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Abstract

The importance and prevalence of recent ice- age and post- glacial speciation and 
species diversification during the Pleistocene across many organismal groups and 
physiographic settings are well established. However, the extent to which Pleistocene 
diversification can be attributed to climatic oscillations and their effects on distribu-

tion ranges and population structure remains debatable. In this study, we use morpho-

logic, geographic and genetic (RADseq) data to document Pleistocene speciation and 
intra- specific diversification of the unifoliolate- leaved clade of Florida Lupinus, a small 

group of species largely restricted to inland and coastal sand ridges across the Florida 
peninsula and panhandle. Phylogenetic and demographic analyses alongside morpho-

logical and geographic evidence suggest that recent speciation and intra- specific di-
vergence within this clade were driven by a combination of non- adaptive allopatric 
divergence caused by edaphic niche conservatism and opportunities presented by 
the emergence of new post- glacial sand ridge habitats. These results highlight the 
central importance of even modest geographic isolation and short periods of allopat-
ric divergence following range expansion in the emergence of new taxa and add to 
the growing evidence that Pleistocene climatic oscillations may contribute to rapid 
diversification in a myriad of physiographic settings. Furthermore, our results shed 
new light on long- standing taxonomic debate surrounding the number of species in 
the Florida unifoliate Lupinus clade providing support for recognition of five species 
and a set of intra- specific variants. The important conservation implications for the 
narrowly restricted, highly endangered species Lupinus aridorum, which we show to be 

genetically distinct from its sister species Lupinus westianus, are discussed.
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1  |  INTRODUC TION

There is abundant evidence for recent ice- age or post- glacial spe-

ciation during the Pleistocene across diverse organismal groups 
and settings (Hewitt, 2000; Kadereit & Abbott, 2021). These in-

clude freshwater fish in post- glacial lakes (Hudson et al., 2011) 
and on Sundaland island archipelagos (Sholihah et al., 2021), birds 
in boreal North America (Weir & Schluter, 2004) and temperate 
coastal regions of New Zealand (Weir et al., 2016), grasshoppers 
in western North American montane sky islands in the Rockies 
(Knowles, 2000), mangroves in south- east Asia (He et al., 2019), the 
radiation of annual plants of Nigella across the Aegean archipelago in 
the Mediterranean (Comes et al., 2008), the rapid diversification of 
a section of Trigonostemon in the Malay Peninsula and Borneo (Yu & 
Van Welzen, 2020) and plants in the high elevation Andes (Nevado 
et al., 2018) and the high Arctic (Brochmann et al., 2004). While a 
role for Late Pleistocene glacial cycles in species diversification has 
long been suggested (Haffer, 1969; Simpson, 1974), the impacts of 
these cycles in different geological settings are likely to be variable 

and location specific and remain poorly understood (Haffer, 1969; 

Hewitt, 1996; Klicka & Zink, 1997; Papadopoulou & Knowles, 2015a, 

2015b; Rull, 2011; Weir et al., 2016).
Many of the examples of speciation coinciding with the 

Pleistocene are from physiographic settings where climatic oscil-
lations strongly affected habitat connectivity. Typical examples in-

clude island archipelagos, where fluctuating sea levels associated 
with glacial cycles caused intermittent connectivity and fragmen-

tation between islands (e.g. Comes et al., 2008); adjacent ocean 
basins that were repeatedly isolated and re- connected (e.g. Filatov 
et al., 2021; He et al., 2019); high elevation montane ‘sky- island’ sys-

tems where the same glacial cycles caused shifts in elevation limits 

of vegetation zones and species ranges, leading to so- called flicker-
ing connectivity of high elevation habitats (Flantua et al., 2019) and 
continental lakes where glacial cycles caused changes in water levels 

that similarly affected patterns of suitable habitat connectivity (e.g. 
Nevado et al., 2013; Sturmbauer, 1998). These fluctuations in habitat 
connectivity can drive repeated cycles of geographic isolation and 
secondary contact between populations, a mechanism sometimes 
referred to as a ‘species- pump’, given its putative effect on speciation 
rates. Recent work has indeed suggested that a model of mixing–iso-

lation–mixing (MIM) driven by such cycles of flickering connectivity, 
isolation and gene flow could propel rapid (exponential) speciation 
(He et al., 2019), and potentially even account for the exceptional 
hotspots of species diversity that are located in areas where such 
Pleistocene flickering connectivity has been especially prevalent.

It is less clear what effects Pleistocene climatic oscillations had 

in regions that lack the accentuated island or mountain range topog-

raphy that generates cycles of flickering connectivity. In flatter areas 
with less accentuated topography, episodes of isolation and gene 
flow could still result from cycles of range expansion and migration 
associated the emergence of land when sea level was low and sub-

sequent contraction as land became covered with water at sea- level 
maxima, or from cycles of north–south advance and retreat to glacial 

refugia (Hewitt, 1996). However, whether climatic oscillations in 
these systems could still drive diversification remains unclear.

We examine these questions about recent Pleistocene diversi-
fication by analysing divergence and incipient speciation and quan-

tifying historical gene flow among the species and morphological 
variants that make up the unifoliolate- leaved clade of peninsular 
Florida Lupinus. This clade has been taken to comprise between three 
and five species (Beckner, 1982; Dunn, 1971; Isely, 1986; Sholars & 

Riggins, 2023), but the status of most of these has been questioned 
at one time or another (see Appendix S1 for an account of the taxo-

nomic history and conservation status of these taxa), and there is no 
current consensus about how many species should be recognized. 
This is especially relevant because several of the Florida taxa are rare 
and threatened (Appendix S1). For example, doubt about the status 
of Lupinus aridorum which has variously been treated as a distinct 

species, or as a variety of Lupinus westianus, has detracted attention 

from its endangered red- listing status at both a state and federal levels 

(Bibb et al., 2007; Contu, 2012; U.S. Fish and Wildlife Service, 1987) 
and confounded conservation assessments by different federal and 

state authorities. These conflicting conservation assessments high-

light the need to revisit the taxonomy of these species with a more 
robust and rigorous evidence- based approach. Furthermore, inten-

sive field collecting over the last few years has revealed evidence for 

additional geographically structured morphological variation among 
the unifoliolate lupines across peninsular Florida (Figure 1a,b) raising 
the possibility of recognizing one or more additional taxa.

The species of the Florida unifoliolate- leaved clade occur on 
xeric sands across northern and peninsular Florida, in fire- prone 
sandhill and Florida scrub (i.e. sand pine scrub, low oak scrub, rose-

mary scrub and scrubby pinelands), often dominated by re- sprouting 
xeric oaks, decumbent palms and clonal ericaceous shrubs (Menges 
& Hawkes, 1998) with a strong predilection for exposed, sandy, xe-

rophytic soils. Two species in the clade, Lupinus diffusus and Lupinus 

villosus, extend north into Alabama, Georgia and North and South 
Carolina (Figure 1; Dunn, 1971; Isely, 1986, 1998). These habitats 
generally occur on fragmented and somewhat isolated areas of pre-

dominately xeric uplands and sand ridges forming a series of conti-
nental edaphic islands (Schenk et al., 2018) which harbour notable 
concentrations of vascular plant endemism (Christman & Judd, 1990; 

Estill & Cruzan, 2001; Menges et al., 2007), forming a regionally dis-

tinct local biodiversity hotspot with a unique and nationally import-
ant biota. In addition to these inland sand ridges, scrub habitat is also 

found along the very recent post- glacial, late- Pleistocene shoreline 
sand dune systems (Hine, 2013). While these endemic- rich inland 
sand ridges are older than the coastal sand dune systems and habi-

tats, all of these formations are fundamentally recent, reflecting the 

very mobile shorelines and the dramatic impacts of late Miocene, 
Pliocene and especially Pleistocene sea- level fluctuations across 
the otherwise low- lying topography of the Florida peninsula and its 
extensive adjacent shallow continental shelf (Figure 1a; Hine, 2013; 

Locker et al., 1996; see Germain- Aubrey et al., 2014: fig. 1; Krysko 

et al., 2016: fig. 3). Through the Pliocene, sea level high stands of 
20+ m above today's level submerged substantial parts of Florida 
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with peninsular Florida reduced to a set of islands, while even at the 
last Pleistocene interglacial 125 Kyr, when sea level was 6 m higher 
than now, virtually the whole of present- day southern Florida and 
significant coastal areas of peninsular Florida and the Florida pan-

handle would have been inundated (Figure 1a), generating very re-

cent coastal dune systems clearly visible today which also harbour 

Lupinus populations (e.g. the Atlantic Coastal Ridge populations in 
peninsular Florida and L. westianus populations on sand ridges along 
and inland from the coast of the Florida panhandle). In contrast, at 
the Last Glacial Maximum c. 20 Kyr, with sea level c. 120 m lower 
than today, shorelines were dramatically altered such that Florida 

was more than twice the area it is today (Figure 1a), with the entire 

F I G U R E  1  (a) Map showing the distributions of sample localities of the nine putative morphologically defined entities of the Florida 
unifoliolate Lupinus clade corresponding to putative species and intra- specific varieties which occupy essentially allopatric present- day 
distributions, as shown in b. The highly dynamic variation in the Florida coastline during the last 125 Kyr to the present day is indicated by 
delineation of the present- day coast and extent of Florida (black line), the last interglacial c. 125 Kyr when sea level was 6 m higher than at 
present (brown shading), and at the last glacial maximum 20 Kyr when sea level was 120 m lower than the present day and Florida was twice 
the area it is now (green shading). (b) Map of central peninsular Florida showing the distribution of Lupinus taxa in relation to the major sand 

ridges of this region which are numbered as follows: 1—Lake Wales Ridge; 2—Lake Henry Ridge; 3—Winter Haven Ridge; 4—Bombing Range 
Ridge; 5—Atlantic Coastal Ridge (discontinuous); 6—Mount Dora Ridge; 7—Geneva Hill; 8—Brooksville Ridge; 9—Sumter Upland. Lupinus taxa 

– L. aridorum (purple squares); L. cumulicola (blue triangles); L. diffusus EFL (red stars); L. diffusus SWFL (green circles); L. diffusus NFL (green 
triangles). No other Lupinus taxa occur within the area depicted. (c) Xeric pyrogenic sandhill habitat at Crooked Lake Sandhill on Lake Wales 
Ridge, Polk County, Florida with L. cumulicola (the silvery grey–green foliage in the foreground) and scattered Pinus palustris, xeric oaks, 

decumbent palms and clonal shrubs. (d) L. cumulicola. (e) L. diffusus. (f) L. villosus. (g) L. westianus. (h) L. aridorum. Photos: (c–e,h) E. Bridges, (f,g) 
Floyd Griffith.
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modern coastline formed over just the last few 1000 years as a 
result of sea- level rise during the Holocene (Hine, 2013; Locker 

et al., 1996; see Germain- Aubrey et al., 2014, Figure 1). This recency 
of many of the habitats where Lupinus occurs in Florida is in line with 

the recent divergence time estimate of <1 Myr for the crown node 

of the Florida Lupinus clade (see below; Drummond et al., 2012) and 
provides a particular geological setting where the main impacts of 
sea- level fluctuations have likely been cycles of massive habitat ex-

pansion and contraction over the last 1 Myr.
In previous phylogenetic analyses of Lupinus (Drummond, 2008; 

Drummond et al., 2012; Eastwood et al., 2008; Hughes & 

Eastwood, 2006), the Florida unifoliolate- leaved species form a ro-

bustly supported clade which is moderately supported as sister to the 
Old World Lupinus clade, except in one study where a single Florida 
taxon was sampled and found to be nested within the Old World 
Lupinus clade with weak support (Keller et al., 2017). This likely sister 
group relationship to the Old World Lupinus clade is in line with chro-

mosome numbers for Florida Lupinus, which at 2n = 52, show closer af-
finity to the Old World L. albus, L. micranthus and L. luteus (2n = 50–52) 
than to other New World lineages (2n = 36/48) (Conterato & Schifino- 
Wittmann, 2006; Eastwood et al., 2008). While the divergence time 
estimate for the split between the Old World and Florida clades is c. 
10 Ma, diversification of the Florida clade is estimated to be very re-

cent, with a crown node estimate of 0.9 Ma (Drummond et al., 2012). 
The lupines of Florida represent one of two independent derivations 
of unifoliolate from digitate leaves within the genus, the other in east-

ern South America (Eastwood et al., 2008). It is thus clear that the 
Florida clade is morphologically distinct, phylogenetically isolated and 
geographically well separated, from all other North American Lupinus 

whose diversity is heavily concentrated in western North America 
(Drummond et al., 2012; Sholars & Riggins, 2023).

The apparently very recent diversification of the Florida clade 
of Lupinus across the island- like system of sand ridges across 

Florida whose extent and connectivity have likely changed during 

Pleistocene sea- level fluctuations provides an excellent study sys-

tem for investigating recent divergence across a continental edaphic 
island system and assessing to what extent Pleistocene glacial cycles 

may have contributed to recent speciation. We generate a densely 
sampled genome- wide RADseq dataset for all species and putative 
morphological variants of Florida Lupinus and undertake a series of 

phylogenomic and demographic analyses to understand species lim-

its and patterns of historical gene flow and to estimate divergence 
times between species and morphological variants. Finally, we as-

sess the taxonomic and conservation implications of our results for 
these xeric sand endemic plants in Florida.

2  |  MATERIAL S AND METHODS

2.1  |  Field sampling

Geographic ranges and ecological and morphological diversity were 
assessed via survey of herbarium collections as well as extensive 

fieldwork to survey and collect material from living plants as widely 
as possible across Florida (see Table S2 for detailed traits measured). 
Specimens or digital images of 596 herbarium collections were ex-

amined from FTG, FLAS, FSU, MICH, SWF and USF (acronyms fol-
low Thiers [continuously updated]). Locality data from specimens, the 
Institute for Regional Conservation floristic database covering south 

Florida, floristic lists from Brevard County Environmental Areas and 
Lake Wales Ridge conservation sites were assembled and used to lo-

cate and map potential lupine populations. Maps showing xeric soils 
from county soil surveys and aerial imagery were used to identify xeric 

vegetation (sandhill, scrub and scrubby pinelands). Although sites with 
intact vegetation were prioritized, others were included since popula-

tions of Lupinus may often persist in disturbed or degraded habitats. 
Some sites had multiple visits due to fluctuating populations, with 
plants absent during unfavourable years, then subsequently displaying 
episodic mass flowering. We conducted field surveys of 300+ Florida 

sites in 35 counties, with a particular focus on central peninsular 
Florida where previously undocumented morphological variation cor-
responding to putative cryptic species had been observed. The major-
ity of sites were visited during peak flowering, primarily in the late dry 
season (February to early May). At each population we collected silica- 
dried leaf material and voucher specimens, recorded field morphologi-
cal characters (12 characters from 3 to 10 plants per population) and 
ecological/floristic information (soil colour, habitat, vegetation, associ-
ated plants) and photographed plant growth forms, habitats, inflores-

cences, leaf lamina and indumentum and stipules (Table S2). Final site 
visits during the early wet season allowed us to collect mature fruits 

and seeds from some populations. We plotted GPS locations using 
ARC view overlaid onto physiographic and soils data layers to deter-
mine the position of our sample sites in relation to Florida xeric ridges 
and soil series. Individuals (3–34) were sampled from across the geo-

graphic range of each of the nine putative morphological entities rec-

ognized during fieldwork (see below), giving a total of 106 accessions 
(Figure 1a). In addition, the Old World Mediterranean narrow- leafed 
lupine (L. angustifolius L.), a member of the putative sister group of the 
Florida unifoliolate clade (Drummond et al., 2012), was included as an 
outgroup. Leaf samples were collected from wild plants and dried in 
silica gel. Locality and voucher specimen details for all nextRAD se-

quenced individuals are listed in Table S1.

2.2  |  NextRADseq preparation and sequencing

Total genomic DNA was extracted from silica- dried leaf material 
using a Qiagen DNeasy kit (Qiagen, Hombrechtikon, Switzerland) 
according to the manufacturer's guidelines. A Qubit Fluorometer 

(Thermo Fisher Scientific, Dietikon, Switzerland) was used to as-

sess DNA quantity and gel electrophoresis was used to measure 
DNA quality and purity. We chose to generate RADseq data be-

cause they have proved to be powerful for analyses that span the 
species boundary and which, with dense sampling of species and 
intra- specific variation, can be used for both phylogenomic and 
demographic analyses of large numbers of loci scattered across 
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the genome (Atchison et al., 2016; Baird et al., 2008; Eaton 

& Ree, 2013; Nevado et al., 2018; Pante et al., 2015; Wagner 

et al., 2013). In addition, the large number of SNPs derived from 
numerous loci scattered across the genome generated using 

RADseq can provide powerful genetic evidence about species lim-

its (e.g. Fujita et al., 2012; Herrera & Shank, 2016; Lamichhaney 

et al., 2015; Wagner et al., 2013). Library preparation and sequenc-

ing of nextRAD markers from genomic DNAs was performed by 
SNPsaurus (SNPsaurus LLC).

To amplify genomic loci consistently between samples, the nex-

tRAD method (Emerson et al., 2015; Russello et al., 2015) uses selec-

tive PCR primers. Genomic DNA was first fragmented with Nextera 
reagent (Illumina, Inc., San Diego, CA, USA), which also ligates short 
adapter sequences to the ends of the fragments. Variable amounts 
of genomic DNA were used as input into the fragmentation reaction 
to adjust for quality of DNA, with more input DNA for more de-

graded extracts. Fragmented DNA was then amplified, with one of 
the primers matching the adapter and extending seven nucleotides 
into the genomic DNA with the selective sequence (TGCAGAG). 
Thus, only fragments starting with a sequence that can be hybrid-

ized by the selective sequence of the primer will be efficiently am-

plified. The resulting fragments are fixed at the selective end, and 
have random lengths depending on the initial Nextera fragmenta-

tion. Because of this, amplified DNA from a particular locus is pres-

ent at many different sizes and careful size selection of the library 
is not usually needed. Two libraries were sequenced, the first on an 
Illumina HiSeq 2000 to generate 100 bp single end reads, and the 
second on an Illumina NextSeq to generate 150 bp single end reads.

2.3  |  NextRADseq assembly

Prior to assembly, raw reads were processed through Trimmomatic 
v0.33 (Bolger et al., 2014) to remove bases at the ends of reads 
with a quality score less than 20. Reads were assembled into loci 
using Stacks v 2.5 (Catchen et al., 2013) using the de novo ap-

proach implemented with the wrapper denovo_map.pl. This ap-

proach requires all reads to have the same length, thus as a first 
step we used the process_radtags function to trim all sequences to 
90 bp (reads shorter than 90 bp were discarded at this step). The 
main parameters used to control the de novo assembly of RAD 
loci with stacks are the minimum stack depth (- m), the number of 
mismatches allowed between stacks within individuals (- M) and 
the number of mismatches allowed between stacks between in-

dividuals (- n). The choice of parameter values can strongly affect 
output (e.g. Paris et al., 2017), and we thus performed a set of 
preliminary runs with only a subset of data (31 individuals, repre-

senting all species in the dataset) and a range of values. We kept 
the minimum stack depth constant (- m = 4) and explored all pair-
wise combinations of - M = 3, 4, 5 and - n = 6, 8, 10. Based on these 
preliminary results, we selected the best values for the three pa-

rameters and re- run denovo_map.pl with all the individuals in the 

dataset.

2.4  |  Population structure analyses

To identify population structure among species and clarify the 
position of putative early generation hybrids (Appendix S2), 
we used two approaches. First, we used a principal component 
analysis (PCA) as implemented in the program plink v 2.0 (Chang 
et al., 2015; Galinsky et al., 2016). Second, we used faststructure 
v 1.0 (Raj et al., 2014) with a simple prior and a range of K values 

(number of clusters) from 2 to 10. Model complexity was evalu-

ated with the chooseK.py script (part of faststructure distribu-

tion). The input data for both approaches was obtained from the 
Stacks pipeline using the populations command, and consisted of 

one random SNP per RAD locus (- write- random- snp) genotyped in 
at least 80% of the individuals (- R 0.8) after excluding singletons 
(- - min- mac 3) and loci with overall observed heterozygosity above 
0.7 (- - max- obs- het 0.70).

2.5  |  Phylogenetic reconstructions

We estimated phylogenetic relationships across samples with 
RaxML- NG v1.0 (Kozlov et al., 2019). The input data for this analysis 
was obtained from the Stacks pipeline using the populations com-

mand and consisted of the concatenation of all RAD loci where at 

least 80% of the individuals were sequenced (- R 0.8) after excluding 
loci with overall heterozygosity above 0.7 (- - max- obs- het 0.70) and 
including all variable and invariant positions (- - phylip- var- all). We 
further excluded all individuals that were morphologically interme-

diate as they likely represent early generation hybrids (Appendix S2). 
We used the GTR + G nucleotide substitution model for the concat-
enated dataset, performed 10 independent searches from random 
starting trees and assessed branch support by running 200 boot-
strap replicates.

Our demographic analysis revealed instances of gene flow 
between several species (see Discussion), suggesting that evolu-

tionary relationships between species in this clade might be bet-
ter represented by a phylogenetic network instead of a strictly 
bifurcating phylogenetic tree. We used the Species Networks ap-

plying Quartets (SNaQ) (Solís- Lemus & Ané, 2016) method, imple-

mented in the software Phylonetworks (Solís- Lemus et al., 2017), 
to (1) test whether a phylogenetic network (allowing hybridization 
between species) provides a better fit to the data compared to 
a phylogenetic tree and (2) infer how many hybridization events 
occurred during the diversification of this clade. As a first step 
in this analysis, we estimated a phylogenetic tree for each RAD 
locus using RaxML- NG v1.0 with the same settings as described 
earlier (GTR + G nucleotide substitution model, 10 independent 
searches from random starting trees). We excluded both recent 
hybrids (Appendix S2) and the two L. angustifolius individuals used 

as outgroups. The per- locus phylogenetic trees were then used in 
Phylonetworks to estimate quartet concordance factors with the 
function countquartetsintrees. In this step, each individual was as-

signed to one of nine clades based on the combined morphological, 
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geographical and genetic evidence (see Discussion): L. westianus, 

L. aridorum, L. villosus, L. diffusus Carolina, L. diffusus panhandle, 
L. cumulicola, L. diffusus NFL, L. diffusus SWFL and L. diffusus EFL. 

Using the phylogeny obtained with the concatenated analysis as 
a starting tree, we then estimated the best phylogenetic network 
with varying number of hybridization events allowed (h between 0 

and 4) using the function snaq! in Phylonetworks. To ensure con-

vergence, we performed 25 independent runs under each value 
of h. We identified the best number of hybridization events in our 
dataset by comparing the log pseudolikelihood of the best net-
work for each value of h: this pseudolikelihood is expected to in-

crease sharply with h until it reaches the optimal value, and then to 
increase more slowly with increasing h (Solís- Lemus & Ané, 2016).

2.6  |  Demographic analysis

A series of demographic analyses of population history were car-
ried out to test for gene flow between species; assess whether the 
lack of resolution in the L. cumulicola clade is due only to recent di-

vergence (incomplete lineage sorting) or ongoing gene flow and es-

timate approximate divergence times between a series of putative 
species pairs. Isolation with migration (IM) models were employed 
using the dadi package (Gutenkunst et al., 2009). This approach 
estimates the site frequency spectrum (SFS) as the distribution 
of allele frequencies across SNPs sampled from a population and 
compares the observed SFS to that expected under alternative de-

mographic models. Using maximum likelihood, we can thus obtain 
estimates for the demographic parameters of interest and compare 
the fit of alternative demographic models to the observed data.

For the demographic analyses, we defined five populations 
based on taxonomic, morphological and geographic information: L. 

villosus, n = 15; L. westianus, n = 8; L. diffusus SWFL, n = 17; L. cumuli-

cola, n = 11 and L. diffusus EFL, n = 24. Because we are interested in 
inferring the demographic history of these taxa over evolutionary 
timescales, we excluded from this analysis the few individuals that 

were morphologically intermediate (Appendix S2). These individ-

uals are likely to represent recent hybrids, and thus have reduced 
relevance in inferring times of divergence or amount of gene flow 

during diversification of this group. In order to take into account the 
sensitivity of the SFS analysis to genotype calling errors and employ 
a polarized SFS (where an ancestral allele at each site is known), a 
different approach was used to assemble SNP data from that used 
in the phylogenetic analysis. The RADseq reads were trimmed of 
adaptors and low- quality ends (base quality <20) using cutadapt v 
1.8.3 (Martin, 2011) and mapped to the published scaffolds of the L. 

angustifolius genome (Yang et al., 2013; Assembly GCA_00338175 
available on GenBank) with bwa v. 0.7.12 (Li & Durbin, 2009) and 
default values with the mem algorithm. Reads with mapping qual-
ity <20 were excluded, and the package Stacks v. 1.42 (Catchen 
et al., 2011, 2013) was used to extract only RAD loci present in at 
least 2 populations, with at most two SNPs and with minimum stack 
size of 10 (per individual).

For analysis in dadi v. 1.7.0, we used one random SNP per 
locus with the ancestral state inferred via comparisons with the 
L. angustifolius genome. Preliminary analysis revealed an excess 

of high- frequency variants, indicative of ancestral state mis- 
specification, thus we masked the two highest frequency classes 
before fitting the demographic models. There are six free param-

eters in the isolation with migration (IM) model: the relative size 
of the two populations after splitting (s); time of the population/
species split (Ts); population sizes of population/species 1 and 2 
(N1 and N2) and rates of effective migration in two directions (M1←2 

and M2←1). Demographic hypotheses can be tested via likelihood 
ratio tests by fixing values for some of these model parameters. 
Two- population IM models with full migration (IM), unidirectional 
migration (M12 and M21) and no migration (NoMig) were run for 
the following population pairs: L. villosus and L. westianus, L. diffu-

sus SWFL and L. cumulicola, L. diffusus and L. cumulicola, L. diffusus 

SWFL and L. diffusus. The simplest best- fitting model was selected 
by comparing adjusted model likelihoods (Coffman et al., 2016) 
of the full IM model to each of the two unidirectional migration 

models, and each of these to a model without migration between 

species after divergence.
To convert estimated relative ages into absolute divergence 

times, we used a mutation rate of 7.0 × 10−9 mutations per site per 
generation (similar to available estimates in other plant species, e.g. 
Krasovec et al., 2018; Ossowski et al., 2010; Xie et al., 2016), the 
population size estimated from per site nucleotide diversity for each 
population (obtained directly from Stacks) and estimated generation 
time of 2 years, in line with field observations of flowering within 
2 years.

3  |  RESULTS

From field and herbarium survey it was observed that there are 

cryptic morphological differences between populations, including 
among the central peninsular Florida populations of the widespread 
L. diffusus group (Table S2), and that this morphological variation is 
strongly partitioned geographically. Nine variants were initially de-

limited based on morphology: L. aridorum, L. cumulicola, L. diffusus 

Carolina, L. diffusus north Florida (NFL), L. diffusus panhandle, L. dif-

fusus south- west Florida (SWFL), L. diffusus east Florida (EFL), L. vil-

losus and L. westianus (Figure 1). All of these putative morphological 
entities were found to occupy largely allopatric distributions with 
only very limited and infrequent range overlap (fewer than 5% of 
populations) (Figure 1a,b). During fieldwork a number of putative hy-

brid individuals were identified based on morphological intermedi-
acy between the nine putative morphological entities (Appendix S2).

3.1  |  NextRAD data assembly

Sequencing yielded an average of 3226 K reads per sample. 
Preliminary analyses with Stacks using different parameter values 
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showed that increasing the number of mismatches allowed between 

stacks within individuals from m = 3 to m = 4 caused a decrease in 
the number of loci present in 80% of the samples as well as the num-

ber of variable sites overall (Figure S1a,b). Increasing the number of 
mismatches to m = 5 further reduced these values, but had a smaller 
effect. We thus set m = 4 for the final analyses with the complete 
dataset. Conversely, increasing the number of mismatches allowed 

between individuals (n = 6, 8, 10) caused an almost linear increase in 
the number of sites overall, but had a smaller effect on the number of 

loci retained (Figure S1c,d). Similar results were observed for other 
datasets in a previous simulation study (Paris et al., 2017). Here, 
we chose to use a value for n = 8 for the analysis of the complete 
dataset, because though larger values of n continued to increase 

the number of polymorphic loci, it also implied larger computational 
costs, making the analysis of the complete dataset extremely slow.

3.2  |  Population structure analyses

After filtering RAD loci to exclude singletons, loci with high het-

erozygosity, loci sequenced in fewer than 80% of samples and re-

taining only a single SNP per RAD locus, our final dataset used for 
analyses of population structure consisted of 5592 SNPs.

The first three axes of the PCA including all samples explained c. 
25% of the variance in the dataset. The resulting plots along these 
three axes (Figure 2a–c) show a clear separation into six clusters: 
L. aridorum, L. westianus, L. villosus, L. diffusus panhandle, L. diffusus 

Carolina, and a sixth cluster containing all specimens belonging to L. 

cumulicola and L. diffusus NFL, SWFL and EFL. To better understand 
the structure within this sixth cluster, we performed a second PCA 
using only specimens assigned to it. This second PCA (Figure 2d) 
shows that the four morphological entities can be separated along 
the first two axes. Furthermore, of the 13 putative hybrids identified 
based on morphology, 10 are resolved as intermediate between L. 

cumulicola and the three L. diffusus groups.
Analysis of population structure using faststructure revealed 

that the most likely number of clusters (K) is between 2 and 4. Plots 
of individual assignments for these values of K (Figure 3a–c) are not 
entirely consistent across K values, but overall support the identifi-
cation of the same six clusters found with PCA: L. aridorum is always 

resolved in a separate cluster; individuals belonging to L. cumulicola 

and L. diffusus NFL, SWFL and EFL are also always resolved as be-

longing to a separate cluster; individuals of L. westianus and L. villosus 

are resolved as either belonging to the same cluster (K = 2, 4) or as 
two separate clusters (K = 3) and individuals of L. diffusus Carolina 

and L. diffusus panhandle are generally resolved as admixed between 
different clusters. As for the PCA, we performed a second faststruc-

ture analysis focusing only on individuals belonging to the largest 

cluster which includes L. cumulicola and L. diffusus NFL, SWFL and 
EFL. The most likely number of clusters in this analysis is between 
2 and 3, and the resulting individual assignment (Figure 3d,e) shows 
some separation between L. cumulicola and remaining taxa (K = 2, 3) 
and between L. diffusus NFL and SWFL on one hand and L. diffusus 

EFL on the other (K = 3). This last analysis also revealed that sev-

eral individuals (including almost all of the putative hybrids inferred 
based on morphology – see Appendix S2) have mixed ancestry be-

tween at least two of the clusters identified.

3.3  |  Phylogeny

Phylogenetic analysis of the concatenated dataset (489,897 sites 
and 44,449 SNPs) using RaxML- NG recovered three main clades 
(Figure 4, Figure S2). The first clade (hereafter AWV clade) includes 
all individuals of L. aridorum, L. westianus and L. villosus and has high 

internal support and relatively long internal branches with each of 
the three species recovered as monophyletic with high support. In 
addition, there is phylogeographic structure within L. westianus with 

three inland accessions (F91, F92, F93) forming a well- supported 
sub- clade that is sister to a sub- clade comprising the coastal ac-

cessions. The second clade includes L. diffusus samples from North 
and South Carolina and the Florida panhandle. The third and larg-

est clade comprises L. cumulicola, L. diffusus NFL, L. diffusus SWFL 

and L. diffusus EFL (hereafter referred to as the L. cumulicola clade). 
This clade has comparatively weaker internal support and shorter 
internal branches than the AWV clade, yet accessions of the puta-

tive morphological/geographical entities are almost always resolved 
as monophyletic (L. cumulicola, L. diffusus NFL and L. diffusus SWFL), 
with the only exception being three L. diffusus EFL samples (F67, F69 
and F68) which are nested within a clade comprising L. diffusus NFL 
accessions, albeit with low support (Figure 4), a result not mirrored 
in the PCA and STRUCTURE analyses where these three accessions 
cluster unambiguously with the remaining EFL accessions (Figure 3).

The analysis of quartet concordance factors with the SNaQ 
method revealed that a phylogenetic network (allowing hybridiza-

tion between species) provided a better fit to our data compared to 
a phylogenetic tree: the log pseudolikelihood increased sharply from 
h = 0 (no hybridization allowed) to h = 2 (2 hybridization events de-

tected) (Figure S3). The best- fitting phylogenetic network with h = 2 
(Figure S3) shows the same topology as the phylogenetic tree ob-

tained by concatenation (Figure 4). The first hybridization event de-

tected with h = 2 involved a relatively large introgression of L. villosus 

genetic material into the gene pool of L. diffusus panhandle (affecting 
c. 20% of the gene pool of the latter species), while the second event 
corresponded to a relatively minor introgression of genetic material 
of L. diffusus EFL into L. cumulicola (c. 2.5% of the genome affected).

3.4  |  Demographic analyses

The best demographic model for each pair of populations (Table 1; 

Tables S3 and S4) always involves migration, suggesting that there is 
significant gene flow between all the populations and species tested. 
For one pairwise comparison (L. diffusus SWFL vs. L. diffusus EFL) in-

dependent runs did not converge, with highly variable parameter es-

timates across runs. This might be due to the model not accounting 
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for gene flow between these two entities and L. cumulicola (which is 
geographically intermediate between these two entities and shows 
significant migration in pairwise models). From the remaining pair-
wise comparisons, migration levels are higher among populations 
within central peninsular Florida (L. cumulicola vs. L. diffusus SWFL 

and L. cumulicola vs. L. diffusus EFL) than between L. villosus and L. 

westianus, suggesting that the lack of phylogenetic support within 
the L. cumulicola clade is most likely due at least in part to higher 
levels of gene flow compared to the better resolved AWV clade. 
Estimated split times between species/populations (Table 2) vary 
depending on which population is used to calibrate the ancestral 
population size, and are also strongly dependent on what mutation 

rate and generation time are assumed, suggesting that these esti-

mates should be treated with caution. The estimated divergence 
time between L. villosus and the L. westianus/L. aridorum clade is 

somewhat older (77–235 Kyr) than between populations in the L. cu-

mulicola clade which are estimated to range from 50 to 138 Kyr. Split 
times between L. diffusus SWFL versus L. diffusus EFL were not cal-

culated as this pairwise analysis did not converge. Even taking into 
account the uncertainties surrounding these split time estimates, 
these estimates suggest that species diversification across the entire 
Florida unifoliolate- leaved clade is very recent indeed, most likely 

occurring towards the late Pleistocene, and largely within the last 

150–250 Kyr.

F I G U R E  2  Principal component analysis of the nextRADseq dataset. (a–c) PCA using the entire dataset, with different projections over 
the first three axes which together explain c. 25% of the total variation observed in the dataset. (d) PCA including only specimens assigned 
to the Lupinus cumulicola clade (L. cumulicola, L. diffusus NFL, L. diffusus SWFL, L. diffusus EFL and putative hybrids based on morphological 
intermediacy) and showing only the first two axes (total variation explained c. 7.5%).
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4  |  DISCUSSION

4.1  |  Late Pleistocene speciation in Florida

Here we deploy an extensive RADseq dataset to generate the first 
densely sampled and robustly supported phylogeny for the Florida 
unifoliolate- leaved Lupinus clade, estimate clade split times, de-

tect putative hybrids and estimate levels of historical gene flow 
among putative species and morphological variants. Across penin-

sular Florida and adjacent areas of the southeast USA, our results 

reveal a set of four robustly supported reciprocally monophyletic 
clades which are congruent with genetic clusters found in multi-

variate and STRUCTURE analyses of SNP data (Figures 2–4), and 
which we equate with species (see taxonomic implications below): 
L. westianus, L. aridorum, L. villosus and the L. diffusus s.s., i.e., acces-

sions of L. diffusus from outside the Florida peninsula. A fifth clade, 
here referred to as the L. cumulicola clade, containing all the pen-

insular accessions of L. diffusus and all individuals of L. cumulicola 

was also recovered albeit with low bootstrap support. The inferred 
phylogenetic relationships between these five clades are the same 
whether a concatenated approach (Figure 4) or a network approach 
that accounts for both incomplete lineage sorting and hybridization 
(Figure S3) is used. Furthermore, within the L. cumulicola clade, our 

data support recognition of a set of four morphological variants 
that are notably structured phylogenetically, albeit not all of them 
robustly supported as monophyletic, and which occupy largely al-
lopatric geographic distributions almost completely confined to the 

sand ridges of peninsular Florida (Figures 1b, 3e and 4). These almost 
entirely allopatric geographical distributions of L. cumulicola and the 

three L. diffusus variants (NFL, SWFL, EFL) across central peninsular 
Florida (Figure 1b) and the occurrences of these groups largely re-

stricted to the major sand ridge systems: Lake Wales Ridge (L. cumu-

licola), Atlantic Coastal Ridge and Bombing Range Ridge (L. diffusus 

EFL) and Brooksville Ridge (L. diffusus NFL) which are isolated from 
each other by largely lupine- free habitats (Figure 1b) are striking. 
For instance, L. cumulicola – the first branching group within the L. 

cumulicola clade (Figure 4) – is almost never found outside the Lake 
Wales Ridge (LWR, labelled 1 in Figure 1b), whereas L. diffusus EFL 

is rarely found there but is common on the nearby Bombing Range 
Ridge (BRR, labelled 4 in Figure 1b). These two ridges share the same 
sand ridge soil type and are at some points separated by only a few 
kilometres, yet their ages are very different: BRR is thought to be 
Plio- Pleistocene in age, whereas parts of the LWR date back to the 
Pliocene (Green et al., 2019; Hardin, 2019; Hine, 2013; Scott, 2001; 

Webb, 1990; Weekley et al., 2008). This phylogenetic pattern is 
compatible with a scenario whereby the L. diffusus NFL, EFL and 
SWFL variants radiated across younger sand ridges from the older 

central Florida LWR sand ridge L. cumulicola, a scenario predicted by 
Schenk et al. (2018) and depicted in their figure 1. Similarly striking 
biogeographic differences in the biota of Florida sand ridges occur 
in other xeric endemic taxa (e.g. Branch & Hokit, 2000; Christman & 

Judd, 1990; Deyrup, 2005; Deyrup & Cover, 2004; Hill, 2023; Lamb 

et al., 2018; Schoonover McClelland et al., 2023). All this suggests a 
central role for sand ridge edaphic niche conservatism and allopatric 

F I G U R E  3  Barplots depicting genetic structure based on the nextRADseq dataset (a–c) across all Florida Lupinus specimens and (d, e) 
across specimens assigned to L. cumulicola clade. Each bar represents an individual, and the colours represent the fraction of its genome with 
ancestry within each cluster. Shown are results for different number of clusters assumed (from K = 2 to K = 4).
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non- adaptive divergence in the differentiation of these variants, 
and indeed across the Florida unifoliolate species clade as a whole, 
as found for other Floridian sand ridge plant clades (e.g. Naranjo 
et al., 2023; Schenk et al., 2018).

Analyses of divergence times from both previous phylogenies 
(crown node of the Florida clade <1 Myr: Drummond et al., 2012) 
and split times from demographic analyses presented here (Table 2) 
suggest that all of this species and intra- specific diversification 

F I G U R E  4  Phylogeny of the Florida Lupinus clade, reconstructed using the concatenated RADseq dataset excluding putative hybrid 
individuals. The phylogeny was rooted with the two L. angustifolius individuals (not shown). Bootstrap support denoted with symbols 
(squares BS = 100; triangles 90 ≤ BS < 100; circles 80 ≤ BS < 90). Scale bar is in expected substitutions per site.
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occurred during the late Pleistocene. This recency of the Florida 
Lupinus species is supported by divergence time estimates from 
the demographic analyses which range from 77 to 235 Kyr for the 
L. westianus/L. villosus split which is somewhat older than the 50 to 
138 Kyr estimates for splits between the L. diffusus NFL, EFL, SWFL 
morphological variants within the L. cumulicola clade. While age es-

timates for the splits between these peninsular variants are inevita-

bly tentative depending on the mutation rate and generation time 
specified in the demographic model, they are likely confined to just 
the last 100–250 Kyr. This is very much in line with the weakly sup-

ported pattern of differentiation of these varieties from the older 
Lake Wales Ridge L. cumulicola towards both coasts and including 

the L. diffusus EFL populations on the most recently formed Bombing 
Range Ridge and Atlantic Coastal Ridge.

These age estimates were obtained by modelling pairwise spe-

ciation events (Table 2). This approach could result in biased esti-
mates if significant indirect gene flow exists, i.e. gene flow between 

the focal pair of species occurred via a third, unsampled species. 
However, our joint analysis of all species in a network framework 
(Figure S3) detected only two hybridization events. One of these 
events is consistent with our results from demographic modelling, 
with gene flow between L. diffusus EFL and L. cumulicola. The second 
event is unlikely to affect our demographic analyses as it involves 

gene flow from L. villosus into L. diffusus panhandle, and the latter 
species was not used in the demographic modelling. Thus, our dating 
estimates are not likely to be strongly biased by indirect gene flow.

These divergence time estimates, alongside the higher reso-

lution and longer internal branches on the phylogeny in the AWV 
clade (Figure 4), suggest that these species are potentially some-

what older than the L. cumulicola clade spanning central peninsular 
Florida. Nevertheless, divergence time estimates across the whole 
of the Florida Lupinus clade, whether from phylogenies (Drummond 
et al., 2012) or the demographic analyses presented here, suggest 
that diversification across the entire Florida unfoliolate species 
clade occurred during the late Pleistocene. While previous work sug-

gested that some endemic central Florida sand scrub taxa had pre- 
Pleistocene origins (Germain- Aubrey et al., 2014), our results are in 
line with studies of other plant groups which suggest that the major-
ity of endemic Florida sandhill and sand scrub endemics diversified 

during the Pleistocene (Edwards et al., 2008; Naranjo et al., 2023; 

Oliveira et al., 2007; Schenk et al., 2018), as found in some animal 
clades (e.g. Krysko et al., 2016).

Our results thus provide an example of Pleistocene speciation 
that is not associated with classical flickering habitat connectivity 

caused by Pleistocene glacial cycles in island, mountain and lake 

settings where the majority of examples of Pleistocene speciation 

TA B L E  1  Parameter estimates for best demographic model for each pair of species/populations.

Pop1 Pop2

Best 

model s nu1 nu2 T M12 M21 Theta

Lupinus. villosus L. westianus M21 0.559 4.390 1.368 0.396 0.000 0.452 357.387

L. diffusus SWFL L. cumulicola M21 0.589 3.778 6.385 0.325 0.000 1.116 377.052

L. diffusus SWFL L. diffusus EFL M21 0.111 0.830 0.951 0.542 0.000 11.147 1063.780a

L. cumulicola L. diffusus EFL IM 0.502 4.021 7.575 0.564 0.528 1.070 412.658

Note: Models fitted to data names are: IM – migration allowed in both directions; NoMig – no migration allowed; M12 – migration allowed only from 
population 2 to population 1; M21 – migration allowed only from population 1 to population 2. Parameters abbreviations are: s – size of population 1 
at time of split relative to size of ancestral population (pop2 size was 1–s). nu1 and nu2 – current population sizes of populations 1 and 2 (relative to 
population size before splitting). T – time of split (in units of 2*ancestral population size [Nanc]). M12 and M21 – migration value from population 2 to 
1 and from population 1 to 2 respectively (in units of 2*Nanc*m, with m = proportion of population consisting of immigrants in each generation, and 
Nanc = population size before split, which is not a free parameter in the models).
aPairwise analysis of SWFL and EFL did not converge, with highly variable parameter estimates across runs. This might be due to the model not 
accounting for gene flow between these 2 entities and L. cumulicola (which is geographically intermediate between these two entities, and shows 
significant migration in pairwise models).

TA B L E  2  Estimated split times between species/populations.

Pop1 Pop2 T

Pop1 

π/nt

Pop2 

π/nt Ne1 Ne2

N_ANC 

(pop1)

N_ANC 

(pop2)

ABS TIME 
(pop1)

ABS TIME 
(pop2)

Lupinus villosus L. westianus 0.3956 0.006 0.0057 214,286 203,571 48,812 148,810 77,240 235,476

L. diffusus SWFL L. cumulicola 0.3254 0.0056 0.0069 200,000 246,429 52,938 38,595 68,904 50,235

L. cumulicola L. diffusus EFL 0.5641 0.0069 0.0081 246,429 289,286 61,285 38,190 138,284 86,171

Note: Ne1 and Ne2 are current population sizes for pop1 and pop2, calculated from the π/nt for each population divided by 4 × mutation rate. 

N_ANC(pop1) and N_ANC(pop2): are the population sizes of the ancestral population before the split between pop1 and pop2, calculated using 
the current population size of pop1 or pop2. Example: best model for villosus- westianus has nu1 = 4.39 and nu2 = 1.368. This means the current 
population size of population 1 (villosus) is estimated as 4.39× the ancestral population size before the split. If we use our estimate for current 
population size of villosus (214,286) we see that ancestral population size was 214,286/4.39 = 48,812. We can do the same using population2 
(westianus) and get 203,571/1.368 = 148,810.
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have been documented (e.g. Comes et al., 2008; He et al., 2019; 

Kadereit & Abbott, 2021; Knowles, 2000; Nevado et al., 2018; 

Sholihah et al., 2021). In Florida, it is clear that most of the sand ridge 
islands where Lupinus species variants grow would not have been 
submerged by sea- level rises at least during the most recent gla-

cial cycles. The overall topography of this area suggests that these 
sea- level changes may not have caused major vicariance events 

(Figure 1a), but would nevertheless have contributed to the isola-

tion of sand ridge islands, e.g. the disjunction between L. diffusus 

s.s. and the L. cumulicola clade corresponds to the largely low- lying 
‘Suwannee Straits’ that span NE Florida (Webb, 1990). Instead of 
flickering connectivity as a driver of speciation and diversification, 
in Florida, the most notable impact of the Pleistocene glacial cy-

cles was cyclical expansion and contraction of the available land 
area that involved a doubling of the area of peninsular Florida c. 20 
Kyr (Figure 1a) and recurrent formation of new sand ridges, result-
ing from sea- level fluctuations. These newly emerging post- glacial 
sand ridges potentially provided opportunities for colonization and 
divergence. We document divergence of two entities that occur on 

recently formed post- glacial coastal sand ridges: the L. diffusus EFL 

populations along the Atlantic Coastal Ridge dating to just the last 
few thousand years (Hine, 2013; Lane, 1994), and L. westianus which 

is endemic along the coastal sand ridges of the Florida panhandle 
that were also inundated at the last interglacial and on sand ridges 

immediately inland. Notably, for L. westianus, there is a phylogeo-

graphic split between a coastal sub- clade and a sub- clade confined 
to nearby sand ridges 30 km inland indicative of divergence follow-

ing colonization of the post- glacial coastal sand ridge systems, a 
geographic pattern replicated in the genus Paronychia with P. erecta 

on the coastal panhandle sand ridges and P. minima very narrowly 

endemic on the inland sand ridge (Schenk et al., 2018). This suggests 
a significant degree of isolation of these two nearly adjacent sand 

ridges. Our results suggest that divergence of all these endemic sand 

ridge entities coincided with the late Pleistocene when the land area 

of peninsular Florida expanded from a minimum at the last inter- 
glacial (c. 125 Kyr), to almost twice its current area at the last glacial 
maximum (c. 20 Kyr) and then progressively contracted again to the 
present- day coastlines as sea- level rose spawning new sand ridges. 
These split time estimates are thus compatible with a scenario 
whereby the massive expansion of land in peninsular Florida and of 
potential sand ridge habitats for Lupines between 125 and 20 Kyr as 
sea levels dropped to their low point at the last glacial maximum pro-

vided opportunities for morphological and genetic differentiation of 
the L. diffusus NFL, EFL and SWFL variants as their ranges expanded 
across emerging sand ridges becoming isolated from the core central 

Lake Wales Ridge range of L. cumulicola. Subsequent retreat back to 
modern coastlines accompanying range contraction in post- glacial 
times has likely brought these variants back into secondary contact 

with L. cumulicola in a few specific locations in the immediate vicin-

ity of the core L. cumulicola distribution, spawning putative hybrids 
and gene flow, as we observe for populations on Lake Henry Ridge 
(Appendix S2). This suggests that shifting availability of xeric ridges 
across peninsular Florida brought about by late Pleistocene sea- level 

fluctuations, while not the main driver of speciation and diversifica-

tion, also played an important role in driving diversification of xeric 
sand specialists.

The results of our demographic and phylogenetic analyses are 
very much in line with what might be expected for recent speciation 
and formation of incipient species, where reproductive isolation is 
incomplete and is compatible with the idea of ephemeral species 
(Rabosky, 2013; Rosenblum et al., 2012) whereby speciation is 
common and rapid, but the majority of produced species do not 
necessarily persist, but instead go extinct or are re- absorbed into 
parental forms. The idea that the variants within the L. cumulicola 

clade represent incipient species is reinforced by the lack of support 
along the backbone of the clade (Figure 4), which is probably due 
in part to recency and also likely to be a function of on- going gene 
flow, as shown by the demographic analyses and as manifest by the 
occurrence of putative hybrid individuals, between the various L. 

diffusus morphological variants and L. cumulicola (Appendix S2). 
For example, the admixed genotypes between the SWFL L. diffu-

sus variant accessions and L. cumulicola accessions from the Lake 

Henry Ridge (Figures 2 and 3) show approximately equal propor-
tions of these groups, supporting the putative recent hybridity of 
these individuals. This genetic admixture coincides with morpho-

logical intermediacy in plant habit, varying from prostrate to up-

right within populations, and intermediate leaf pubescence length, 
density and orientation between these putative variants. Similarly, 
the admixture seen in the putative L. cumulicola x L. diffusus EFL 

hybrids (Figures 2 and 3) corroborates the observed morphologi-
cal intermediacy of these individuals between these two varieties 

(Appendix S2). Significant gene flow between all these varieties and 
the occurrence of these hybrids shows clearly that these variants 

are not reproductively isolated.
The one exception to the monophyly of the four L. cumulicola 

clade variants (L. cumulicola, and L. diffusus NFL, EFL, SWFL) is the 
placement of three putative L. diffusus EFL accessions (F67, F68 and 
F69) in a clade comprising the L. diffusus NFL accessions (Figure 4). 
It is notable in the PCA and STRUCTURE analyses these three 
accessions cluster unambiguously with other EFL accessions, and 

their phylogenetic placement with accessions of NFL in the phy-

logeny is weakly supported. Thus, there is limited genetic support 
to suggest that these accessions belong with NFL. Re- examination 
of the morphology of these three accessions in the light of their 
anomalous placement in the phylogeny suggests some degree of 
morphological intermediacy between NFL and EFL, but this re-

mains inconclusive and is not reflected in the STRUCTURE plots 
(Figure 3). It is perhaps notable that these plants were collected 
from small, long un- burned populations in deeply shaded habitats. 
Additional sampling will be required from these populations to as-

certain their true identities.

Overall, we conclude that diversification of the Florida unifoli-

olate clade species and variants of Lupinus was driven by a combina-

tion of isolation and allopatric speciation across the sand ridge island 
system mediated by strong edaphic niche conservatism, and the 
recent emergence of new sand ridges associated with Pleistocene 
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sea- level fluctuations. This has two important implications regarding 
the effect of Pleistocene climatic oscillations on diversification pro-

cesses. First, it highlights the importance of even modest geographic 
isolation in dispersal limitation and suggests a central role for even 
short periods of allopatric divergence following range expansion in 
the emergence of new taxa. Second, it adds to the growing body 

of literature (reviewed in Kadereit & Abbott, 2021) in acknowledg-

ing that Pleistocene climatic oscillations may contribute to rapid di-
versification in a myriad of physiographic settings, not only in the 
more widely studied island archipelagos, ‘sky’ island and continental 
lake systems, but wherever geographic, edaphic and climatic factors 
combine to promote periods of geographical isolation and oppor-
tunities associated with expansion and emergence of new areas of 
suitable habitat.

4.2  |  Biogeography of the Florida Lupinus clade

Research to understand the origins of the narrowly endemic Florida 

sand ridge scrub biota has ascertained the sister group relation-

ships, divergence times and biogeographic affinities of specific en-

demic sand ridge taxa (Germain- Aubrey et al., 2014), and assessed 
whether they are related to species and lineages in the western USA 
originating via vicariance associated with mid- Pliocene scrub habi-

tat fragmentation, or instead to eastern USA species and lineages 
that diverged more recently during the Pleistocene. The study by 
Germain- Aubrey et al. (2014) suggested that three of the four nar-
row Florida sand ridge endemics that they studied show affinities to 

eastern North American species and lineages, and estimated diver-
gence times spanning both the Pliocene and Pleistocene. Here we 
show that the biogeographic affinities of L. aridorum, the narrowly 

restricted central Florida sand ridge endemic and indeed the other 

peninsular Florida endemic species and variants of Lupinus, are with 

Lupinus species that occur elsewhere in the south- eastern United 
States, in line with the predominant pattern of easterly origins of 
Florida sand ridge endemic plants (Germain- Aubrey et al., 2014) and 
with the easterly Pleistocene hypothesis of Schenk et al. (2018). 
This pattern of recent Pleistocene diversification observed for 
Florida Lupinus is strongly reminiscent of patterns seen in the genera 
Conradina (Edwards et al., 2008), Dicerandra (Oliveira et al., 2007) 
(both members of the Scrub Mint Clade sensu Naranjo et al., 2023 of 

Lamiaceae) and Paronychia (Caryophyllaceae) (Schenk et al., 2018). 
Each of these plant clades comprises between 5 and 10 Floridian 
species, is largely or completely restricted to Florida scrub and san-

dhill habitats of Florida and the southeastern USA and includes sev-

eral highly localized narrowly restricted endemics often restricted to 
individual sand ridges which evolved recently (Edwards et al., 2008; 

Naranjo et al., 2023; Oliveira et al., 2007; Schenk et al., 2018). This 
suggests that similar processes of allopatric isolation and species 
differentiation across a set of edaphic islands formed by the san-

dhill and Florida scrub habitats, some of which emerged only during 

the late Pleistocene, shaped the divergence of species in all of these 
plant clades.

4.3  |  Taxonomic implications

The lack of taxonomic consensus over how many species should be 
recognized in the Florida Lupinus clade, ranging from one to five over 

the last 200+ years (see Appendix S1), is stark, and has spawned 
conflicting assessments of the conservation threat status of endan-

gered species in this clade. Our results reveal a novel hypothesis of 
relationships and species limits which sheds new light on previous 
taxonomies and raises several issues related to species delimitations.

First, we find robust support for L. aridorum and L. westianus 

as distinct, reciprocally monophyletic sister clades. Our analyses 
show that L. aridorum is strongly differentiated genetically from L. 

westianus with multiple accessions of each of these species form-

ing robustly supported (BS 100%) sister clades subtended by long 
branches indicative of substantial genetic divergence. These two 
clades occupy disjunct distributions geographically isolated from 
each other, L. westianus restricted to coastal and inland sand ridges 

in the Florida panhandle and L. aridorum restricted to inland sand 

ridges in central peninsular Florida (Figure 1) and are distinguished 
by a suite of minor but consistent morphological differences in plant 
stature, branching habit, flower colour and leaflet size. Taken to-

gether, the combined phylogenetic, geographical and morphological 
evidence supports recognition of two distinct species.

Second, we show that L. diffusus, which has traditionally 

been considered to occur widely across both peninsular Florida, 
the Florida panhandle and further north into Alabama, Georgia, 
South and North Carolina, is non- monophyletic, with the L. dif-

fusus populations from peninsular Florida (NFL, SWFL and EFL) 
more closely related to L. cumulicola than to the more northerly 

populations of L. diffusus (Figure 4). This close relationship be-

tween L. cumulicola and material from peninsular Florida currently 
assigned to L. diffusus is also supported by multivariate and ge-

netic structure analyses of SNP data (Figures 2 and 3), and sheds 
new light on the conflicting taxonomic status of these two spe-

cies (Duncan & McCartney, 1992; Isely, 1990, 1998). This result 
could be taken to support Isely's (1998) view that L. cumulicola 

presents no more than a peninsular form of L. diffusus, or alter-

natively, Dunn's (1971) placement of some elements of L. diffusus 

from peninsular Florida within L. cumulicola. As pointed out by 
Duncan and McCartney (1992), L. diffusus and L. cumulicola can 

be separated by a suite of at least six morphological characters 
supporting recognition of these two clades as distinct species. It 
is notable that this split between L. diffusus s.s. to the north and 

the L. cumulicola clade which encompassed the remainder of L. dif-

fusus s.l., that is, the NFL, SWFL and EFL variants, coincides with 
a significant geographical disjunction corresponding the low- lying 
‘Suwannee Straits’. Denser sampling of L. diffusus across Alabama, 

Georgia and South Carolina to complement our current sampling 
which was restricted to the Carolinas and the Florida panhandle 
would be desirable to confirm the monophyly of that species in its 
re- circumscribed form.

Third, within the L. cumulicola clade, there is striking evidence of 

phylogeographic structure largely corresponding to our field- based 
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morphological variants (L. diffusus EFL, NFL and SWFL) that is con-

gruent with the almost entirely non- overlapping geographic distri-
butions of these variants (Figures 1b, 2 and 4). This near- complete 
phylogenetic, morphological and geographical congruence suggests 
that these variants also merit taxonomic recognition. However, evi-

dence of inter- variant hybrids, limited phylogenetic support for some 
of these sub- clades and evidence of significant gene flow indicative 

of incomplete reproductive isolation argue for recognition of these 
entities at intra- specific rather than species rank, as possible named 
varieties of L. cumulicola.

Our results thus provide genetic, geographical and morpholog-

ical evidence for delimiting five species within the Florida Lupinus 

clade: L. diffusus (re- defined to include only material from northern 
Florida and adjacent States to the north), L. aridorum, L. westianus, L. 

villosus and L. cumulicola (expanded to include all the morphological 
variants from central peninsular Florida) (Figure 1d–h). These find-

ings will be presented in a forthcoming taxonomic account of the 
clade (E. L. Bridges & S. Orzell, unpublished data).

4.4  |  Conservation implications

The Florida xeric sand ridges and uplands contain one of the highest 
concentrations of narrowly restricted endemic plants in the south- 
eastern USA and are considered one of the most threatened habi-

tats in North America (Richardson et al., 2014). Within Florida 407 
plant species have been classified as endangered (Ward et al., 2003). 
Within the south- eastern United States, the Florida panhandle and 
central peninsular Florida are epicentres of xeric plant endemism, 
with many being either state or federally listed as threatened or en-

dangered species (Christman & Judd, 1990; Estill & Cruzan, 2001; 

Menges et al., 2007; Richardson et al., 2014). The degradation and 
destruction of habitat due to encroaching Citrus agriculture, and 

especially urban development – the sub- urbanization of central 
Florida – is a major threat to these globally rare, narrow endemics, 

including some of the unifoliolate Lupinus taxa. Within these habi-

tats, L. aridorum is one of the most critically endangered plant spe-

cies in Florida, occupying just the Winter Haven and Mount Dora 
ridges in Polk and Orange counties in central Florida (Figure 1a,b), 
with the number of known localities declining from 15 (U. S. Fish 
and Wildlife Service, 1987) to just 9 (Peterson, 2016; Peterson 

et al., 2012; Richardson et al., 2014). Furthermore, all these popula-

tions are small (0.1–1 ha), mostly declining and mostly unprotected, 
prompting recent efforts to more closely monitor populations, 
propagate plants to augment populations (Peterson, 2016; Peterson 

et al., 2012; Richardson et al., 2014) and investigate the conserva-

tion genetics of this species (Peterson, 2016; Peterson et al., 2012; 

Ricono et al., 2015).
The lack of consensus surrounding the taxonomic status of L. ari-

dorum and its treatment as a variety of L. westianus have detracted 

attention from its endangered red- listing status at both state and 

federal levels (Bibb et al., 2007; Contu, 2012; U.S. Fish and Wildlife 

Service, 1987). Here we show that L. aridorum is genetically strongly 

differentiated from L. westianus, supporting its treatment as a dis-

tinct species and bringing renewed focus on its endangered sta-

tus and conservation. Furthermore, recognition of L. aridorum and 

L. westianus as distinct species further highlights the threatened 
status of L. westianus which is also a Florida endemic, narrowly re-

stricted within the Florida panhandle, in an area with several other 
narrowly restricted endemic legumes including Rhynchosia cytisoi-

des, Tephrosia mohrii and Baptisia hirsuta. Within L. westianus there 

is robust phylogenomic support for the separation of the inland ac-

cessions (F91–F93) from those along the coastal dune systems (F81–
F90) (Figure 4), indicative of limited dispersal and gene flow between 
these sand ridges separated by just 30 km. The genetic distinctive-

ness of these inland and coastal sub- clades within L. westianus, a 

pattern mirrored in the genus Paronychia with two distinct species, 
P. erecta on the coastal sand ridges and P. minima on the inland sand 

ridges (Schenk et al., 2018), suggests that it will be important to pro-

tect both areas to conserve the genetic diversity of these species 
and areas.
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