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Abstract 24 

The impact of accelerated climate change on extinction risk is not well-characterised 25 

despite its increasing relevance. Comparative genomics of extinct versus extant species might be 26 

useful in elucidating broad trends in faunal endangerment. We investigated fluctuations in 27 

genetic diversity and extinction timing in our genomic dataset of nine species of particularly 28 

vulnerable migratory shorebirds (Numenius), including two species widely thought to be extinct. 29 

Most species faced generally sharp declines in effective population sizes, a proxy for genetic 30 

diversity, soon after the Last Glacial Maximum. During this time, a warming climate supported 31 

forest expansions at the expense of open habitats, exacerbated by human-induced mass 32 

extinctions of megafauna only a few thousand years prior, resulting in unprecedented reductions 33 

in shorebird breeding habitat. Species breeding in temperate regions, where they widely overlap 34 

with human populations, have been most strongly affected. Late Quaternary events can exert 35 

long-lasting effects on some species’ susceptibility to extinction. Genomic inquiry is crucial in 36 

informing conservation actions in the fight against ongoing biodiversity loss. 37 

  38 
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Introduction 39 

Extinction is a natural and ongoing phenomenon, mostly occurring at low rates (Turvey & 40 

Crees, 2019). Occasionally, extreme events such as climate change lead to mass species 41 

extinctions and major biotic turnover (Crowley & North, 1988). Today, accelerating climate 42 

change is increasingly apparent, coinciding with elevated rates of species extinction that are 100–43 

1000 times higher than the background rate (Koch & Barnosky, 2006; Pimm et al., 2014). While 44 

anthropogenic climate change is recognised as a major threat to biodiversity worldwide, the 45 

mechanisms by which it causes extinction, be it physiological stress, species interactions or other 46 

proximate causes, are not well characterised (Cahill et al., 2013). Investigations into the impact 47 

of anthropogenic climate change on species extinction risk are of paramount importance to 48 

inform conservation action in the fight against ongoing biodiversity loss (Frankham, 2005; Jetz 49 

et al., 2014; Urban, 2015). 50 

The endangerment process and its associated conservation actions are usually viewed 51 

through a species-specific lens to pinpoint traits explaining a taxon’s susceptibility to extinction. 52 

However, a universal approach based on genomic correlates of larger panels of species could add 53 

an important perspective to elucidate trends in faunal endangerment. Comparative genomics of 54 

extinct versus extant species are particularly useful in this context (Frankham, 2005), but have 55 

proven challenging in the past because of difficulties in obtaining viable genomic DNA from 56 

extinct taxa. Such comparisons can provide insights into past population trends to shed light on 57 

extinction risk in extant species. 58 

We used a museomic approach to investigate fluctuations in genetic diversity in a genus of 59 

nine species of migratory shorebirds. Migratory shorebirds are threatened by warming 60 

temperatures and habitat loss in their breeding and wintering grounds respectively (Lemoine & 61 
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Böhning-Gaese, 2003). Curlews and whimbrels of the genus Numenius, which breed across the 62 

world’s tundras and temperate grasslands, are particularly vulnerable to endangerment due to 63 

comparatively long generation times (Pearce-Higgins et al., 2017). Our study includes two 64 

species, the slender-billed curlew (N. tenuirostris) and Eskimo curlew (N. borealis), that are 65 

presumably extinct (Buchanan et al., 2018; Butchart et al., 2018; Kirwan, Porter, & Scott, 2015; 66 

Pearce-Higgins et al., 2017; Roberts, Elphick, & Reed, 2010; Roberts & Jarić, 2016). We 67 

acquired 67 ancient and fresh samples from all nine Numenius species and most known 68 

subspecies (Figure 1A; Table S1) for target enrichment. After filtering, a final alignment of 69 

514,771bp across 524 sequence loci were retained for each of 62 samples at a mean coverage of 70 

118X. 71 

Results and discussion 72 

Phylogenomic analyses using MP-EST (L. Liu, Yu, & Edwards, 2010) revealed two separate 73 

groups, here called the “whimbrel clade” and the “curlew clade”, that diverged approximately 5 74 

million years ago (Figure 1B; Figure S1A). This is the first phylogenomic analysis consisting of 75 

all members of the genus Numenius. The use of degraded DNA from toepads of museum 76 

specimens allowed us to include the two presumably extinct taxa. Of these, the slender-billed 77 

curlew emerged as sister to the Eurasian curlew (N. arquata), a phenotypically similar species 78 

with which it overlapped in its Central Asian breeding range (Sharko et al., 2019). On the other 79 

hand, the Eskimo curlew emerged as a distinct member of the curlew clade with no close 80 

relatives (Figure 1B). Our phylogenomic dating analyses demonstrated that 40.6% of the 81 

evolutionary distinctness (Jetz et al., 2014) of the curlew clade has been lost with the presumable 82 

extinction of the two species, and another 15% is endangered (Figure 1B; Table S2), rendering 83 

this one of the most extinction-prone bird groups globally.  84 
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To further characterise the differential impact of extinction pressures, we characterised the 85 

demographic history of each species and considered them in the context of key climatic and 86 

biotic events. Reconstruction of fluctuations in effective population size (Ne), a proxy for genetic 87 

diversity, using stairway plot (X. Liu & Fu, 2015) revealed generally sharp declines in most 88 

species that accelerated ~11,000 years ago (kya) and continued to the present day for some 89 

species (Figure 1C). Preceding the onset of this decline (50–10kya), cooling events leading up to 90 

the LGM allowed tundra habitats to dominate and saw great increases in Ne in the tundra-91 

inhabiting Eurasian whimbrel (N. phaeopus) (Binney et al., 2017; Zimov et al., 1995). At the 92 

same time, widespread megafaunal extinction was underway due to both climate change and the 93 

arrival of early Homo sapiens that carried out hunts (Figure 1C) (Koch & Barnosky, 2006). 94 

Without functional replacements for the ecosystem-engineering effects of grazing megafauna, 95 

temperate grasslands and steppes were not maintained (Bakker et al., 2016). With the end of the 96 

last glacial period and the onset of a warming interglacial climate, forests expanded at the 97 

expense of open habitats (Binney et al., 2017). This displacement lowered the carrying capacity 98 

for megafauna and led to further population declines, forming a feedback loop (Koch & 99 

Barnosky, 2006). Therefore, post-glacial warming and megafaunal extinction may have acted 100 

synergistically in producing unprecedented reductions of open landscapes for breeding and 101 

concomitant sharp declines in the genetic diversity of Numenius shorebirds. 102 

In the late Holocene, climate regimes have been relatively stable compared to that of the last 103 

glacial period (Dansgaard et al., 1993). However, members of the curlew clade, which 104 

predominantly breed in temperate grasslands and steppes, persistently exhibit levels of Ne that 105 

are an order of magnitude lower than those of the tundra-inhabiting whimbrels (Figure 1C). After 106 

declines in Ne in the post-glacial Holocene, whimbrels seem to have stabilised in genetic 107 
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diversity starting at ~700 years ago while curlews have continued to decline. The fates of these 108 

two Numenius clades appear to have diverged at the onset of post-glacial warming. Whimbrels 109 

accumulated and maintained genetic diversity during glacial periods when ice-free tundra 110 

habitats in Far Eastern Siberia and Alaska were expansive (Bigelow et al., 2003; Binney et al., 111 

2017). In contrast, curlews were forced into smaller temperate glacial refuges and would have 112 

suffered great reductions in genetic diversity, incurring extinction debt (Kuussaari et al., 2009; 113 

Tan et al., 2019; Urban, 2015). Presently, temperate grasslands, where curlews breed, face far 114 

greater anthropogenic pressures through various land use regimes than the northerly tundra 115 

(Pimm et al., 2014), contributing to continued declines of curlews more so than whimbrels. In 116 

particular, genetic diversity was lowest in the presumably extinct slender-billed curlew, N. 117 

tenuirostris (Figure 1C). A low genetic diversity decreases the evolutionary potential for 118 

adaptations to environmental change and increases susceptibility to inbreeding depression, 119 

raising a species’ extinction risk (Frankham, 2005). 120 

The plight of these curlews may be mirrored by other species as the world’s biodiversity 121 

becomes increasingly threatened, with unknown consequences for ecosystems (Pimm et al., 122 

2014). Our work emphasises that genomic inquiries into past genetic diversity trends can inform 123 

present-day conservation action by revealing bottleneck events and pinpointing populations with 124 

a depauperate genetic diversity. We also highlight the unique challenges faced by grassland 125 

biomes and biota that warrant more conservation attention (Török, Ambarlı, Kamp, Wesche, & 126 

Dengler, 2016). 127 

Our study revealed that climatic and environmental changes impacted the genetic diversity of 128 

curlews, with similar declines documented in other grassland-dependent biota (Ceballos et al., 129 

2010; Chan, Lacey, Pearson, & Hadly, 2005; Helm et al., 2009; Nakahama, Uchida, Ushimaru, 130 
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& Isagi, 2018; Wesche et al., 2016). Late Quaternary climate change and megafaunal extinction 131 

may have had cascading effects onto species’ endangerment that have lasted to the present day. 132 

This work provides a glimpse into how biodiversity may – in the future – respond to unabating 133 

anthropogenic climate change. 134 

 135 

Figure 1. (A) Breeding distribution map and sampling localities of all Numenius species. Colours correspond to 136 
species identities in the tree in (B). Diagonal lines denote regions with co-distributed species. Each circle represents 137 
one sample unless otherwise specified by an adjacent number. The only known breeding records of N. tenuirostris 138 
were from near the village of Krasnoperova c.10 km south of Tara, Omsk (Russia), which is denoted with a black 139 
star (), although this might not have been the core breeding area. (B) Phylogenomic tree constructed from an 140 
alignment of 514,771bp across 524 sequence loci. Tree topology (including bootstrap support values) and 141 
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divergence times were estimated with MP-EST and MCMCTree respectively. Only bootstrap <100 is displayed. 142 
Sample sizes for each species are given in brackets. IUCN Red List status of critically endangered (CR) and 143 
endangered (EN) species are indicated. Illustrations of Numenius birds were reproduced with permission from Lynx 144 
Edicions. (C) Demographic history reconstruction using stairway plot for all species represented by ≥5 samples, 145 
which is the minimum number of samples required. Line colours correspond to species identities in the tree in (B) 146 
and numbers at present time represent the present-day effective population size. Thick lines represent the median 147 
effective population size while thin lines represent the 2.5 and 97.5 percentile estimation respectively. The grey-148 
shaded panel indicates the current interglacial period and the red line denotes the Last Glacial Maximum (LGM). 149 
Black bars below the plot provide key dates of megafaunal extinction events(Koch & Barnosky, 2006), Homo 150 
sapiens arrival(Koch & Barnosky, 2006) and climatic change for northern Eurasia(Binney et al., 2017) and North 151 
America(Bigelow et al., 2003) respectively. The timing of these events is indicated with light grey dashed lines 152 
extending downwards from the time axis. 153 

 154 

Materials and methods 155 

Taxon sampling 156 

We acquired samples for all nine species in the genus Numenius, encompassing most of 157 

the known subspecies. Species and subspecies identities are as provided by the source museum 158 

or institution (Table S1) or assigned in reference to known breeding and wintering locations 159 

(Billerman, Keeney, Rodewald, & Schulenberg, 2020). We also included one common redshank 160 

Tringa totanus as an outgroup for phylogenetic rooting. Most samples were acquired through 161 

museum loans except for an individual of the endangered subspecies N. phaeopus alboaxillaris 162 

that was sampled during fieldwork by GA (Table S1). Where possible, we acquired fresh 163 

samples (tissue or blood) for their higher quality of genetic information. To represent rarely 164 

sampled or presently rare taxa for which no fresh samples were available, we acquired toepad 165 

material from historic museum specimens and applied ancient DNA methods. 166 

Baits design for target capture 167 

 We used the Calidris pugnax genome (GCA_001458055.1) (Küpper et al., 2015) to 168 

design baits to capture selected exons. We used EvolMarkers (C. Li, Riethoven, & Naylor, 2012) 169 

to identify single-copy exons conserved between C. pugnax, Taeniopygia guttata (accession no. 170 
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GCF_003957565.1; released by the Vertebrate Genomes Project) and Ficedula albicollis 171 

(accession no. GCA_000247815.1). Exons longer than 500bp with a minimum identity of 55% 172 

and an e-value < 10𝑒−15 were isolated with bedtools 2.28.0 (Quinlan & Hall, 2010), forming 173 

our target loci. Only target loci with 40–60% GC content were retained and any overlapping loci 174 

were merged (Quinlan & Hall, 2010). Finally, target loci with repeat elements were filtered out 175 

in RepeatMasker 4.0.6 (Smit, Hubley, & Green, 2015). We arrived at a final set of 565 unique 176 

target loci with a mean length of 970bp. These target loci were used to design 19,003 100bp-long 177 

biotinylated RNA baits at 4X tiling density (MYcoarray/Arbor Biosciences, USA). 178 

Laboratory methods 179 

Both fresh and ancient samples were subjected to DNA extraction, followed by library 180 

preparation and target enrichment, with slight modifications for various sample types to optimise 181 

yield. DNA extractions of fresh samples were performed using the DNEasy Blood & Tissue Kit 182 

(Qiagen, Germany) with an additional incubation step with heat-treated RNase. Extractions for 183 

ancient samples were performed using the same kit but with modifications to reagent volumes 184 

and extraction columns (Chattopadhyay, Garg, Mendenhall, & Rheindt, 2019). Ancient samples 185 

were processed in a dedicated facility for highly degraded specimens. 186 

DNA extracted from fresh samples was sheared via sonification using Bioruptor Pico 187 

(Diagenode, Belgium) to a target size of 250bp. DNA extracts from ancient samples were 188 

generally smaller than the target size; hence no further shearing was performed. Whole-genome 189 

libraries were prepared using the NEBNext Ultra™ II DNA Library Prep Kit for Illumina (New 190 

England Biolabs, Ipswich, USA) with modifications for subsequent target enrichment. For fresh 191 

samples, adaptor concentrations were kept constant regardless of DNA input amount. Size 192 

selection with AMPure XP beads (Beckman Coulter, USA) was performed for 250bp insert 193 
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sizes. The reaction was split into two equal parts before polymerase chain reaction (PCR) 194 

amplification and combined afterwards for subsequent steps. For ancient samples, a formalin-195 

fixed, paraffin-embedded (FFPE) DNA repair step was first performed using NEBNext FFPE 196 

DNA Repair Mix (New England BioLabs). A 10-fold dilution of adaptors was used, and no size 197 

selection was performed. For both types of samples, twelve cycles of PCR amplification were 198 

performed. 199 

Target enrichment was carried out using the MYbaits manual (Arbor Biosciences, USA) 200 

with modifications (Chattopadhyay et al., 2019). We used 1.1uL of baits per fresh sample (~5X 201 

dilution) and 2.46 uL of baits per ancient sample (~2X dilution). For fresh samples, hybridization 202 

of baits and target loci was performed at 65°C for 20 hours and 15 cycles of amplification were 203 

performed. For ancient samples, hybridization was performed at 60°C for 40 hours, and 20 204 

cycles of amplification were performed. For both fresh and ancient samples, one negative control 205 

sample was added for each batch of extraction, library preparation and target enrichment. 206 

Extracts, whole-genome libraries, final enriched libraries, and all negatives were checked for 207 

DNA concentration on a Qubit 2.0 Fluorometer using the Qubit dsDNA HS assay kit 208 

(ThermoFisher Scientific, USA), and were checked for fragment size on a Fragment Analyzer 209 

using the HS NGS Fragment kit (1–6000bp) (Agilent Technologies Inc., USA). Final enriched 210 

libraries were pooled at equimolar quantities. A total of 67 enriched libraries were sequenced, 211 

with fresh and ancient samples sequenced separately on two Illumina HiSeq 150bp paired-end 212 

lanes (NovogeneAIT, Singapore). 213 

Reference genome assembly 214 

We obtained a sample of N. phaeopus (ZMUC 112728) from Natural History Museum of 215 

Denmark, Copenhagen and genomic DNA was extracted using the KingFisher™ Duo Prime 216 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2021. ; https://doi.org/10.1101/2021.07.02.450884doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450884
http://creativecommons.org/licenses/by/4.0/


11 
 

Magnetic Particle Processor (ThermoFisher Scientific, USA) and the KingFisher Cell and Tissue 217 

DNA Kit (Thermo Fisher Scientific). A linked-read sequencing library was prepared using the 218 

Chromium Genome library kits (10X Genomics) and sequenced on one Illumina Hiseq X lane at 219 

SciLifeLab Stockholm (Sweden). The de novo assembly analysis was performed using 10X 220 

Chromium Supernova (v. 2.1.1). Reads were filtered for low quality and duplication and 221 

assemblies were checked for accuracy and coverage and the best assembly was selected based on 222 

higher genome coverage with fewer errors. The final genome had a size of 1.12Gb at a coverage 223 

of 50X with N50 = 3504.2kbp. 224 

Raw reads processing 225 

Raw reads were checked for sequencing quality in FastQC 0.11.8 (Babraham 226 

Bioinformatics). Reads were trimmed for low-quality termini and adaptors in fastp 0.20.0 (Chen, 227 

Zhou, Chen, & Gu, 2018). We retained reads with a minimum length of 36bp and set a phred 228 

quality threshold of 20. Retained reads started at the first base satisfying minimum quality 229 

criteria at the 5’-end and were truncated wherever the average quality fell below the threshold in 230 

a sliding window of 5bp. Duplicates were also removed using FastUniq 1.1 (Xu et al., 2012) 231 

before sequence quality, duplication rate and adaptor content were checked again in FastQC. We 232 

employed FastQ Screen 0.14.0 (Wingett & Andrews, 2018) to assign the source of DNA against 233 

a list of potential contaminants. We aligned reads to the assembled Numenius phaeopus genome, 234 

Homo sapiens (accession no. GCF_000001405.39) and a concatenated database of all available 235 

bacterial genomes available on GenBank(“National Center for Biotechnology Information 236 

(NCBI),” 1988). Only reads that mapped uniquely to the N. phaeopus genome were retained. 237 

Reads were sorted and re-paired using BBtools 37.96 (Bushnell, 2014). Downstream 238 
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bioinformatic procedures were split into single nucleotide polymorphism (SNP)-based and 239 

sequence-based analyses. 240 

SNP calling 241 

For SNP-based analyses, reads were aligned to the target sequences used for bait design 242 

using bwa-mem 0.7.17 (Li, 2013). The output alignment files were converted to bam files (view) 243 

and sorted by coordinates (sort) using SAMtools 1.9 (Li et al., 2009). Alignments were processed 244 

in Picard 2.20.0 (Picard tools, Broad Institute, Massachusetts, USA) to add read group 245 

information (AddOrReplaceReadGroups), and another round of duplicate identification was 246 

performed (MarkDuplicates) before alignment files were indexed (BuildBamIndex). The 247 

reference file of target sequences was indexed in SAMtools (faidx) and a sequence dictionary 248 

was created in Picard (CreateSequenceDictionary). To improve SNP calling accuracy, indel 249 

realignment was performed in GATK 3.8 (McKenna et al., 2010) (RealignerTargetCreator, 250 

IndelRealigner). We inspected ancient DNA alignments in mapDamage 2.0.9 (Jónsson, 251 

Ginolhac, Schubert, Johnson, & Orlando, 2013) and trimmed up to 5bp from the 3’ ends of both 252 

reads to minimise frequencies of G to A misincorporation (<0.1) and soft clipping (<0.2). 253 

Finally, alignments were checked for quality and coverage in QualiMap 2.2.1 (Okonechnikov, 254 

Conesa, & García-Alcalde, 2016). 255 

We first generated likelihoods for alignment files in BCFtools 1.9 (Li, 2011) (mpileup), 256 

skipping indels. Using the same program, we then called SNPs (call) using the multiallelic and 257 

rare-variant calling model. Called SNPs were filtered in VCFtools 0.1.16 (Danecek et al., 2011) 258 

to retain sites with quality values >30, mean depth 30–150, minor allele frequency ≥0.02 and 259 

missing data <5%, in the listed order. Missingness and depth in sites and individuals, 260 

respectively, were quantified for SNPs called. We remove eight individuals from downstream 261 
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analyses due to a combination of missing data (>0.4%) and low coverage (<36X). A Perl script 262 

was used to call one SNP per locus to avoid calling linked SNPs. SNPs were further screened for 263 

linkage disequilibrium in PLINK 1.9 (Purcell et al., 2007) using a sliding window of 50 SNPs 264 

with a step size of 10 and an r2 correlation threshold of 0.9. Finally, we also screened for 265 

neutrality of SNPs in BayeScan 2.1 (Foll & Gaggiotti, 2008) using default settings. We created 266 

dedicated SNP sets for input into demographic history reconstruction methods by applying the 267 

method as described above but without minor allele frequency cut-offs and with all SNPs in each 268 

locus retained. 269 

Population genomic analyses 270 

We conducted principal component analysis (PCA) for all Numenius samples using 271 

SNPRelate 1.16.0 (Zheng et al., 2012) in R 3.5.1 (R Core Team, 2018) (Figure S1A). We did not 272 

detect any considerable genomic differentiation along subspecific lines within N. phaeopus and 273 

N. arquata, whose population-genetic structure had been resolved with thousands of genome-274 

wide markers in a previous study (Tan et al., 2019) (Figure S1B, C). Samples of N. p. 275 

alboaxillaris and N. a. suschkini, two Central Asian taxa that are described in literature as 276 

phenotypically differentiated (Allport, 2017; Engelmoer & Roselaar, 1998b, 1998a; Morozov, 277 

2000), did not emerge as genomically distinct from other conspecific populations and are likely 278 

to represent ecomorphological adaptations controlled by few genes. Sample NBME 1039630, 279 

which was identified as N. tenuirostris, and sample MCZR 15733, which was identified as an N. 280 

arquata that shares many morphological features with N. tenuirostris, clustered with N. arquata 281 

samples (Table S1, Figure S1D). Both samples were assigned as N. arquata in subsequent 282 

phylogenetic analyses. 283 

Sequence assembly 284 
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For sequence-based analyses, reads were assembled using HybPiper 1.3.1 (Johnson et al., 285 

2016) (reads_first) to yield sequence loci. Firstly, reads were mapped to the target sequences 286 

using BWA 0.7.17 (Li & Durbin, 2009) and sorted by gene. Contigs were then assembled from 287 

the reads mapped to respective loci using SPAdes 3.13 (Bankevich et al., 2012) with a coverage 288 

cutoff value of 20. Using Exonerate 2.4.0 (Slater & Birney, 2005), these contigs were then 289 

aligned to the target sequences and sorted before one contig per locus was chosen to yield the 290 

final sequences. We inspected locus lengths (get_seq_lengths) and recovery efficiency 291 

(hybpiper_stats) across all loci. We then investigated potentially paralogous loci 292 

(paralog_investigator) by building gene trees using FastTree 2.1.11 (Price, Dehal, & Arkin, 293 

2010) (paralog_retriever), and 10 identified loci were removed. All loci retained were present in 294 

at least 80% of individuals and constituted at least 60% of the total target loci length. In 295 

summary, a total of 525 loci were recovered from 62 samples. 296 

Phylogenomic analyses 297 

Multisequence alignment was performed for each locus using MAFFT 7.470 (Katoh & 298 

Standley, 2013), allowing for reverse complement sequences as necessary. Alignments were 299 

checked for gaps using a custom script, and loci with >35% gaps were removed from 300 

downstream analyses. A total alignment length of 514,771bp was obtained. 301 

Phylogenomic analyses were performed on a concatenated dataset as well as on 302 

individual gene trees. Concatenation was performed with abioscript 0.9.4 (Larsson, 2010) 303 

(seqConCat). For the concatenated dataset, we constructed maximum-likelihood (ML) trees 304 

using RAxML 8.2.12 (Stamatakis, 2014) with 100 alternative runs on distinct starting trees. We 305 

applied the general time reversible substitution model with gamma distributed rate variation 306 
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among sites and with estimation of proportion of invariable sites (GTR+I+G) (Abadi, Azouri, 307 

Pupko, & Mayrose, 2019; Arenas, 2015). 308 

For individual gene trees, the best substitution model for each locus was determined 309 

using jModelTest 2.1.10 (Darriba, Taboada, Doallo, & Posada, 2012) by virtue of the corrected 310 

Akaike information criterion value. We then constructed ML trees in PhyML 3.1 with the subtree 311 

pruning and regrafting algorithm, using 20 initial random trees. We performed 100 bootstrap 312 

replicates with ML estimates for both proportion of invariable sites and value of the gamma 313 

shape parameter. Individual gene trees were then rooted with Newick Utilities 1.3.0 (Junier & 314 

Zdobnov, 2010). We removed one locus from downstream analyses due to the absence of 315 

outgroup sequence such that 524 loci were retained across 62 samples. 316 

Species tree analyses were performed using the rooted trees in MP-EST 1.6 (L. Liu et al., 317 

2010), without calculation of triple distance among trees. We grouped samples by species and 318 

performed three runs of 10 independent tree searches per dataset (Cloutier et al., 2019). To 319 

calculate bootstrap values of the species tree, we performed multi-locus, site-only resampling 320 

(Mirarab, 2014) from the bootstrap trees (100 per gene) output from PhyML. The resulting 100 321 

files, each with 100 bootstrap trees, were rooted and species tree analyses were performed in the 322 

same manner for each file in MP-EST. The best tree from each run was identified by the best ML 323 

score and compiled. Finally, we used the majority rule in PHYLIP 3.695(Felsenstein, 2009) to 324 

count the number of times a group descending from each node occurred so as to derive the 325 

bootstrap value (consense). 326 

For estimation of divergence times, we applied MCMCtree and BASEML 4.9e (Reis & 327 

Yang, 2011), a package in PAML (Yang, 2007). To prepare the molecular data from 62 samples 328 

and 524 loci, we compiled the DNA sequence of each sample and combined all samples onto 329 
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separate rows of the same file. We then obtained consensus sequences for each species using 330 

Geneious Prime 2020.2 (Kearse et al., 2012), with a majority support threshold of 50% and 331 

ignoring gaps. We visually checked the resulting consensus sequences to ensure that ambiguous 332 

bases remained infrequent. Consensus sequences were organised by loci as per the input format 333 

for MCMCtree. We then prepared the input phylogenetic tree using the topology estimated in 334 

MP-EST with fossil calibrations of the two most basal nodes, namely between our outgroup 335 

(Tringa totanus) and all Numenius species, as well as that between the whimbrel and curlew 336 

clades within Numenius. Due to a lack of known fossils within the genus Numenius, we 337 

performed further calibrations using p-distance values calculated from the COI sequences of 338 

Numenius species. We applied the bird COI mutation rate of 1.8% per million year (Lavinia, 339 

Kerr, Tubaro, Hebert, & Lijtmaer, 2016) and converted mean, maximum and minimum p-340 

distance values of both nodes to time (100 million years ago (MYA)). We maintained a 341 

conservative position and scaled the COI-based timings by a factor of two to obtain the final 342 

lower and upper bounds of node timings. We used the default probability of 0.025 that the true 343 

node age is outside the calibration provided. 344 

To run MCMCtree, we first calculated the gradient and Hessian matrix of the branch 345 

lengths with the GTR substitution model applied and using default values of gamma rates and 346 

numbers of categories (mcmctree-outBV.ctl). We then performed two independent Markov chain 347 

Monte Carlo (MCMC) samplings of the posterior distribution of divergence times and rates 348 

(mcmctree.ctl). All default values were used except that a constraint on the root age was set to 349 

<0.3 (100 MYA). We also varied the prior for the birth-death process with species sampling and 350 

ensured that time estimates are not affected by the priors applied (dos Reis & Yang, 2019). We 351 

then performed convergence diagnostics for both runs using R to ensure that posterior means are 352 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 4, 2021. ; https://doi.org/10.1101/2021.07.02.450884doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.02.450884
http://creativecommons.org/licenses/by/4.0/


17 
 

similar among multiple runs, ensuring that the parameter space has been explored thoroughly by 353 

the MCMC chain. Finally, we conducted MCMC sampling from the prior with no data to check 354 

the validity of priors used by comparing them with posterior times estimated. Again, two 355 

independent MCMC samplings were performed with convergence diagnostics. 356 

Phylogenetic trees were visualised in FigTree 1.4.4 (Rambaut, 2018) with bootstrap 357 

values and node ages (MYA) including the 95% credibility intervals. Evolutionary distinctness 358 

and phylogenetic diversity was calculated for each branch (Jetz et al., 2014) using the divergence 359 

times estimated in MCMCTree. 360 

Demographic history reconstruction 361 

We derived trends in effective population size using stairway plot 2.1.1 (X. Liu & Fu, 362 

2015) applying the recommended parameters. From the dedicated SNP sets that were created 363 

without minor allele frequency cut-off, we calculated a folded site frequency spectrum using 364 

vcf2sfs.py 1.1 (Marques, Lucek, Sousa, Excoffier, & Seehausen, 2019). We ran stairway plots 365 

for each species with five or more samples, as recommended for accurate inference 366 

(stairway_plot_es Stairbuilder). We assumed a mutation rate per site per generation of 8.11𝑒−8, 367 

as estimated for shorebirds in the same order as Numenius (Charadriiformes) (Wang et al., 2019), 368 

and respective generation times of 5–8 years respectively (Bird et al., 2020; IUCN, 2020). 369 
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