 

the archipelago and has both arid and humid ecosystems like Floreana. Similar to that planned for 

Floreana Island, there is another management program in place to reintroduce Pyrocephalus to Santa 

Fe Island. The last sighting of Pyrocephalus birds on this island was in 1929 (Fisher and Wetmore, 

1931). Therefore, we still do not know the genetics of this population, and thus, whether another 

distinct lineage was lost. However, since this population is no longer present on the island, a different 

lineage with an ecologically similar habitat could be used for reintroduction, such as that from Pinzon 

Island. Overall, a more detailed study is necessary to evaluate a reintroduction of Pyrocephalus to 

Santa Fe. 

 

Conclusion  

  Finally, in modern times, remote island archipelagos are no longer isolated due to the extensive 

movement of humans. This movement provides more opportunities for arrivals of new species, which 

can become invasive and negatively affect their novel environments, such as by degrading the habitat. 

Given my findings from my PhD thesis and the current status of Pyrocephalus populations in 

Galapagos, I recommend the following actions: 1) Habitat restoration: Continue and expand habitat 

restoration efforts on Santa Cruz Island to enhance breeding conditions for Pyrocephalus nanus and 

focus on removing invasive vegetation, creating open spaces, and improving food availability, 2) 

Control nest parasitism from the Avian Vampire Fly: Implement short-term solutions until long-term 

solutions are available, 3) Reintroduce native herbivores: Conduct further studies to evaluate the 
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feasibility and impact of reintroducing native herbivores, particularly giant tortoises, to the habitat of 

P. nanus on Santa Cruz and assess their role in controlling invasive plant species and restoring 

ecosystem balance, 4) Ongoing monitoring: Continuously monitor the genetic dynamics and 

reproductive success of the P. nanus population on Santa Cruz Island and assess potential inbreeding 

and manage genetic risks through proactive interventions, 5) Taxonomic revision: Based on the 

genetic analysis and distinct evolutionary units identified, reevaluate the taxonomic classification of 

Pyrocephalus species in the Galapagos and consider a refined classification that aligns with the unique 

evolutionary trajectories of distinct island populations, 6) Further research: Conduct additional 

research to fill knowledge gaps, such as obtaining specimens from Santa Fe Island and investigating 

functions of the genes for adaptations to difference habitats, and 7) Education: Raise public awareness 

about the conservation needs of Pyrocephalus species in the Galapagos and educate locals and visitors 

about the importance of protecting these unique birds and their habitats.  
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Summary 
 

The Little Vermilion Flycatcher (LVF), Pyrocephalus nanus, from Galapagos has suffered drastic 

population declines on Santa Cruz Island, with only 30-40 individuals remaining. We assessed the 

impact of habitat management on its breeding success and examined its genetic diversity using whole 

genomes to understand gene flow between islands and identify the most closely related population for 

potential translocations. We experimentally removed invasive plants species from seven plots and 

compared them with unmanaged areas, measuring incubation time, daily failure rate (DFR), breeding 

success, foraging, and perch height. In 2021, reproductive success was significantly higher in managed 

areas, with a notable reduction in DFR during the egg and nestling stages. Females incubated 

significantly more in managed areas, while foraging and perch heights were lower compared to 

unmanaged areas.  To assess genetic diversity, we sequenced genomes from birds collected in 1905, 

1961, and 2020-21. We found a significant decline in nucleotide diversity, but no evidence of 

inbreeding. Phylogenetic analysis using 233,916 SNPs revealed that Pyrocephalus in the Galápagos is 

much older than previously thought, with an estimated arrival 1.2 million years ago. Birds from 

Pinzón Island were identified as the closest population for potential translocation to Santa Cruz. 

Finally, we found that P. nanus diverges into five distinct genetic lineages, which could eventually be 

classified as separate subspecies or species. 
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Zusammenfassung 
 

Der Zwergschnäpper, Pyrocephalus nanus, von den Galapagosinseln hat auf der Insel Santa Cruz 

drastische Populationsrückgänge erlitten, wobei nur noch 30-40 Exemplare übrig sind. Wir haben die 

Auswirkungen der Lebensraumbewirtschaftung auf seinen Bruterfolg bewertet und seine genetische 

Vielfalt anhand ganzer Genome untersucht, um den Genfluss zwischen den Inseln zu verstehen und 

die am engsten verwandte Population für mögliche Umsiedlungen zu identifizieren. Wir haben 

experimentell invasive Pflanzenarten aus sieben Parzellen entfernt und sie mit nicht bewirtschafteten 

Gebieten verglichen, wobei wir Inkubationszeit, tägliche Ausfallrate (TA), Bruterfolg, Nahrungssuche 

und Ansitzhöhe gemessen haben. Im Jahr 2021 war der Fortpflanzungserfolg in bewirtschafteten 

Gebieten deutlich höher, mit einer deutlichen Verringerung der TA während der Ei- und 

Nestlingsphase. Die Weibchen brüteten in bewirtschafteten Gebieten deutlich mehr, während 

Nahrungssuche und Ansitzhöhe im Vergleich zu nicht bewirtschafteten Gebieten niedriger waren. Um 

die genetische Vielfalt zu bewerten, haben wir Genome von Vögeln sequenziert, die 1905, 1961 und 

2020-21 gesammelt wurden. Wir stellten einen deutlichen Rückgang der Nukleotidvielfalt fest, aber 

keine Hinweise auf Inzucht. Eine phylogenetische Analyse anhand von 233.916 SNPs ergab, dass 

Pyrocephalus auf den Galapagosinseln viel älter ist als bisher angenommen. Seine Ankunft wurde auf 

1,2 Millionen Jahre geschätzt. Vögel von der Insel Pinzón wurden als die nächstgelegene Population 

für eine mögliche Umsiedlung nach Santa Cruz identifiziert. Schließlich stellten wir fest, dass P. 

nanus in fünf verschiedene genetische Linien divergiert, die schließlich als separate Unterarten oder 

Arten klassifiziert werden könnten. 


