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Abstract
Aim: Shaped by climate change and sea-level rise, tidal salt marshes represent ephem-
eral systems that are home to only a few species. The dynamic ecological histories 
of these habitats, however, render it challenging to reconstruct the complete bio-
geographical histories of their endemic taxa. To better understand the evolutionary 
history of tidal marsh endemic sparrows, we employ genomic data to evaluate the 
timing and direction of tidal marsh colonization events and leverage these data to test 
a series of models describing the biogeographical history of our study taxa.
Location: North America.
Taxon: Ammospiza Sparrows.
Methods: We sampled 54 individuals from the Ammospiza clade from freshwater and 
saltwater habitats. We sequenced whole genomes and generated a dataset containing 
21 million SNPs. Detailed phylogenomic analyses were conducted to identify relation-
ships between tidal marsh and freshwater species. These phylogenies were then used 
to date divergence times and reconstruct the biogeographical history of the clade as 
well as identify historic signals of introgression.
Results: Phylogenies based on several million SNPs supported well-resolved clades that 
correspond to all previous species designations. Demographic modelling within A. nelsoni 
provided further resolution into the subspecies topology. Phylogenetic and biogeograph-
ical reconstructions support a series of saltwater to freshwater colonization events, with 
some endemic taxa exhibiting associations with tidal marsh habitat over longer evolution-
ary time-scales and some habitat transitions occurring as recently as 5,000 years ago.
Main Conclusions: Biogeographical and phylogenomic reconstructions support an orig-
inal freshwater origin of the Ammospiza sparrows currently inhabiting tidal marshes in 
North America. We also found strong evidence for a saltwater to freshwater transition 
in A. n. subvirgatus as opposed to the long hypothesized freshwater origin of this group. 
We conclude that the increased resolution from genomic data paired with an integra-
tive framework of phylogenomic, demographic and biogeographical reconstructions is 
important for resolving evolutionary histories in complex and ephemeral environments.

K E Y W O R D S
effective population size, incomplete lineage sorting, New World sparrows, phylogenomics, 
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1  |   INTRODUCTION

Shaped by both climate change and sea-level rise, tidal salt marshes—
defined here as coastal ecosystems regularly flooded by salt water—
represent ephemeral systems; their changing structure and spatial 
arrangement, in turn, driving biogeographical distributions of endemic 
tidal salt marsh taxa over evolutionary time-scales (Malamud-Roam 
et al., 2006). The geological age of present-day tidal marshes is one 
defining feature of these systems, as they have existed in their current 
locations for no more than 10,000 years (Malamud-Roam et al., 2006; 
Mitsch & Gosselink, 2000). The ephemeral nature of tidal marshes is 
another defining feature, with changes in eustatic sea level since the 
Last Glacial Maximum (LGM; ~21,000  years BP; Fairbanks, 1989; 
Ruddiman, 2001) totalling as much as 130–140 vertical meters, charac-
terized by oscillating pulses of rapid sea-level change separated by slow 
change (Malamud-Roam et al., 2006; Ruddiman, 2001). In response to 
these fluctuating sea levels, taxa inhabiting dynamic coastal ecosys-
tems adapted, migrated or went extinct over time (Malamud-Roam 
et al., 2006) potentially resulting in high lineage turnover in coastal 
areas on both spatial and temporal scales (Dolby et al., 2018). Yet, tidal 
marshes in North America, in particular, have also provided refugia for 
some endemic taxa throughout the Pleistocene while then having ex-
panded rapidly since the LGM, allowing their more recent colonization 
by additional taxa (Chan et al., 2006; Greenberg et al., 2006).

Because this transition between freshwater and saline habitats 
poses huge adaptive challenges to potential colonizers, tidal marsh en-
demics have become exemplars of the mechanisms underlying local 
adaptation (Chan et al., 2006; Benham & Cheviron, 2020; Greenberg 
et al., 2006; Walsh, Clucas, et al., 2019; Walsh, Benham, et al., 2019; 
Mikles et al., 2020). Yet, the dynamic ecological histories and spatial 
complexities of these habitats render it challenging to reconstruct the 
complete biogeographical histories of their endemic taxa. The power 
provided by detailed phylogenomic and demographic analyses may 
therefore offer the essential baseline knowledge to improve our gen-
eral understanding of divergence across these saline gradients.

Adaptive variation in avian taxa that occupy tidal marshes is well 
documented in both physiological and morphological traits, including 
larger bill size (Greenberg & Olsen, 2010; Grenier & Greenberg, 2006), 
modified kidney structure and modified drinking behaviors in response 
to salt water (Benham & Cheviron, 2020; Goldstein, 2006; Poulson, 
1969), and darker plumage coloration (Greenberg & Droege, 1990; 
Luttrell et al., 2015) compared to counterparts occupying freshwater 
ecosystems. Due to the extreme adaptive challenges posed by tidal salt 
marshes, the number of salt marsh endemic taxa is sparse, with only 
25 species (or species with recognized subspecies) of mammals, reptiles 
and breeding birds (Greenberg, 2006). Three of these species are New 
World sparrows (Passerellidae) in the genus Ammospiza, including A. cau-
dacuta (Saltmarsh Sparrow) breeding in saltwater marshes from south-
ern Maine to Virginia (Greenlaw & Rising, 1994) and A. maritima (Seaside 
Sparrow) breeding in salt and brackish marshes along the Atlantic and 
Gulf Coasts from northern Massachusetts to the Copano and Nueces 
Bays in southern Texas (Robbins, 1983). The third Ammospiza sparrow 
restricted to tidal habitats is a subspecies of the A. nelsoni (Nelson's 

Sparrow) group, A. n. subvirgatus, which breeds in fresh, brackish and 
saltwater marshes across the Canadian Maritimes to southern Maine. 
The other two subspecies in the A. nelsoni complex are found in fresh-
water marshes (including prairie marshes) and meadows in the conti-
nental interior from eastern British Columbia to central Manitoba and 
northern South Dakota (A. n. nelsoni) and around the James and Hudson 
bays (A. n. alterus). The final member of this genus, A. leconteii (LeConte's 
Sparrow), breeds in the freshwater marshes and wet grasslands in the 
central northern Great Plains region. Despite contrasting freshwater-
tidal marsh breeding habitats, A. caudacuta and all three subspecies of A. 
nelsoni overwinter in tidal salt marshes across overlapping non-breeding 
ranges (Greenlaw & Woolfenden, 2007). The demographic and evolu-
tionary history within this tidal marsh Ammospiza group remains unre-
solved, particularly as it relates to divergence and dispersal events in 
response to marsh loss, formation and migration since the LGM.

Three possible Pleistocene scenarios for the evolutionary 
history of Ammospiza sparrows have previously been proposed, 
differing in ancestral relationships and vicariance patterns 
(Beecher, 1955; Greenlaw, 1993; Figure 1). An initial hypothesis by 
Beecher (1955) involved dispersal and isolation events in the late 
Pleistocene, wherein A. caudacuta and A. maritima diverged from 
one another on the Atlantic coast. Under this scenario, A. cau-
dacuta subsequently moved northwards along the coast, where it 
further splits into the northern A. nelsoni, which then splits into 
two inland groups and a third that remained coastal, A. n. subvir-
gatus (Figure 1a). In a second hypothesized scenario (Figure 1b), A. 
caudacuta and A. maritima diverged from one another along the 
Atlantic coast and A. caudacuta subsequently dispersed inland be-
coming isolated from the coastal populations and establishing A. 
nelsoni (Greenlaw, 1993). Following the retreat of the Wisconsin 
ice mass, the interior isolate spread back eastward, establishing 
A. n. subvirgatus along the Atlantic coast and coming into second-
ary contact with A. caudacuta. The last hypothesized scenario 
(Figure 1c) suggests that the ancestor to A. leconteii and the nelsoni-
caudacuta group inhabited freshwater marshes and low wet prai-
ries in the Interior Plains Region (Murray, 1969). This hypothesized 
scenario includes two dispersal events from the continental inte-
rior, the first leading to the establishment of A. caudacuta on the 
Atlantic coast and the second resulting in the current distribution 
of A. n. subvirgatus further north. Recent multilocus (four nuclear 
introns and mtDNA) reconstructions place A. maritima as sister to 
the A. nelson-caudacuta complex (Klicka et al., 2014), offering sup-
port for a shared maritima ancestor; however, these relationships 
have yet to be evaluated with genomic data. Moreover, the tim-
ing (as well as demographic impacts) of these freshwater-to- salt 
marsh colonization events and lineage divergence events remain 
unknown. This is particularly true regarding coastal versus interior 
ancestry and biogeographical history within A. nelsoni, which has 
been difficult to resolve given a lack of mtDNA structure (Rising & 
Avise, 1993) suggestive of recent subspecies origins.

In addition to many questions surrounding divergence times 
and biogeographical history within Ammospiza sparrows, contem-
porary introgression between A. n. subvirgatus and A. caudacuta 
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may pose additional hurdles to accurate phylogenomic inference. 
These two taxa overlap and hybridize in tidal marshes along a 
210 km stretch of the New England coast (Hodgman et al., 2002; 
Shriver et al., 2005; Walsh et al., 2011; Walsh, Rowe, et al., 2016), 
with recent work suggesting a role for adaptive divergence be-
tween them in traits related to tidal marsh adaptations (Walsh, 
Clucas, et al., 2019; Walsh et al., 2018). Disentangling patterns of 
contemporary introgression from signals of ancient hybridization 
within the Ammospiza group remains an important component of 
our general understanding of the evolutionary relationships within 
the clade. This is particularly relevant to our understanding of the 
frequency and chronology of saltwater–freshwater habitat transi -
tions and the possible role of introgression in facilitating adapta-
tion to these harsh environments.

Here, we employ whole-genome sequencing to investigate the phy-
logeny and demographic and biogeographical history within the group 

of tidal marsh Ammospiza sparrows. Our main objectives are to (i) recon-
struct phylogenomic relationships within this group based on genome-
wide SNPs; (ii) estimate divergence times between focal lineages; (iii) 
reconstruct the biogeographical history with a focus on freshwater–
saltwater colonization events and (iv) assess the role of historical and 
contemporary introgression in shaping genome-wide topologies.

2  |   MATERIALS AND METHODS

2.1  |  Population sampling

We sampled 54 individuals from the four species of sparrows within 
the Ammospiza genus, including three subspecies of A. nelsoni: 
Ammospiza nelsoni subvirgatus (n = 8), A. n. nelsoni (n = 8), A. n. alterus 
(n = 10), Ammospiza caudacuta (n = 8), Ammospiza maritima (n = 10), 

F I G U R E  1 Three proposed models for 
the evolutionary history of Ammospiza 
sparrows in North America. (a) Beecher’s 
(1955) late Pleistocene/Holocene model; 
(b) Greenlaw's (1993) Pleistocene model 
of vicariance involving two separate 
range expansions. This model assumes 
A. maritima to be sister species of A. 
caudacuta. (c) Greenlaw's (1993) alternate 
Pleistocene model of vicariance that 
assumes A. leconteii is sister species to 
A. caudacuta. Ellipses indicate relative 
geographical locations of some modern 
populations. Arrows represent dispersal 
events. Hypothesized phylogenetic 
relationships for each hypothesis are 
included. An original version of this figure 
was published in Greenlaw (1993) and has 
been adapted for this paper
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Ammospiza leconteii (n  =  4) and Passerculus sandwichensis (n  =  6), 
which served as an outgroup (Supporting Information, Table S1). 
DNA was extracted from blood or tissue using the DNeasy blood 
and tissue kit (Qiagen).

2.2  |  Whole- genome resequencing and 
variant discovery

We prepared individually indexed libraries using 1  g of DNA follow -µ
ing the TruSeq DNA PCR-free library preparation kit protocol, with 
an insert size of 350 bp. We pooled 24 libraries using concentrations 
of adapter-ligated DNA determined through digital PCR. The pooled 
libraries were sequenced on three Illumina NextSeq500  lanes at 
the Cornell Institute for Biotechnology core facility. Each lane con-
tained 24 individuals, as some samples were run with samples for 
a different study. The quality of individual libraries was assessed 
using FastQC (version 0.11.5; http://www.bioin ​forma​tics.babra​ham.
ac.uk/proje ​cts/fastqc).

Reads were aligned to the A. caudacuta reference genome 
(Walsh, Clucas, et al., 2019). We performed sequence trimming, 
adapter removal and quality filtering with AdapterRemoval version 
2.1.1 (Lindgreen, 2012). We allowed a minimum threshold qual-
ity score of 10 (increased from the default value of 2) and merged 
overlapping paired-end reads. Filtered reads were aligned to the 
reference using bwa 0.7.4 (Li & Durbin, 2009) with default settings. 
Alignment statistics were obtained using qualimap version 2.1.1 
(Okonechnikov et al., 2016).

BAM files were sorted and indexed using SAMtools version 1.3 
(Li et al., 2009). We realigned around indels and fixed mate-pairs 
using GATK version 3.5 (McKenna et al., 2010). SNP variant dis-
covery and genotyping for the 54 individuals was performed using 
BCFTools (-mpileup and -call). For an initial filtering step, variants 
that were out of Hardy– Weinberg equilibrium had a minor allele fre-
quency less than 2%, had a mean depth <2 or greater than 50, and 
more than 20% missing data were filtered from the dataset using 
VCFtools version 0.1.14 (Danecek et al., 2011). This initial filter-
ing step resulted in 21,622,990 SNPs. Basic descriptive statistics, 
including FST and nucleotide diversity, were estimated for this full 
dataset using VCFtools.

2.3  |  Phylogenetic and demographic 
history estimation

Phylogenies were inferred using a filtered dataset, in which indels 
were treated as missing data and all invariable or ambiguous sites 
were removed, resulting in 4,776,571 SNPs. Maximum likelihood 
trees were inferred using a single-site coalescent-based method 
using SVDquartets (Chifman & Kubatko, 2014) as implemented in 
PAUP* version 4a166 (Chifman and Kubatko, 2014, 2015 Swofford, 
2002). Coalescent-based methods are generally more robust when 
inferring accurate relationships under incomplete lineage sorting 

conditions (Chou et al., 2015). Node support was assessed with 100 
bootstrap replicates with the remaining parameters left as default. 
We also conducted phylogenetic analyses using RAxML version 
8.2.4 (Stamatakis, 2014) under the ASC_GTRGAMMA model with 
three parsimony and three random starting trees. We compared to-
pologies from the two methods using the ‘cophylo’ function in the R 
package ‘phytools’ (Revell, 2012).

To further resolve the history of divergence among the three A. 
nelsoni subspecies while accounting for gene flow among populations, 
we compared a series of demographic models to the observed 3D site 
frequency spectrum (SFS) using the program Moments (Jouganous 
et al., 2017). For this analysis, we chose high-quality, biallelic SNPs 
that had a mean depth >6 and <20. We only retained SNPs with less 
than 10% missing data and we did not filter based on minor allele fre-
quency. We further excluded all SNPs that were mapped to exons or 
intervals within 100  kb of exons to produce a final, putatively neutral 
dataset to reduce bias due to selection or linked selection (43,756 
SNPs) and further filtered to exclude all missing data and retain only 
SNPs segregating within A. nelsoni populations. This left a final data-
set of 18,022 SNPs. A series of 15 three-population demographic 
models were fit to the joint SFS to infer divergence times, effective 
population sizes and gene flow (Supporting Information; Figure S1). 
Five different models were fit to three different topologies with A. 
n. nelsoni, A. n. alterus or A. n. subvirgatus diverging from the other 
subspecies first. For each topology, we modelled different histories 
of gene flow among the three populations, including (1) no gene flow 
among populations, (2) gene flow among all populations throughout 
the history of divergence, (3) only recent gene flow among popula-
tions following both population splits, (4) gene flow after divergence, 
but only among geographically adjacent populations and (5) gene 
flow only between the two sister lineages. For all models, 12 optimi-
zations were run from different starting parameters using the per-
turb function in Moments with a maximum number of iterations set 
to 20. To ensure that a global optimum for a given model had been 
reached, we ran one final optimization with 50 iterations using the 
parameter values estimated from the shorter optimization run with 
the highest likelihood. We calculated demographic parameter values 
using a generation time of 2.3 years (Walsh, Clucas, et al., 2019) and 
mutation rate for Passeriformes of 7.59 × 10 9 (Zhang et al., 2014). −

To calculate uncertainty around each parameter estimate, we gen-
erated 500 bootstrapped SFS using the bootstrap function within 
Moments. Bootstrapped spectra were then used to calculate param-
eter uncertainties using the Godambe information matrix (GIM) with 
log-transformed parameter values (Coffman et al., 2016).

Because changes in population sizes over time are indicative of 
past demographic events, we estimated changes in effective popu-
lation sizes (Ne) among Ammospiza sparrows using two approaches. 
We first used G-PhoCS version 1.3 (Gronau et al., 2011), which uses 
the entire nucleotide sequence of a given locus to estimate an aver-
age Ne. For analyses in G-PhoCS, we used the filtered dataset gener-
ated above (43,756 SNPs; 2773 loci that were 100  bp in length) for 
demographic reconstructions. Due to high computational require-
ments, we randomly selected 1000  loci from this dataset and ran 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc


     |  5WALSH et al.

G-PhoCS on 4 randomly selected individuals per species/subspecies 
(chosen to match the smallest sample size in the A. leconteii group). 
We ran the multi- threaded version of the program for 450,000 it -
erations with a 10% burn-in and the remaining parameters left as 
default. Once the run was completed, we visualized the traces from 
the parameter estimates in Tracer version 1.7.1 (Rambaut et al., 
2018). We converted the median and 95% Bayesian credibility in-
tervals for each parameter from mutation scale to individuals using 
a rough estimate of mutation rate of 10 9 per bp per generation as −

described in Campagna et al. (2019). We additionally used composite 
likelihood methods to estimate changes in historical population sizes 
over time using the program SMC++ version 1.8.0 (Terhorst et al., 
2017). Because SMC++ requires a single input file per scaffold, we 
used only variants found on the N50 scaffolds as input for this analy-
sis. We also created composite likelihoods based on three individuals 
per scaffold (this varies the identity of the distinguished individual to 
which all other samples are compared). To minimize false signals of 
recent bottlenecks, we removed contiguous stretches of homozy-
gosity greater than 30 kbp. Each scaffold was converted into SMC++ 
format using the vcf2smc script and all input files were combined in a 
single run. Runs were conducted using a mutation rate of 7.59 × 10 9 −

based on the mean mutation rate of passeriforms (Zhang et al., 2014) 
and we used a generation time of 2.3 years (Walsh, Clucas, et al., 
2019) to convert generations to years.

To estimate the timing of splitting events within the Ammospiza 
sparrows, we generated a time-calibrated tree using the multispe-
cies coalescent approach in the program SNAPP (Bryant et al., 2012), 
implemented in BEAST2 v. 2.6.1 (Bouckaert et al., 2019). SNAPP 
integrates across all possible gene trees to infer the probability of 
the species tree using bi-allelic markers, such as SNPs, and does not 
estimate individual gene trees for each SNP. SNAPP traditionally es-
timates relative divergence times among lineages in coalescent units 
and we followed the approach of Stange et al. (2018) to estimate 
absolute divergence times among Ammospiza sparrow taxa. Briefly, 
this approach modifies the SNAPP settings to allow for the use of 
fossils to calibrate a strict molecular clock model. Second, run time 
of SNAPP is reduced by linking population sizes across all taxa rather 
than independent estimation of population sizes for each branch.

To generate an input SNP dataset for time calibration in SNAPP, 
we filtered the full SNP dataset in VCFtools to include a single repre-
sentative from each species. For each species, we selected the indi-
vidual with the least amount of missing data. We further filtered the 
data to exclude indels, remove sites with missing data and to ensure 
that SNPs were unlinked. For the latter, we used the thin function in 
VCFtools to only include SNPs at least 25 Kb apart, as it exceeds the 
average decay of linkage disequilibrium estimated to be 10–17 Kb 
in Passerine birds (e.g. Balakrishnan & Edwards, 2009; Kawakami 
et al., 2014). The final dataset included 43,245 putatively unlinked 
SNPs. We converted the VCF file to a SNAPP xml input file using 
the ruby script, snapp_prep.rb (https://raw.githu ​buser​conte​nt.com/
mmats​chine​r/). Given that our primary goal was to use SNAPP to 
estimate divergence times and not the species tree topology, we 
used the topology from RAxML and SVDquartets analyses, as well 

as the resolved topology within A. nelsoni from Moments, as a start-
ing tree. We further constrained P. sandwichensis as an outgroup 
and A. maritima as sister to the A. nelsoni-caudacuta clade based on 
the above phylogenies. To calibrate the molecular clock, we used an 
early Pleistocene (1.6–2 million years old) fossil of A. maritima from 
Florida (Emslie, 1998). We used the lower age estimate of the fossil, 
1.6 million years, to set a hard minimum divergence time between 
A. maritima and the A. nelsoni-caudacuta clade. We used a lognor-
mal distribution to calibrate this node with an offset of 1.6  million 
years (representing the lower bound of the estimated fossil age), a 
mean of 1.5 and variance of 0.5. The 97.5th upper percentile of this 
distribution is 9.7  million years, which corresponds with the oldest 
known new world sparrow fossil, Ammodramus hatcheri, dated to 
9–11 mya (Steadman, 1981) and is likely a reasonable upper bound 
on divergence times within Ammospiza sparrows. SNAPP analyses 
of the dataset were performed using BEAST 2.6.1 (Bouckaert et al., 
2019) on the CIPRES science gateway (Miller et al., 2011). Four in-
dependent Markov Chain Monte Carlo (MCMC) chains were run for 
30 million generations each and sampled every 10,000 steps. To en-
sure convergence and improved ESS values, we ran two additional 
chains for 70 million generations, sampling every 10,000 steps. We 
used Tracer to assess convergence and stationarity among chains 
independently and on logfiles combined using the LogCombiner tool 
within BEAST2 (Bouckaert et al., 2019). Trees from all independent 
runs were combined in LogCombiner with the first 10% of trees re -
moved as burn-in. A maximum-clade credibility tree was then gen-
erated from the combined trees file using TreeAnnotator in BEAST2 
and visualized using FigTree v. 1.4.3 (http://tree.bio.ed.ac.uk/
software/figtree/). A newick format tree was exported from FigTree 
for historical biogeography analyses.

2.4  |  Historical biogeography inference

We estimated patterns of historical range evolution within 
the Ammospiza sparrows using the R package ‘BioGeoBears’—
Biogeography with Bayesian (and likelihood) evolutionary analysis 
in R scripts (Matzke, 2013). BioGeoBears reconstructs ances-
tral ranges based on the best fitting of three different biogeo -
graphical models within a likelihood framework. These models 
include (1) the dispersal–extinction– cladogenesis model (DEC; 
Ree & Smith, 2008); (2) the DIVALIKE model, a likelihood estima-
tion of the dispersal–vicariance model (Ronquist, 1997) and (3) 
BAYAREALIKE, a likelihood implementation of the BayArea bio-
geographical model (Landis et al., 2013). The DEC and DIVALIKE 
models emphasize range changes at speciation events (cladogen-
esis), but differ in the overlap and distribution allowed between 
daughter and ancestral lineages. In DEC models, one daughter 
lineage will occupy a single region of the ancestral range (sympat-
rically or through vicariance) and in DIVALIKE models, a daughter 
lineage is allowed to inherit more than a single region (vicariant 
event) but does not overlap sympatrically with another daughter 
lineage (see Matzke, 2013 for model details). The BAYAREALIKE 

https://raw.githubusercontent.com/mmatschiner/
https://raw.githubusercontent.com/mmatschiner/
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model instead emphasizes range changes between speciation 
events (anagenesis), BioGeoBears also includes a species jump pa-
rameter ‘j’, which accounts for founder speciation events, whereby 
a new lineage disperses outside of the ancestral range (Matzke, 
2013). We compared the fit of each of the three models with and 
without the j parameter (for six models total) to the ingroup (i.e. 
minus P. sandwichensis), time-calibrated phylogeny of Ammospiza 
sparrows. Three biogeographical regions were defined: (A) north-
ern Great Plains to Hudson Bay; (B) Gulf coast of the southern 
United States and (C) Atlantic coast of the eastern United States. 
The contemporary distribution of each terminal taxon was coded 
as present or absent across these three biogeographical areas. 
The maximum number of areas that could be occupied by ances-
tral species was set to three. The relative likelihoods of the fit of 
each model to the data were compared using Akaike's information 
criterion with small sample correction (AICc) to account for the 
small number of terminal taxa.

2.5  |  Mosaic genomes and the role of introgression

To investigate the potential role of historical and contemporary 
introgression in shaping this species complex, we applied several 
methods to identify signals of contemporary gene flow. To charac-
terize phylogeographical structure among the seven species/sub-
species groups, Admixture v 1.2.3 (Alexander et al., 2009) analyses 
were run using a filtered dataset (49,638 SNPs) that contained no 
missing data and was pruned to avoid linkage using the script ldPrun-
ing.sh (https://github.com/speci ​ation​genom​ics/scrip​ts/blob/maste ​
r/ldPru ​ning.sh). We investigated one to seven possible population 
clusters, with 200 bootstrap resampling iterations.

We also tested for signals of introgression as indicated by dis-
cordant genealogies relative to the species tree. To explore the 
extent of such phylogenetic discordance across the genome, we 
used a topological weighting procedure implemented in the pro-
gram Twisst (Martin & Van Belleghem, 2017). For this analysis, we 
removed invariant sites and indels and phased the data using the 
program Beagle (Browning & Browning, 2007). Local phylogenetic 
trees were estimated in sliding windows using PhyML with the GTR 
substitution model in non- overlapping windows of 100 SNPs across 
the genome. We used the ‘complete’ option in Twisst to calculate 
the exact weighting of each local window. For analyses in Twisst, we 
were interested in exploring discordant topologies among A. lecon-
teii, A. maritima, A. caudacuta and A. nelsoni. We therefore kept P. 
sandwichensis as an outgroup but treated the three nelsoni subspe-
cies as one group to reduce the number of topologies to be analysed.

Lastly, we estimated the D frequency spectrum (DFS) to examine 
signals of introgression across different allele frequency classes fol-
lowing Martin and Amos (in review). DFS is an extension to the ABBA 
BABA test D statistic, which quantifies discordant topologies based 
on ancestral and derived alleles. In an ABBA BABA test, equal fre-
quencies of discordant topologies support a pattern of ILS, whereas 
significant deviations of D from zero in either direction indicate the 

direction of gene flow. DFS characterizes this signal according to al-
lele frequency bins as opposed to providing an average across all 
sites in the genome. Because shared derived alleles arising from in-
trogression and incomplete lineage sorting may not be distributed 
evenly across allele frequencies, DFS can provide insight into the age 
of introgression events (Martin & Amos, in review). Recent intro-
gression events tend to result in positive DFS among bins represent-
ing low-frequency derived alleles, whereas in older introgression 
events, positive DFS is more evenly dispersed across the bins (Martin 
and Amos, 2021). As with the D statistic, DFS is estimated based on 
the hypothesized topology (((P1,P2,)P3),O). Thus, to further examine 
the role of recent versus historic introgression events in shaping the 
Ammospiza complex, we estimated DFS for several comparisons that 
were most relevant to the three biogeographical scenarios of inter-
est: (((A. n. subvirgatus, A. caudacuta), A. maritima), P. sandwichensis); 
(((A. n. subvirgatus, A. caudacuta), A. leconteii), P. sandwichensis); (((A. 
n. nelsoni, A. n. subvirgatus), A. caudacuta), P. sandwichensis); (((A. n. 
nelsoni, A. n. subvirgatus), A. maritima), P. sandwichensis); and (((A. n. 
nelsoni, A. n. subvirgatus), A. leconteii), P. sandwichensis). For this anal-

 coverage.

3 

×ysis, we removed indels and only used SNPs >4

|   RESULTS

Whole- genome re-sequencing yielded an average of 28.8  million 
reads per individual, with all but one sample passing our quality filter. 
This individual (A. n. alterus) was removed from the dataset and sub-
sequent results are reported for 53 individuals. The average align-
ment rate (percentage of paired reads mapped) with the reference 
A. caudacuta genome was 87.5% across all individuals (Supporting 
Information; Table S2). The depth of coverage averaged 3.9 X (range 
of coverage was 1.9–8 X). After filtering variant calls from BCFTools, 
our final dataset contained 21,622,990 SNPs. The number of vari-
able sites differed among groups, with the partition of variable 
sites as follows: 3,726,227 in A. n. alterus, 3,924,044 in A. n. nelsoni, 
3,348,764 in A. n. subvirgatus, 6,376,757 in A. leconteii, 2,096,083 
in A. caudacuta, 4,928,871 in A. maritima and 11,512,227 in P. sand-
wichensis. The average percent of missing data across individuals was 
8.1%. Average nucleotide diversity (Supporting Information; Figure 
S2) was lowest in A. caudacuta (0.0005) and highest in Ammospiza 
leconteii (0.002) and Passerculus sandwichensis (0.003).

3.1  |  Phylogenetic and demographic history

SVDquartets generated a phylogenetic tree with 100% bootstrap 
support (Figure 2). Using P. sandwichensis to root the phylogeny, 
we detected support for four, well- resolved clades correspond-
ing to P. sandwichensis, A. leconteii, A. caudacuta and A. marit-
ima. Relationships within A. nelsoni were less clear, as the tree 
did not recover any of the three subspecies as monophyletic 
(Figure 2). Based on the SVDquartets tree and consistent with 
previous work, A. caudacuta and A. nelsoni are sister taxa. Our 

https://github.com/speciationgenomics/scripts/blob/master/ldPruning.sh
https://github.com/speciationgenomics/scripts/blob/master/ldPruning.sh
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whole- genome data further show A. maritima (not A. leconteii, as 
a prior alternate hypothesis) as the sister to the A. caudacuta + 
 A. nelsoni clade (Figure 2). RAxML also generated a phylogenetic 
hypothesis that was consistent among all six runs (Supporting 
Information; Figure S3). The topology obtained from the RAxML 
analysis was similar (Supporting Information; Figures S3 and S4), 
confirming support for the split of caudacuta/nelsoni from mar-
itima as opposed to leconteii. Similarly to the SVDquartets analy-
sis, relationships within A. nelsoni were less clear. In the RAxML 
tree, A. n. alterus does not form a single clade, and is paraphyletic 
relative to A. n. nelsoni.

Results from Moments provided some additional resolution into 
the relationships within A. nelsoni. The best fit model of divergence 
and gene flow among the different A. nelsoni subspecies supported 
a divergence history where A. n. subvirgatus first split from inland 
taxa approximately 459,228 (95% CI: 450,922–457,429) years ago 
(Supporting Information; Table S3, Figure S5). This was followed 
by divergence between A. n. nelsoni and A. n. alterus approximately 
5,056 years ago (95% CI: 1,225–8,897). Since divergence, gene flow 
was greatest from A. n. nelsoni populations into A. n. alterus pop-
ulations and second from A. n. subvirgatus into A. n. alterus. Gene 
flow from A. n. alterus into other populations was relatively minimal. 

F I G U R E  2 Current distribution and 
phylogeny of Ammospiza sparrows. 
Range map shows current distribution 
of Ammospiza sparrows across North 
America. The outgroup, P. sandwichensis, is 
not included on the map but is distributed 
broadly across North America. Colours 
correspond to those in the phylogeny 
and the admixture plot. Tree is the 
maximum likelihood phylogeny estimated 
in SVDquartets using 4.7 million SNPs. 
Bootstrap support was 100% for all 
nodes. Admixture plot shows assignment 
of each individual in the tree to a genetic 
cluster. All sparrow illustrations done by 
Jillian Ditner, 2020
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While the divergence time estimated by Moments far exceeds prior 
estimates of divergence between interior and coastal A. nelsoni, sev-
eral tests confirm that the most likely model supported a history of 
divergence between A. n. subvirgatus and the other subspecies first 
and did not support a primary division between A. n. nelsoni or A. n. 
alterus and the other subspecies. We discuss caveats of demographic 
modelling below (see Section 4), but interpret these results as of-
fering additional support for the ( A. n. subvirgatus (A. n. alterus, A. n. 
nelsoni)) topology despite discrepancies in the parameter estimates.

G-PhoCS estimated relatively small contemporary effective 
population sizes for all Ammospiza taxa (Supporting Information; 
Table S4): 40,000 for A. n. alterus, 47,000 for A. n. nelsoni, 90,000 for  
A. n. subvirgatus, 63,000 for A. leconteii, 90,000 for A. maritima and 
57,000 for A. caudacuta. The corresponding estimate for the out-
group taxa P. sandwichensis was substantially greater (550,000). We 
did additional runs in G-PhoCS to estimate splitting times and migra-
tion events, but all estimates for these parameters were associated 
with substantial uncertainty and are thus uninformative. Effective 
population sizes from SMC++ suggest steady increases in Ne for all 
species over time until about 10,000 years ago, with larger popula-
tion sizes for P. sandwichensis, A. leconteii and A. maritima compared 
to the A. nelsoni-caudacuta complex (Figure 3). This is congruent with 
estimates of small effective population sizes in tidal marsh sparrows, 
particularly A. caudacuta, with previously estimated Ne between 
30,000 and 50,000 individuals (Walsh, Clucas, et al., 2019). While 
not unreasonable, the steep drops in Ne in the recent past should 
be interpreted cautiously, however, as this inference can result from 
long runs of homozygosity; while we tried to mask homozygosity 
runs in our analyses, the effectiveness of this approach is unknown. 
SMC++ does offer some insight into divergence within the A. nelsoni 
group, as we see similar trajectories in Ne for the three subspecies 
over time (Figure 3), with all three groups exhibiting almost identi-
cal estimates for Ne. Around 5,500 years ago, we see a split in Ne 
between the subspecies, with a decline in nelsoni and a continued 
increase in alterus and subvirgatus.

The time-calibrated tree provided additional insight into the tim -
ing of splitting events among these sparrows. When logfiles from 
all six MCMC chains were combined ESS (Effective Sample Size) 
values for all parameters exceeded 200 with the exception of the 
clock rate (ESS = 115). Divergence times estimates for each node 
were highly consistent across independent MCMC chains, across 
all four of the 30  million generations combined, and across all six 
chains combined, suggesting that our analyses had converged on 
a consistent estimate of divergence time for each node. All nodes 
of the SNAPP tree received a high posterior probability of 1.0 with 
the exception of the A. n. nelsoni and A. n. alterus node, which had a 
posterior probability of only 0.36 (Figure 4). Our analyses indicate 
that P. sandwichensis and Ammospiza sparrows last shared a common 
ancestor 6.16 million years ago (Supporting Information; Table S5; 
mya; 95% HPD: 4.03–9.16 mya). A. leconteii diverged from all other 
Ammospiza during the early Pliocene 4.75  mya (95% HPD: 3.12–
7.07 mya), which was followed by later Pliocene divergence between 
A. maritima and the A. nelsoni-caudacuta group 2.97 mya (95% HPD: 

1.93–4.39 mya). Within the sharp-tailed sparrows, A. caudacuta and 
A. nelsoni diverged during the Pleistocene 430,000 years ago (95% 
HPD: 260,000–650,000 ya). Finally, divergence among the A. nelsoni 
subspecies was estimated to have occurred very recently with mean 
divergence time between A. n. subvirgatus and the other subspecies 
occurring 2,100 years ago (95% HPD: 0–5,300 ya).

3.2  |  Historical biogeography inference

A dispersal vicariance (DIVALIKE) biogeographical model was 
found to be the best fit (likelihood   =  7.83; AICc − =  23.65; AICc 
weight  =  0.63; Figure 4; Table 1), although a DEC model exhib-
ited comparable likelihood and AICc scores (likelihood  =  8.48; 
AICc

−
  =  24.95; ΔAICc  =  1.3; AICc weight  =  0.33; Supporting 

Information; Figure S4). Adding the jump parameter ‘j’ to the model 
did not significantly improve the fit of the model ( ΔAICc > 7.24; like-
lihood ratio test: chi- squared D-statistic = 2.76, p value = 0.096), sug-
gesting that founder event speciation likely played only a minor role 
in the biogeographical history of Ammospiza sparrows. The results 
of the DIVALIKE model suggest that the ancestor to all Ammospiza 
sparrows was likely distributed in the interior great plains of North 
America and along the Atlantic Coast, and that it diverged between 
these two regions during the Miocene, ~4.75 mya, with the ancestor 
of A. leconteii occupying interior grasslands in North America and the 
ancestor to all other Ammospiza sparrows occupying coastal habitats 
along the Atlantic coast (Figure 4). Ammospiza maritima and the A. 
nelsoni-caudacuta group then most likely diverged from one another 
along the Atlantic Coast during the Pliocene (~2.97 mya). There was 
also a smaller probability (<30%) that the ancestor to A. maritima 
and the A. nelsoni-caudacuta group occupied the Gulf and Atlantic 
coasts with a vicariance event isolating A. maritima on the Gulf coast 
and the A. nelsoni-caudacuta group on the Atlantic coast. Next, A. 
caudacuta and A. nelsoni likely diverged from one another along the 
Atlantic coast ~0.43 mya with a smaller possibility that the ancestor 
of these species also occupied interior North America. Finally, fol-
lowing divergence from A. caudacuta, the ancestor to all A. nelsoni 
taxa was likely found along the Atlantic coast prior to expanding its 
range into interior North America and diversifying into the three rec -
ognized subspecies within the last 5,000 years. In contrast, the DEC 
model (Supporting Information; Figure S6) found that the ancestor 
of A. caudacuta and A. nelsoni was likely distributed in interior North 
America and the Atlantic coast. The post-divergence lineage leading 
to contemporary A. caudacuta was found on the Atlantic coast and 
the ancestral lineage of A. nelsoni likely occupied much of its current 
distribution prior to diverging into the current subspecies.

3.3  |  Mosaic genomes and the role of introgression

Analyses suggested that signals from historic admixture events 
and incomplete lineage sorting (ILS) were more prevalent than 
those from recent introgression events, with the exception of A. 
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caudacutus and A. n. subvirgatus, where a present-day contact zone 
is independently well documented (Walsh et al., 2018; Walsh, Rowe, 
et al., 2016; Walsh, Shriver, et al., 2016). We saw little evidence 
of contemporary introgression based on Admixture results. A K of 
3 had the lowest cross-validation error, corresponding to the follow -
ing clusters: (1) the three subspecies of A. nelsoni; (2) A. caudacu-
tus and (3) P. sandwichensis, A. leconteii and A. maritima. However, 

cross-validation errors fluctuated, with K = 5 receiving similar sup-
port and thus we use these results to confirm an overall lack of ad-
mixed individuals, as opposed to identifying clusters. To this end, 
when assigned to seven clusters, individuals sort out by species/
subspecies group (Figure 2), with the exception of one nelsoni and 
one alterus individual that showed signals of admixture between the 
two interior A. nelsoni subspecies.

Results from Twisst support a signal of ILS among Ammospiza 
species. Twisst results supported the consensus species phylogeny 
from the tree- based methods above (topology 1) as the dominant 
genome-wide topology (Supporting Information; Figure S7). All of 
the other introgression- indicative topologies exhibited low weight -
ings, genome-wide, which is consistent with a signal of incomplete 
lineage sorting. With regard to the timing of introgression events, 
estimates of DFS suggest that gene flow among Ammospiza sparrows 
is constrained largely to the distant past. In comparisons assessing 
introgression between A. maritima and A. caudacuta (Figure 5a) as 
well as A. leconteii and A. caudacuta (Figure 5b), the pattern is similar 
to that observed with no ongoing gene flow and a possible bottle-
neck in A. caudacuta. In both of these scenarios, DFS is negative in 
bins representing low and intermediate frequency derived alleles, 
but is positive in higher-frequency bins reflecting fixation of high-
frequency-derived alleles via drift following ILS (Martin & Amos, 
2021). The comparison assessing introgression between A. n. subvir-
gatus and A. caudacuta (Figure 5c) suggests a signal of more recent in-
trogression, with DFS skewed towards lower-frequency variants with 
low absolute values. This finding is consistent with known ongoing 

F I G U R E  3 Estimates of population size histories for North 
American Ammospiza sparrows. Estimates are generated from 
SMC++ assuming a mutation rate of 7.59 × 10 9 (Zhang et al., 2014). −

A generation time of 2.3 years was used to convert generations to 
years

leconteii
alterus
nelsoni
caudacuta
sandwichensis
maritima
subvirgatus

F I G U R E  4 Time- calibrated phylogeny of Ammospiza sparrows generated in SNAPP. The outgroup (P. sandwichensis) was removed for 
BioGeoBears analysis and visualization. Coloured boxes at tips signify the contemporary distribution of each taxon. Pie charts at nodes 
signify the most likely ancestral distribution across North America as estimated in BioGeoBears based on a DIVALIKE model. Purple bars 
centred on each node signify the 95% highest posterior distribution (HPD) surrounding divergence time estimates for the node. Annotations 
above each branch denote posterior probability (pp) support for each node with asterisks for nodes receiving pp equal to 1. Annotations 
below each branch are the estimated mean divergence time for each node
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hybridization between A. caudacuta and A. n. subvirgatus. Lastly, 
comparisons assessing introgression events between maritima and 
subvirgatus (Figure 5d) and leconteii and subvirgatus (Figure 5e) again 
supports a signal of historic gene flow or ILS. In both of these com-
parisons, DFS is more dispersed across the bins with the signal mainly 
attributed to fixed derived alleles due to drift.

4  |   DISCUSSION

Demographic and biogeographical reconstructions of Ammospiza 
sparrows in North America based on whole-genome data offer new 
inferences about the evolutionary history of this clade. Phylogenies 
based on millions of SNPs supported several well-resolved clades 
that predominantly corresponded to their prior species designations. 
Within A. nelsoni, the relationships among the three subspecies were 
difficult to resolve, a finding that is unsurprising given the uncertainty 
arising from shallow divergence times in this clade (Giarla & Esselstyn, 

2015). Analyses in Moments clearly supported a model where the to-
pology of (A. n. subvirgatus (A. n. alterus, A. n. nelsoni)) was the best 
fit, however, despite discrepancies in divergence times. We also 
saw strong support for the placement of A. maritima as sister to the  
A. nelsoni-caudacuta complex, indicative of a shared salt marsh an-
cestor for this group and in contrast to the A. leconteii ancestor hy-
pothesis posed as an alternative by Greenlaw (1993). In contrast to 
the more often accepted hypotheses about salt–freshwater transi-
tions in the A. nelsoni-caudacuta complex, which long posited a salt-
water colonization event by A. n. subvirgatus following a split from 
interior nelsoni populations (Greenlaw, 1993), our biogeographical 
reconstructions support Beecher’s (1955) biogeographical scenario, 
which suggests the opposite—a freshwater colonization event by A. 
n. nelsoni and alterus following a split from A. n. subvirgatus (Figure 1a) 
Moreover, estimates of divergence times within Ammospiza sparrows 
largely predated the LGM, with the exception of splits between salt 
marsh and freshwater populations of A. nelsoni, suggesting links to 
saline habitats over long evolutionary time-scales.

Model LnL k AICc ΔAICc AICwt d e j

DIVALIKE 7.83 2− 23.65 0.00 0.63 0.09 0.00 0.00

DEC 8.48 2− 24.95 1.30 0.33 0.07 0.00 0.00

DIVALIKE+J 6.45 3− 30.89 7.24 0.02 0.05 0.00 0.17

DEC+J 6.66 3− 31.32 7.67 0.01 0.03 0.00 0.22

BAYAREALIKE+J 6.99 3− 31.97 8.32 0.01 0.00 0.00 0.58

BAYAREALIKE 23.13 2− 54.26 30.61 0.00 2.21 1.18 0.00

TA B L E  1  Comparison of different 
biogeographical models analysed in 
BioGeoBears. Models ranked by AICc 
score. LnL is model likelihood, k = number 
of parameters. Parameters estimated 
by each model: d = dispersal rate, 
e = extinction rate and j = founder event 
speciation

F I G U R E  5 Estimates of DFS for five 
different comparisons within North 
American Ammospiza sparrows: (a) 
gene flow between A. maritima and 
A. caudacuta; (b) gene flow between 
A. leconteii and A. caudacuta; (c) gene 
flow between A. caudacuta and A. n. 
subvirgatus; (d) gene flow between A. 
maritima and A. n. subvirgatus and (e) 
gene flow between A. leconteii and 
A. n. subvirgatus. The proportion of 
weighting for each bin is indicated by 
the width of the vertical lines. The red 
dashed line indicates the genome-wide 
D value

subvirgatus caudacuta maritima subvirgatus caudacuta leconteii

nelsoni subvirgatus caudacuta nelsoni subvirgatus maritima

nelsoni subvirgatus leconteii

(a) (b)

(c) (d)

(e)
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Demographic reconstructions suggest that divergence within the 
Ammospiza clade predominantly occurred long before the formation 
of salt marsh habitat in its current configuration. Divergence time esti-
mates support an initial early Pliocene split (~5 mya) between A. lecon-
teii and all other Ammospiza sparrows followed by a later Pliocene split 
between A. maritima and the A. nelsoni-caudacuta clade. Introgression 
between A. nelsoni and A. caudacuta could bias our divergence time 
estimates for that node towards the present while fixing population 
sizes across branches could also lead to over- or under-estimation 
of divergence times (Stange et al., 2018). However, our estimates 
for initial Pliocene (~3  mya) splits within Ammospiza sparrows are 
consistent with previous work based on allozymes and mtDNA, dat-
ing divergence times for major Ammospiza splits at 3.5–7 mya (Zink 
& Avise, 1990). Also consistent with previous work (Rising & Avise, 
1993; Walsh, Clucas, et al., 2019), our data support a Pleistocene split 
(~0.43 mya) between A. caudacuta and A. nelsoni.

In contrast, the split between A. n. subvirgatus and the interior 
subspecies of A. nelsoni is estimated to have occurred very recently 
(within the last ~5,000 years and as early as 2,000 ya). While this 
split is shallower than previously hypothesized (~10,000 ya; Walsh, 
Benham, et al., 2019), effective population sizes for the three sub-
species of A. nelsoni follow similar trajectories with an observable 
change approximately 5,500–8,000 ya, particularly when compar-
ing A. n. nelsoni to the other two subspecies. This change in Ne may 
offer additional support for the split between nelsoni and the other 
two subspecies (subvirgatus and alterus) as the estimated timing is 
highly consistent with the recent divergence estimates from SNAPP. 
Moreover, the inclusion of divergence estimates from Moments high-
lights even larger discrepancies in our parameter estimates within 
the A. nelsoni complex (a split between A. n. subvirgatus and the inte-
rior species dated at ~459,000 ya). Several factors (e.g. ancestral size 
changes and undetected bottlenecks, Momigliano et al., 2021; unac-
counted gene flow from ‘ghost’ populations, Lynch & Sethuraman, 
2019; low coverage or sequencing error, Gravel et al., 2011) could be 
contributing to discordance between our parameter estimates. We 
also note here that methodological approaches that fail to account 
for gene flow, such as SNAPP, can result in topological uncertainty 
(Thom et al., 2018), which could also be contributing to the observed 
discordance between our parameter estimates. However, the diver-
gence estimates obtained from SNAPP are highly consistent with 
previous work done in this system (Walsh, Benham, et al., 2019; 
Walsh, Clucas, et al., 2019) and we ultimately feel confident in the 
(A. n. subvirgatus (A. n. alterus, A. n. nelsoni)) topology despite incon-
gruent divergence time estimates from Moments. We conclude that 
our findings warrant further investigation with larger sample sizes 
with greater geographical continuity across the A. nelsoni range, 
which would facilitate analyses dedicated to elucidating demo-
graphic history on a subspecies scale. Moreover, while demographic 
history analyses pose challenges that can impede robust inferences 
and reconstructions, methodological approaches are rapidly improv-
ing and may offer increased resolution, particularly at recent time-
scales, in the near future. Overall, this variation in divergence time 
estimates within the A. nelsoni clade is expected, as reconstructing 

demographic histories at shallow evolutionary time-scales can be 
challenging (Pease et al., 2016; Xu & Yang, 2016).

Biogeographical reconstructions suggest that the common ances-
tor to Ammospiza sparrows likely inhabited freshwater regions in the 
interior great plains of North America. Our top model suggests one 
salt marsh colonization event within Ammospiza sparrows; the split 
between the ancestor of A. leconteii, which remained in the grass-
lands, and the ancestor to all other Ammospiza sparrows in this study 
that occupied coastal habitats along the Atlantic (~4.75 mya). This is 
in contrast to the hypothesized biogeographical scenarios of Greenlaw 
(1993) that posited two or three independent salt marsh colonization 
events within Ammospiza sparrows. While our reconstructions are not 
perfectly aligned with the Beecher (1955) hypothesis (namely, Beecher 
hypothesized that P. sandwichensis was the closest relative to A. mari-
tima), they do support a single salt marsh colonization event and the 
expansion of A. nelsoni northward along the Atlantic coast and then in-
land. Beecher (1955) suggests that marine connections between James 
Bay and the mouth of the St. Lawrence following deglaciation after the 
LGM may have facilitated dispersal of A. nelsoni inland from the coast 
(likely after the establishment of A. n. subvirgatus). The existence of this 
proposed marine connection is supported by the discovery of several 
marine plant species at inland locations (McLaughlin, 1932; Peattie, 
1922; Potter, 1932), suggesting dispersal events from the North 
Atlantic coast to the interior in other taxonomic groups.

Our findings are in contrast to recent work favouring the hypoth -
esis that A. nelsoni had freshwater origins in the interior of North 
America, coming into secondary contact with A. caudacuta in coastal 
habitats as a recent colonizer of saline habitats (Greenlaw, 1993; 
Nocera et al., 2007; Shriver et al., 2011; Walsh et al., 2018). If our 
reconstructions are accurate, A. nelsoni adapted to freshwater habi-
tats instead of vice versa, which has implications for how we inter-
pret signals and patterns of adaptive divergence within this complex. 
Notably, while A. n. nelsoni and A. n. alterus are seasonally freshwater 
adapted, they winter in salt marsh habitats (Greenlaw & Woolfenden, 
2007), suggesting a retention of ancestral adaptations, or perhaps 
a plastic response, that allow these populations to occupy coastal 
marshes during the non-breeding season. While we discuss possi-
ble caveats and implications of this point in greater detail below, we 
highlight here that reconstructing biogeographical and evolutionary 
dynamics in ephemeral systems poses challenges given the propen-
sity for high turnover (Thomaz & Knowles, 2020). Repeated cycles 
of isolation and re-connection can confound our interpretation of 
spatial and temporal patterns of diversification (Dufresnes et al., 
2020; Thomaz & Knowles, 2020), reinforcing the importance of a 
multifaceted approach to biogeographical reconstructions (Johnson 
et al., 2018), particularly in historically dynamic ecosystems.

While whole- genome data offer strong support for salt marsh 
origins (via an A. maritima ancestor) for the A. nelsoni-caudacuta 
complex, biogeographical reconstructions within the group offer 
an incongruent picture to the currently hypothesized evolutionary 
scenarios as they relate specifically to dynamics within the hybrid 
zone. In contrast to clear signals of ILS in the other species compar-
isons, estimates of DFS support recent introgression between A. n. 
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subvirgatus and A. caudacuta, consistent with previous work that doc -
uments the ongoing hybridization between them (Hodgman et al., 
2002; Shriver et al., 2005; Walsh, Rowe, et al., 2016; Walsh, Shriver, 
et al., 2016). Thus, while contemporary introgression between A. n. 
subvirgatus and A. caudacuta is indisputable, characterizing the role 
of introgression in shaping the adaptive landscape between these 
species remains an elusive task. Previous research scanned the  
A. caudacuta and A. nelsoni genomes for differentially introgressed 
loci and identified several annotated genes that may play an adaptive 
role in hybrids inhabiting salt marsh habitats, hypothesizing adaptive 
introgression from A. caudacuta into A. nelsoni (Walsh et al., 2018). 
This hypothesis is consistent with secondary contact between  
A. n. subvirgatus and A. caudacuta following a recent freshwater– salt 
marsh colonization event by A. n. subvirgatus. However, our biogeo-
graphical reconstructions shed new light on this proposed scenario. 
Although our findings suggest saline to freshwater movements of 
A. n. subvirgatus, marshes along the Atlantic coast of North America 
would have undergone substantial change since the hypothesized 
Pleistocene split between these species (Cronin, 1988; Wares, 
2002). Changing sea levels would have led to cycles of isolation and 
connection along the Atlantic coast (Wares, 2002), supporting a sce-
nario where hybridization could still be a result of secondary contact 
following periods of isolation and allopatric divergence between 
the two species. While the glacial maxima resulted in much of the 
Atlantic coastline being uninhabitable, several species survived in 
unglaciated refugia both to the south and to the north of the glacial 
margin (Cronin, 1988; Holder et al., 1999; Wares, 2002). This sug-
gests a strong possibility that A. caudacuta may have retreated to salt 
marsh refugia in the south, whereas A. nelsoni may have retreated 
north where extensive regions (both terrestrial and coastal) of the 
Canadian Maritimes remained unglaciated (Berggren & Hollister, 
1974; Dyke and Prest, 1987; Holder et al., 1999). On a more recent 
time-scale, geomorphic and ecological processes are known to vary 

az-ílatitudinally (Bertness, 1999; D Ferguson et al., 2010; Salgado 
& Pennings, 2005) creating scenarios where select genotypes may 
be better suited to local environmental conditions—a pattern that 
has previously been observed in the A. nelsoni-caudacuta complex 
(Walsh, Rowe, et al., 2016). As such, a scenario of adaptive intro-
gression following secondary contact could still be highly relevant 
here, but perhaps the spatial and temporal characteristics of these 
processes are more nuanced than previously thought.

It is important to note some of the caveats and limitations to our 
analyses, which warrant some caution as we interpret the evolution-
ary and biogeographical history of the Ammospiza clade. While our 
reconstructions were well supported at the species level, there were 
several hurdles to resolving subspecies relationships within A. nel-
soni. In both the SVDquartets and RAxML phylogenies, A. n. alterus 
and A. n. nelsoni tended to cluster together, but were not reciprocally 
monophyletic in any phylogeny and there were clear signals of mix-
ing between all three subspecies. Analyses from Moments further 
supported a scenario of gene flow between geographically adjacent 
populations. While our model selection approach offers strong sup-
port for the ( A. n. subvirgatus (A. n. alterus, A. n. nelsoni)) topology, 

the lack of resolution in our parameter estimates is consistent with 
phylogenetic reconstructions at the subspecies and population level 
(Kutschera et al., 2014) and highlight the challenges with interpret-
ing phylogenetic relationships at this scale, particularly in light of re-

 et al., 2014; Tajima, 1983). Despite 
these caveats, our results point to the intricate and multidimensional 

écent gene flow and ILS (Leach

contributions of ecology, demography, biogeography and evolution 
in shaping genomic landscapes. Extensive empirical and theoretical 
work has shown that competing processes can shape genomic sig-
nals in similar ways (Burri, 2017; Ravinet et al., 2017). To this end, 
incorporating information on demographic and biogeographical his-
tory is paramount to our interpretations of the genomic architecture 
of speciation and ecological divergence (Ravinet et al., 2017). This 
multifaceted approach offers insight into patterns and drivers of 
diversification across dynamic and ephemeral ecosystems, such as 
tidal marshes, and highlights the utility of high-resolution data in re-
constructing demographic and biogeographical histories in complex 
environments. For Ammospiza sparrows, this approach has provided 
new insights about these lineages, shedding light on a less widely ac-
cepted biogeographical hypothesis—with broad implications regard-
ing our understanding of the genomic architecture of divergence and 
introgression in this clade. More broadly, the approach used allowed 
us to tease apart the mechanisms of diversification, and the role of 
hybridization in facilitating adaptation to an ephemeral landscape. 
Specifically, our findings highlight the fact that complex biogeograph-
ical and demographic histories and processes can lead to similar ge-
nomic signals and gaining resolution into these events is paramount 
to our interpretation of adaptive divergence between species span-
ning unstable ecological gradients.
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