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Abstract
The freshwater red alga Batrachospermum gelatinosum has a well-
documented distribution spanning historically glaciated and unglaciated 
eastern North America. This alga has no known desiccation-resistant 
propagule; thus, long-distance dispersal events are likely rare. We predicted 
strong genetic structure among drainage basins and admixture among 
sites within basins. We predicted greater genetic diversity at lower latitude 
sites because they likely serve as refugia and the origin of northward, post-
Pleistocene range expansion. We used 10 microsatellite loci to investigate 
genetic diversity from 311 gametophytes from 18 sites in five major drainage 
basins: South Atlantic Gulf, Mid-Atlantic, Ohio River, Great Lakes, and 
Northeast. Our data showed strong genetic partitioning among drainage basins 
and among sites within basins, yet no isolation by distance was detected. 
Genetic diversity varied widely among sites and was not strictly related to 
latitude as predicted. The results from B. gelatinosum provide strong support 
that each stream site contributes to the unique genetic variation within the 
species, potentially due to limited dispersal and the prevailing reproductive 
mode of intragametophytic selfing. Simulations of migration suggested post-
Pleistocene dispersal from the Mid-Atlantic. Batrachospermum gelatinosum 
potentially persisted in refugia that were just south of the ice margins rather 
than in the southernmost part of its range. Research of other taxa with similar 
ranges could determine whether these results are generally applicable for 
freshwater red algae. Nevertheless, these results from B. gelatinosum add to 
the growing literature focused on the patterns and genetic consequences of 
post-Pleistocene range expansion by eastern North American biota.
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algae, approximate Bayesian computation, dispersal, glaciation, microsatellites, Pleistocene, 
refugium, river, stream
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INTRODUCTION

Population genetic methods, from DNA sequenc-
ing to microsatellite genotyping, have provided us 
with an opportunity to understand the processes in 
which species evolve across their ranges (de Meeûs 
et  al.,  2007; Tibayrenc & Ayala,  2002). They have 
also highlighted how dispersal capabilities can influ-
ence phylogeographic patterns (Lehrian et al., 2010; 
Suetsugu et  al.,  2023). Yet, recent theoretical work 
has shown that predictions made in diploid animals 
or diploid-dominant angiosperms cannot be applied 
to macroalgae with complex life cycles in which there 
are morphologically distinct phases, necessitating the 
development of appropriate predictions (e.g., Krueger-
Hadfield & Hoban,  2016; Stoeckel et  al.,  2021). 
Nevertheless, for marine macroalgae, population ge-
netic approaches have been used to trace the route of 
invasive species (e.g., Krueger-Hadfield et  al.,  2017; 
Voisin et al., 2005), describe their reproductive system 
(e.g., Engel et al., 2004; Guillemin et al., 2008; see also 
review in Krueger-Hadfield et al., 2021), characterize 
the relative proportions of sporophytic and gameto-
phytic phases (e.g., Krueger-Hadfield et al., 2013; van 
der Strate et al., 2002), re-evaluate species relation-
ships and radiations (e.g., Cánovas et al., 2011), and 
resolve phylogeographic patterns of recolonization 
(e.g., Díaz-Tapia et al., 2018; Provan et al., 2005). Yet, 
for freshwater red algae, these methods have been 
under-utilized, leaving us with a poor understanding 
of genetic variation across their ranges. Freshwater 
red algae may nevertheless provide unique insights 
and further our understanding of the influence of life 
cycle on genetic patterns and species distributions 
(Krueger-Hadfield et  al.,  2024), highlighting the im-
portance of applying appropriate tools broadly across 
eukaryotes.

In marine red algae, the typically macroscopic 
sporophytes (tetrasporophyte) and gametophytes 
are physically separated and distinct “individu-
als.” By contrast, for freshwater red algae in the 
Batrachospermales, a microscopic filamentous dip-
loid phase, called the “chantransia,” produces a phys-
ically attached macroscopic haploid gametophyte via 
vegetative meiosis (Sheath,  1984). This strategy is 
hypothesized to be an adaptation that allows prolifer-
ation in the unidirectional flow of streams, keeping a 
population anchored in a suitable habitat (Hambrook 
& Sheath,  1991; Sheath,  1984). The carposporo-
phyte produces carpospores that are released and 
germinate to produce chantransia. Haploid–diploid 
life cycles have consequences for the way in which 
we model genetic variation using population genetic 
tools (Stoeckel et al., 2021), some of which are unique 
to freshwater reds (Krueger-Hadfield et  al.,  2024), 
and the partitioning of genetic variation within stream 
reaches (Shainker-Connelly et al., 2024).

Freshwater red algae are generally assumed to be 
poor dispersers, and long-distance dispersal events 
are presumed to be rare due to the lack of desiccation-
resistant propagules (Hambrook & Sheath,  1991; 
Sheath & Hymes, 1980). Birds may be a long-distance 
dispersal agent carrying spores or fragments from one 
stream to another (Kristiansen, 1996), but there is no 
evidence that freshwater red algal spores or fragments 
of gametophytes with attached carposporophytes 
can survive long periods out of water. Hambrook and 
Sheath (1991) demonstrated experimentally that carpo-
sporophytes, once detached from gametophytes, could 
travel 5–35 m downstream. Then, presumably, the car-
pospores would be released, germinate, and colonize 
new habitat. However, after dispersal, many factors 
may constrain the establishment of a downstream pop-
ulation, including stream depth and turbidity, which 
would limit light for this photosynthetic organism at-
tached to the benthos. Limited dispersal capabilities 
and the inability to survive in deeper parts of streams 
may lead to genetically distinct populations within and 
among stream reaches.

Batrachospermum gelatinosum is well studied and 
the most widespread freshwater red alga in North 
America (Sheath & Cole,  1992). In eastern North 
America, the geographic distribution of B. gelatino-
sum ranges from Louisiana, USA, in the south to 
Newfoundland, Canada, in the north—spanning the 
coastal plain, deciduous forest, hemlock-hardwood 
forest, and boreal forest biomes (Vis et al., 1996). The 
streams inhabited by B. gelatinosum have equally 
wide ranges of physical and chemical parameters 
in which they exist, including pH 4.8–8.5, specific 
conductance 10–490 μS. cm−1, water temperature 
0–27°C, and current velocity 0–126 cm · s−1 (Vis 
et  al.,  1996). This alga is morphologically variable 
with some trait variation linked to latitude, although 
sampled locations have contained few genetic dif-
ferences among them as assessed by rDNA inter-
nal spacer regions I and II (Vis et  al.,  1996; Vis & 
Sheath, 1997). A subsequent study using sequence 
data from the mitochondrial cox1 gene (664 bp) and 
193 gametophytes spanning 16 geographically wide-
spread sites discovered only five haplotypes, with 
most gametophytes (90%) and sites (81%) belong-
ing to one of those haplotypes (House et al., 2010). 
Only the three southernmost locations in Alabama, 
all geographically close (<155 km), had unique hap-
lotypes and enough within-site genetic variation to 
support a southern glacial refugium. Part of the geo-
graphic area for B. gelatinosum comprises five major 
drainage basins: the Great Lakes, the Ohio River, 
the Northeast, the South Atlantic Gulf, and the Mid-
Atlantic. The Great Lakes, the Northeast, and much 
of the Ohio River basins were historically glaciated 
and were recolonized when glaciers retreated after 
the Pleistocene. Dispersal of B. gelatinosum from 
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southern drainage basins likely occurred after glacial 
retreat, but it is unknown how many long-distance 
dispersal events occurred.

One limitation in previous work on Batrachospermum 
gelatinosum population genetic structure is the lack 
of polymorphic markers, such as microsatellites. 
Recently, Crowell et al. (2024) described the develop-
ment of 10 microsatellite loci that will enable the geno-
typing of B. gelatinosum. Moreover, we have observed 
that intragametophytic selfing (i.e., self-fertilization in 
monoicous gametophytes; Klekowski,  1969) domi-
nates many sites across the latitudinal range of this 
alga, suggesting strong patterns of genetic differ-
entiation across spatial scales (Shainker-Connelly 
et  al.,  2024). Here, we tested a suite of predictions 
about the population biology of B. gelatinosum in 
eastern North America: (1) Strong genetic partitioning 
among five major drainage basins will be observed 
due to limited dispersal, intragametophytic selfing, 
and disconnected drainage basins; (2) within drain-
age basins, there will be admixture among sites with 
gene flow between geographically proximate sites; 
(3) the higher latitude drainage basins were likely col-
onized postglaciation and will have low within-basin 
diversity based on founder events and have had lit-
tle subsequent migration from unglaciated refugia at 
lower latitudes with higher genetic diversity; and (4) 
the lower latitude sites in the South Atlantic Gulf were 
the origin for dispersal to the other drainage basins 
after the Pleistocene glaciation, as suggested by pre-
vious single-gene sequencing (House et  al.,  2010). 
Studying phylogeographic patterns in freshwater 
reds will provide insights into passively dispersed 
organisms and add to the growing number of stud-
ies examining post-Pleistocene species migrations 
in eastern North America (Lyman & Edwards, 2022; 
Soltis et al., 2006).

MATERIALS AND METHODS

The current paper and Shainker-Connelly et al. (2024) 
used the same microsatellite loci and stream sites such 
that the sections on sample collection, DNA extraction, 
and microsatellite amplification are similar between the 
two papers, but data analyses differed due to the dis-
tinct foci of each study.

Sample collection

Batrachospermum gelatinosum gametophyte thalli 
(here after referred to as gametophytes) were col-
lected at 18 locations in the eastern United States 
spanning five major drainage basins: South Atlantic 
Gulf (2 sites), Mid-Atlantic (1 site), Ohio River (5 
sites), Northeast (4 sites), and Great Lakes (6 sites; 

Figure 1, Table 1). Since the gametophyte is macro-
scopic and readily sampled, it was the focus of the 
study instead of the microscopic chantransia, which 
we typically cannot see in the field. Sampling was 
undertaken during the boreal spring and summer in 
2021 and 2022. For each site, we measured physi-
ochemical parameters near the middle of the sam-
pled stream reach and recorded GPS coordinates 
from photos taken at each stream. We measured 
pH and water temperature with an Oakton pH Testr 
5 (Oakton), and specific conductivity was measured 
with an Oakton EC Testr low. At sites 1, 2, and 18, we 
used an Oakton PCTSTestr 50 Pocket Tester to meas-
ure pH, water temperature, and specific conductivity. 
We used a General Oceanics Mechanical Flow Meter 
(General Oceanics) to measure the current velocity, 
but at sites 1, 2, and 18, we used a Model FP111 flow 
probe (Global Water Instruments). We measured 
stream width, depth, and length of the area in which 
gametophytes were sampled. We estimated by eye 
the stream bed composition and water color as well 
as clarity. Percent canopy cover was estimated by 
eye, but at sites 1, 2, and 18, it was measured with 
a spherical densiometer (Forest Densiometer, Model 
A) following Lemmon  (1956) and Lemmon  (1957), 
but with one measurement instead of four. All physi-
cal and chemical characteristics recorded are in 
Appendix S1 in the Supporting Information: Table S1. 
At each site, we haphazardly collected 20–30 game-
tophytes, when possible, placed gametophytes into 
individual containers with stream water, and put the 
containers on ice. In the laboratory, gametophytes 
were cleaned of debris using forceps. The gameto-
phytes were divided into small portions for mounting 
on herbarium paper as a voucher, and the larger por-
tions were placed in silica gel for subsequent DNA 
extraction. Voucher specimens were deposited in the 
Bartley Herbarium Ohio University (Table 1).

DNA extraction and microsatellite 
amplification

Total genomic DNA was extracted from gametophytes 
using the Macherey-Nagel Nucleospin Plant II kit 
(Macherey-Nagel). The manufacturer's protocol was 
followed, except for the lysis step, in which the lysate 
was incubated at room temperature for 1 hour, and 
samples were eluted with 100 μL of molecular grade 
water (see also Krueger-Hadfield et al., 2013).

We used 10 of the microsatellite loci described in 
Crowell et al.  (2024; Appendix S1: Table S2). Most 
loci were amplified in multiplex polymerase chain 
reactions (PCRs) with a final volume of 15 μL, which 
consisted of 2 μL of DNA, forward and reverse prim-
ers (Table  S2), 1X Promega GoTaq® Flexi Buffer 
(Promega), 2 mM of MgCl2, 250 μM of each dNTP 
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(Promega), 1 mg · mL−1 of BSA, and 1.0 U of Promega 
GoTaq® Flexi DNA Polymerase (Promega). For 
locus Bgel_056, as well as reruns for any individ-
ual loci that did not amplify after the first attempt 
in multiplex, we employed simplex PCRs. The final 
volume was 15 μL, with the same amounts of each 
reagent as listed previously. For multiplex and sim-
plex PCRs, the following program was used: 95°C 
for 2 min, followed by 35 cycles of 95°C for 30 s, 
59°C for 30 s, and 72°C for 30 s, and a final exten-
sion of 72°C for 5 min. We diluted 1.5 μL PCR prod-
uct in 9.7 μL HiDi formamide (Applied Biosystems) 
and 0.30 μL GS 500 LIZ (Applied Biosystems) and 
used an Applied Biosystems 3730xl at the Heflin 
Center for Genomic Sciences at the University of 
Alabama at Birmingham to perform fragment anal-
ysis. We scored alleles using the microsatellite 
plugin in Geneious Prime v.2022.2.2 (Biomatters, 
Ltd.). We then employed TANDEM (Matschiner 
& Salzburger,  2009) to bin alleles while reducing 
rounding errors and manually checked each bin 
(Appendix S1: Table S3).

Data analyses

After several PCR attempts, any gametophytes that 
had three or more loci with no amplification were 
excluded from analyses. (See Table 1 for final num-
ber of gametophytes per stream segment.) We esti-
mated null allele frequency by calculating the percent 
of gametophytes that did not amplify at each locus 
after several PCR attempts, discounting technical 
errors (Krueger-Hadfield et  al.,  2011; Appendix  S1: 
Table S4).

Since the five drainage basins represent a large 
geographic area, we tested for significant differences 
in the physical and chemical variables among drainage 
basins using one-way analysis of variance (ANOVA) 
for data with a normal distribution and Kruskal–
Wallis test for data with nonnormal distribution using 
the functions aov and kruskal.test, respectively, in 
R version 4.3.1 (R Core Team 2023; Appendix  S1: 
Table S5). We employed Tukey's honestly significant 
difference (HSD) using the function TukeyHSD in R 
version 4.3.1 (R Core Team 2023; Table S5) to further 

F I G U R E  1   Map of Batrachospermum gelatinosum collection sites. Eighteen sites were sampled from five drainage basins in 
eastern North America. Symbols denote drainage basins. Site details provided in Table 1 and Table S1. [Color figure can be viewed at 
wileyonlinelibrary.com]
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explore which drainage basins were significantly dif-
ferent. We visualized the combined effects of physical 
and chemical variables among drainage basins using 
a principal components analysis (PCA) with the func-
tion prcomp in the stats package in R version 4.3.1 
(Becker et al., 1988; Mardia et al., 1979; Venables & 
Ripley, 2002; Appendix S1: Figure S1).

We computed several summary statistics to bet-
ter understand population-level genetic differences 
among and within drainage basins. We removed sites 
for which we had sampled fewer than six gametophytes 
(Tables 1 and 2). The average unbiased diversity (uh) 
was calculated using GenAlEx version 6.51b2 (Smouse 
et al., 2017). Mean allelic richness was calculated using 
rarefaction in the R package PopGenReport, ver-
sion 3.0.7 employing the function allel.rich (Adamack 
& Gruber, 2014; El Mousadik & Petit, 1996; Gruber & 
Adamack,  2015). The number of expected multilocus 
genotypes (eMLGs) and the number of private alleles 
were estimated in the R package poppr version 2.9.4 
(Kamvar et al., 2014, 2015).

We used discriminant analysis of principal compo-
nents (DAPC; Jombart et al., 2010) implemented in the 
R package adegenet version 2.1.10 (Jombart,  2008; 
Jombart & Ahmed,  2011) to assess relationships of 
multilocus genotypes among (Figure  2) and within 
(Figure 3) drainage basins. This method avoids mak-
ing strong assumptions about the underlying genetic 
model, generating a PCA based on a priori groups, 
which are then used as variables in a discriminant 

analysis (Jombart et  al.,  2009, 2010). We performed 
the DAPC on the training set (90% of our data) with an 
increasing number of principal components (PCs). This 
training set was used to predict the group membership 
of the excluded individuals (validation set), which was 
used to identify the optimal number of PCs to retain. 
Using the xvalDAPC function for cross-validation, we 
retained the following number of PCs for our subse-
quent analyses: 23 PCs among the five drainage ba-
sins (Appendix S1: Figure S2), 20 PCs within the Great 
Lakes basin (Appendix S1: Figure S3), five PCs in the 
Northeast Basin (Figure S3), and four PCs in the Ohio 
River basin (Figure S3). Finally, we estimated how well 
supported the site membership was relative to the five 
a priori drainage basins or a priori streams within a 
drainage basin using the compoplot function in ade-
genet (Figures S2 and S3). To demonstrate that the in-
clusion of sites with few gametophytes did not lead to 
a bias in the DAPC results, we conducted an additional 
DAPC excluding the two sites where the gametophyte 
count was n < 6 (refer to Figure S2).

We calculated pairwise genetic differentiation be-
tween all pairs of sites based on allele identity (FST) 
and geographic distance (km) using GPS coordinates 
with distance calculated along the surface of the earth 
in GenoDive ver. 3.06 (Meirmans, 2020; Appendix S1: 
Table S6). We performed Mantel tests using FST and 
geographic distance among all sites and within drain-
age basins that had more than two sites, using R version 
4.3.1 (R Core Team, 2023) in order to test for isolation 

TA B L E  2   Summary statistics calculated based on nine microsatellite loci.

Drainage basin
Site 
number

Site 
abbreviation

Number of 
gametophytes uh

Mean allelic 
richness eMLGs

Site private 
alleles

South Atlantic Gulf 1 AL-CRC 28 0.096 1.285 4.49 4

2 AL-YEC 22 0.010 1.030 1.45 1

Mid-Atlantic 3 MD-HOU 25 0.075 1.157 2.65

Ohio River 4 KY-CDK 19 0.341 1.949 5.74 3

5 OH-BBC 6 0.000 1.000 1 0

6 OH-BOG 30 0.014 1.041 1.56 1

7 OH-MCC 29 0.015 1.046 1.69 2

8 PA-COT 25 0.053 1.126 2.39 1

Northeast 9 CT-BLR 4 – – – 3

10 CT-FLB 11 0.162 1.367 5.73 4

11 CT-IRM 3 – – – 1

12 RI-CPR 11 0.275 1.582 6.64 4

Great Lakes 13 MI-CLI 16 0.026 1.069 1.87 3

14 MI-CUT 9 0.354 2.029 8 0

15 MI-HLK 29 0.422 1.947 7.98 1

16 MI-KCL 15 0.029 1.089 2.33 2

17 MI-TRB 17 0.357 1.958 6.29 5

18 MI-TRM 12 0.059 1.157 3.67 1

Note: Dash indicates the statistic was not calculated for sites with less than six gametophytes.

Abbreviations: eMLGs, expected number of multilocus genotypes; number of private alleles, grouped by drainage basin; uh, unbiased diversity.
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by distance (Figure 4). Using GenAlEx version 6.51b2 
(Smouse et al., 2017), we calculated allele frequencies 
for each locus for each drainage basin (Figure 5).

To understand the distribution pattern and range ex-
pansion of the species, we ran simulations using the 
program DIYABC 2.1.0 (Cornuet et al., 2008, 2014) to 
compare a priori migration scenarios. Six scenarios 
hypothesized a lower latitude (i.e., southern) refugium 
with different expansion patterns after the Pleistocene 
glaciation (Figure  6). South Atlantic Gulf origin 
Scenarios 1–3 describe expansion from sites in the 
South Atlantic Gulf to higher latitudes. Mid-Atlantic ori-
gin Scenarios 1–3 describe expansion from sites in the 
Mid-Atlantic to higher latitudes. Based on the hypoth-
esis that Batrachospermum gelatinosum dispersed to 
higher latitudes from lower latitude refugia following the 
Pleistocene glaciation, we first ran the DIYABC analy-
sis using these six scenarios. After determining that the 
most genetically diverse populations were in the Great 
Lakes drainage basin (see Table 2), we decided to run 
an additional analysis that included a seventh scenario, 
Great Lakes: Great Lakes origin and expansion to lower 
latitudes. For both analyses, we generated a reference 
table of 1,000,000 generations per scenario. For each 
scenario, we allowed population sizes to change for 
each drainage basin throughout the population diver-
gence events (Appendix  S1: Table  S7). We used the 
default mutation model parameters and then calculated 
one-sample—mean number of alleles, mean genetic 
diversity, and mean size variance—and two-sample—
FST, classification index, and (dμ)2 distance—sum-
mary statistics. All priors and parameter ranges are 
presented in Table S7. To determine the scenario that 
most closely modeled dispersal, we used the logistic 
regression test implemented in DIYABC based on com-
parisons of 1% of simulated data sets closest to the ob-
served data for the South Atlantic Gulf and Mid-Atlantic 
analysis (Scenarios 1–6) and South Atlantic Gulf and 
Mid-Atlantic with Great Lakes (Scenarios 1–7) analy-
sis (Cornuet et al., 2008, 2014; Appendix S1: Table S8). 

To determine the goodness-of-fit of simulated scenar-
ios, a PCA (Appendix S1: Figure S4) was conducted, 
using the posterior distributions of summary statistics 
in comparison to the observed data set using the per-
form model checking analysis (Appendix S1: Table S9).

RESULTS

Genotyping and null alleles

We genotyped a total of 311 gametophytes using 10 mi-
crosatellite loci from 18 sites spanning five major drain-
age basins in eastern North America (Figure 1, Table 1). 
Overall, null allele frequencies were low (0.0%–4.1%; 
Table S4). However, at locus Bgel_071, the null allele 
frequency was 22.6% when KY-CDK, OH-BOG, and 
OH-MCC were included but 0% when these sites were 
excluded. There appears to be a geographic pattern 
that is restricted to these three sites in the Ohio River 
Basin and most of their gametophytes (n = 72/109 with-
out amplification). Due to the geographic pattern of 
nonamplification, locus Bgel_071 was only included to 
describe private allele frequency and was not used in 
other analyses.

Physiochemical data and genetic diversity

Although the five drainage basins represent a relatively 
broad geographic range (Figure 1), the in-stream char-
acteristics (pH, conductivity, current velocity, stream 
depth, stream width, and water temperature) showed 
no significant differences among drainage basins 
(Table  S5). The only significant variable was canopy 
cover (one-way ANOVA, F(4,9) 19.09, p < 0.002): The 
South Atlantic Gulf has more canopy cover than the 
other drainage basins. In addition, a PCA showed no 
clustering of drainage basins based on the environ-
mental characteristics measured (Figure S1).

F I G U R E  2   Discriminant analysis of principal components (DAPC) of Batrachospermum gelatinosum multilocus genotypes (MLGs) 
among the five drainage basins in eastern North America. Symbols represent gametophytes and correspond to the five a priori groups 
determined by drainage basins. (a) PC1 vs PC2 (b) PC1 vs PC3. [Color figure can be viewed at wileyonlinelibrary.com]
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1444  |      CROWELL et al.

There was a similar pattern of genetic diversity 
among the drainage basins. Unbiased diversity (uh) 
ranged from 0.000 to 0.422 (Table 2). The Great Lakes 
had three sites with uh values >0.353, but the other 
three were <0.059. Likewise in the Ohio River, one site 
(KY-CDK) was 0.341, whereas the other four sites were 
<0.053. Overall, the uh values were typically low with 
10 of 16 sites having uh values <0.096. Mean allelic 
richness was calculated based on 96 observed geno-
types and ranged from 1.0 to 2.0 but was <1.2 for most 
sites (Table 2). The sites with the higher allelic richness 
were in the Great Lakes, Ohio River, and Northeast. 
The number of eMLGs ranged from one to eight per 

site and were variable within drainage basins (Table 2). 
Three of the six Great Lakes sites had eMLG > 6, as 
did RI-CPR (6.6) in the Northeast. In KY-CDK from the 
Ohio River and CT-FLB from the Northeast, eMLG val-
ues were 5.74 and 5.73, respectively; however, 10 out 
of 16 sites had eMLG values <4.5.

Allele frequency differed among drainage basins 
at each locus (Figure 5). At loci Bgel_021, Bgel_052, 
and Bgel_067, there were few alleles (≤5) overall, 
such that most alleles were shared among the drain-
age basins. However, the Ohio River basin had two 
unique alleles among these loci (Figure  5a–c). At 
loci Bgel_053, Bgel_056, Bgel_057, Bgel_059, and 

F I G U R E  3   Discriminant analysis of principal components (DAPC) of Batrachospermum gelatinosum multilocus genotypes (MLGs) 
within drainage basins showing the first three principal components. Symbols represent gametophytes and correspond to the a priori groups 
determined by streams within each drainage basin. Site numbers and abbreviations as in Table 1. (a,b) streams within the Ohio River basin. 
(c,d) streams within the Northeast basin. (e,f) streams within the Great Lakes basin. [Color figure can be viewed at wileyonlinelibrary.com]
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Bgel_073, we observed more alleles per locus, and at 
these loci, the South Atlantic Gulf, the Ohio River, the 
Northeast, and the Great Lakes had unique alleles 
(Figure 5d–h). Loci Bgel_070 and Bgel_071 had the 
greatest number of alleles per locus with 19 and 24, 
respectively (Figure 5i,j). At these two loci, all drain-
age basins had unique alleles, with the Great Lakes 
having 11 unique alleles.

The number of private alleles per stream varied be-
tween zero and five alleles within all drainage basins 
(Table 2). At eight sites, the number of private alleles 
was ≤1. Site MI-TRB had five private alleles at three 
loci (Bgel_053, Bgel_070, Bgel_073). Three sites 
each had four private alleles: sites AL-CRC (Bgel_053, 
Bgel_071), CT-FLB (Bgel_057, Bgel_071), and RI-CPR 
(Bgel_053, Bgel_059, Bgel_070, Bgel_071). At site 
CT-BLR, three private alleles at two loci (Bgel_053, 
Bgel_071) were recorded even though we only col-
lected four gametophytes. Most of the private alleles 
were at Bgel_071 (33%), followed by Bgel_070 (22%) 
and Bgel_053 (17%).

Genetic structure

We observed genetic structure among and within 
drainage basins. Among the five drainage basins, the 
sites within each drainage basin clustered together, 
and each basin was separated along the first two PC 
axes (Figure  2a). The Great Lakes and Northeast 
sites clustered closer together, and the Mid-Atlantic 
and South Atlantic Gulf sites were further separated 
from the other drainage basins (Figure  2b). The 
three PCs explained 91.6% of the variation, with 

PC1 explaining 54.6%; PC2, 19.6%; and PC3, 17.4%. 
When we removed sites where n < 6 gametophytes, 
there was a similar pattern among sites, confirming 
that the inclusion of these sites with small sample 
sizes did not have an undue influence on the results 
(Figure S1c). The within-drainage basin plots for the 
Ohio River, Northeast, and Great Lakes showed all 
sites separated from each other using the first three 
PCs (Figure 3). Within the Ohio River, the five streams 
were genetically distinct, and PC1 explained 74.5% 
of the variation (Figure  3a). Within the Northeast, 
the four streams were genetically distinct, and PC1 
explained 73.2% of the variation (Figure 3c). The six 
streams sampled in the Great Lakes were genetically 
distinct, and PC1 explained 59.4% of the variation 
(Figure  3e). Most notably, two sites on the same 
river, MI-TRM and MI-TRB, only ~8 km apart, were 
genetically distinct (Figure 3e,f).

Isolation by distance

Among the 18 sites, genetic differentiation (FST) 
ranged from 0.183–0.990, and geographic distance 
ranged from 7.5–1666.7 km (Table S6). We observed 
no evidence of isolation by distance among drainage 
basins (Mantel test, R = −0.035, p = 0.562, Figure 4a). 
Likewise, within a drainage basin, there was no evi-
dence of genetic isolation (Figure  4b–d). Genetic 
differentiation varied among pairs of geographically 
close sites such as CT-IRM and RI-CPR (13.8 km) 
with FST = 0.183, AL-YEC and AL-CRC (17.3 km) with 
FST = 0.841, and MI-TRM and MI-TRB (7.5 km and 
same river) with FST = 0.547.

F I G U R E  4   Tests for isolation by distance for Batrachospermum gelatinosum sites among and within the five major drainage basins in 
eastern North America. Pairwise genetic distances (FST) and geographic distances (km) are shown. Symbols as in Figure 1. All slopes were 
not significantly different from zero (p > 0.05). (a) all sites in eastern North America, (b) Ohio River sites, (c) Northeast sites, and (d) Great 
Lakes sites.
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Dispersal following the Pleistocene 
glaciation

Results from the two DIYABC analyses (the South Atlantic 
Gulf and Mid-Atlantic analysis and the South Atlantic Gulf, 

Mid-Atlantic, and Great Lakes analysis) indicated that a 
Mid-Atlantic refugium origin was most likely (Mid-Atlantic 
Scenario 2, Figure 6). Dispersal likely occurred from the 
Mid-Atlantic to the Ohio River and the South-Atlantic Gulf 
and then from the Ohio River to both the Great Lakes and 

F I G U R E  5   Bar plots showing allele frequency at 10 loci for each drainage basin. Colors represent drainage basins. (a) Locus Bgel_021, 
(b) Locus Bgel_052, (c) Locus Bgel_067, (d) Locus Bgel_053, (e) Locus Bgel_056, (f) Locus Bgel_057, (g) Locus Bgel_059, (h) Locus 
Bgel_073, (i) Locus Bgel 070, and (j) Locus Bgel 071.
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Northeast basins. This scenario (Mid-Atlantic Scenario 2, 
Figure 6) had the highest posterior probability in the South-
Atlantic Gulf, Mid-Atlantic, and Great Lakes analysis 
(0.324) but had a similar probability (0.247) to the South 
Atlantic Gulf 2 scenario (0.249) in the South Atlantic and 
Mid-Atlantic analysis. In the analysis of posterior distribu-
tions for summary statistics, model-checking revealed 
that simulated data sets clustered closely around the ob-
served data set (Figure S3). All estimates for demographic 
parameters are shown in Table S9.

DISCUSSION

In Batrachospermum gelatinosum, we observed strong 
genetic partitioning among the five major drainage 
basins. Contrary to our prediction, we detected no 

admixture between sites within a drainage basin, even 
between sites that were geographically close. Although 
we expected low genetic diversity in higher latitude 
basins, diversity statistics were highly variable among 
sites and did not show a clear pattern among drainage 
basins. Our analyses indicated that dispersal following 
the Pleistocene was likely from the Mid-Atlantic. We now 
discuss these results and their implications on the genetic 
diversity of B. gelatinosum.

Genetic diversity within and among 
drainage basins

We sampled across five geographically expansive drain-
age basins. At each location on the sampling date, we 
recorded as many physical and chemical parameters 

F I G U R E  6   Graphical representations of DIYABC scenarios depicting potential colonization pathways of Batrachospermum gelatinosum 
with branching patterns on the left and a map on the right. The map was drawn using ggplot2 in R. The probability (p) values in black 
represent the analysis of the South Atlantic Gulf and Mid-Atlantic scenarios, while the p values in blue represent the analysis of South 
Atlantic Gulf, Mid-Atlantic, and Great Lakes scenarios. Bolded p values indicate most likely scenario. A time bar (not to scale) is shown to 
represent the population divergence events.
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as feasible, we could consider their potential influence 
on genetic diversity among drainage basins. However, 
the results showed that there were no significant differ-
ences among the drainage basins in the parameters 
measured except canopy cover, which was greatest in 
the South Atlantic Gulf. This difference may have been 
a result of latitudinal gradient in leaf-out as we sampled 
both low-latitude and high-latitude sites at roughly the 
same time of year. At a finer scale, Shainker-Connelly 
et al. (2024) also showed no correlation between popu-
lation genetic statistics and stream environmental vari-
ables. Although environmental conditions undoubtedly 
determine the suitability of a site for colonization and 
subsequent proliferation of Batrachospermum gela-
tinosum, we did not find that the point estimates we 
measured influenced patterns of genetic diversity. As 
we were only able to take a single snapshot of physical 
and chemical parameters, continuous environmental 
data may provide insights on the influence of physical 
and chemical parameters on genetic diversity, as has 
been shown for marine algae with respect to physical 
parameters (Fouqueau et al., 2024).

We expected to observe greater genetic diversity at 
lower latitude sites as compared to sites at higher lat-
itudes (House et al., 2010). However, genetic diversity 
varied among sites and did not appear to have a geo-
graphic pattern. For example, we observed streams 
with little to no diversity (e.g., OH-MCC, uh = 0.015) as 
well as streams with higher diversity (e.g., KY-CDK, 
uh = 0.341) within the same basin. In addition, the sites 
with the highest genetic diversity were from the Great 
Lakes and Northeast rather than the lower latitude sites 
in the South Atlantic Gulf and Mid-Atlantic. However, 
we note that we only sampled three sites in total from 
these two basins.

The variable pattern of genetic diversity among 
streams within a drainage basin may be explained 
by the prevailing reproductive mode. In a companion 
paper, we observed high levels of what we interpret to 
be intragametophytic selfing overall, although this var-
ied by stream (Shainker-Connelly et al., 2024). We have 
not yet excluded the possibility of monospore produc-
tion by the chantransia, as we were limited in our ability 
to distinguish between apomictic processes and intrag-
ametophytic selfing in driving these patterns (Shainker-
Connelly et  al.,  2024). Nevertheless, patterns of the 
prevailing reproductive mode support our observations 
of genetic variation in this study. For example, the site 
with the greatest mean allelic richness and eMLGs 
(MI-CUT) was characterized by low intragametophytic 
selfing (pareto β = 2.17). A site in the same drainage 
basin, MI-CLI, had low genetic diversity and was pri-
marily characterized by high intragametophytic selfing 
(pareto β = 0.21) (Shainker-Connelly et al., 2024). Any 
carpospores produced from intragametophytic self-
ing would be homozygous across the entire genome 
(Klekowski, 1973), which could result in the loss of any 

genetic diversity within a stream reach. This variable 
pattern could also be explained by founder events (as 
it is likely that few individuals would disperse long dis-
tances to new habitats) or bottleneck events, both of 
which would be compounded by intragametophytic 
selfing.

Genetic structure across large and fine 
spatial scales

Studies of the genetic structure of other freshwater red 
algal species have shown that genetic differentiation 
occurs across large spatial scales. Hall and Vis (2002), 
using inter simple sequence repeats, observed  
substantial genetic variation among gametophytes of 
Virescentia viride-americana (as Batrachospermum 
helminthosum) within 11 streams in the eastern United 
States. Genetic variation was partitioned as 45% within 
stream and 55% among streams, such that no conclu-
sions about phylogeographic patterns were made. Hall 
and Vis (2002) concluded that the individuals in each 
stream segment were genetically unique. Chiasson 
et  al.  (2003) studied this same species and primarily 
the same stream sites, using cox2–3 spacer region se-
quence data and observed 13 haplotypes, but only four 
of the haplotypes were shared among two locations. 
Given the large number of haplotypes but few shared, 
the authors postulated that infrequent long-distance 
dispersal may explain the pattern of genetic variation 
observed across the large spatial scales. Hall and 
Vis  (2002) did not find a correlation between genetic 
and geographic distance and Chiasson et  al.  (2003) 
observed that many streams had at least one haplo-
type that was not collected at other sites, showing the 
individuals from each stream may make an important 
contribution to genetic diversity within the species.

In Batrachospermum gelatinosum, we also observed 
partitioning of genetic structure among drainage basins 
across eastern North America. These streams varied in 
geographic distance, ranging from 7.5 km on the same 
river to 1666 km. Although strong genetic differentiation 
was observed among the drainage basins over a large 
latitudinal gradient, we observed no evidence of isola-
tion by distance among the drainage basins. Our find-
ings suggest that long-distance dispersal events may 
be rare for B. gelatinosum but that dispersal to drain-
age basins may have occurred infrequently from other 
sites.

Within each drainage basin, we expected admixture 
and gene flow over short distances. However, we ob-
served strong genetic differentiation among sites. Sites 
within each drainage basin were genetically distinct, 
even when in proximity (e.g., 7.5 km). Comparable to 
our observation at large geographic scales, we ob-
served no evidence of genetic isolation by distance 
within drainage basins. For example, MI-TRM and 
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MI-TRB (7.5 km apartment and in the same river)—the 
closest pair of sites—had greater genetic differentiation 
as measured by FST than CT-IRM and RI-CPR, which 
were 68 km apart and not in the same subdrainage 
basin. These within stream basin results suggest that 
even with further study, we would be unlikely to de-
tect admixture, which supports the previous research 
on freshwater red algae that showed each site had a 
unique genetic composition (Hall & Vis,  2002). This 
pattern of isolation has also been observed in marine 
algae. In Chondrus crispus, high and low shore inter-
tidal zones had distinct populations over short topo-
graphical distances and less than 2 m in tidal height 
(Krueger-Hadfield et  al.,  2013). Likewise, Reynes 
et al. (2021) and Buonomo et al. (2017) observed high 
levels of genetic differentiation over multiple spatial 
scales in the brown algae Laminaria rodriguezii and 
Cystoseira amentacea, respectively.

Pleistocene refugia and dispersal 
mechanisms

The phylogeography of eastern North American 
biota has, in large part, been influenced by the 
Pleistocene glaciation (Lomolino et  al.,  2015; Lyman 
& Edwards, 2022; Soltis et al., 2006). Postglacial col-
onization of newly opened habitats through migration 
from unglaciated refugia at lower latitudes has led to 
distinct genetic patterns in aquatic organisms, such as 
fish (Morgan et  al.,  2018; Strange & Burr,  1997) and 
mussels (Elderkin et al., 2008; Inoue et al., 2014), as 
well as terrestrial organisms, such as salamanders 
(Burkhart et al., 2019; Crespi et al., 2003) and angio-
sperms (Kim et al., 2018; Sewell et al., 1996). For some 
organisms, the northern part of their range is geneti-
cally homogeneous, such as for the ringed salamander 
(Burkhart et al., 2019). Other organisms, like the pygmy 
salamander, have genetically distinct populations 
throughout eastern North America (Crespi et al., 2003). 
Elderkin et al. (2008) observed one species of mussel, 
Actinonaias ligamentina, dispersed into northern areas 
from two genetically distinct glacial refugia, yet another 
species, Elliptio dilatata, likely dispersed from one ref-
ugium followed by low rates of gene flow in northern 
areas. Our results from Batrachospermum gelatinosum 
in this study as well as those from Virescentia viride-
americana (Hall & Vis, 2002) showed that at least two 
freshwater red algae are more like the tiger salamander 
and the mussel Elliptio dilatata (Elderkin et al., 2008) in 
which one refugium contributed to the recolonization of 
higher latitudes. However, the reasons for these simi-
lar genetic patterns between freshwater red algae and 
other organisms are unknown.

Freshwater organisms disperse actively or pas-
sively, with passive dispersal being the most common 
in freshwater systems (Bohonak & Jenkins,  2003). 

For freshwater red algae, there are likely two potential 
modes of passive dispersal: water and adherence to 
motile organisms (Kristiansen,  1996; Vis,  2016). For 
water dispersal, there is evidence that dispersal of di-
atom taxa is likely constrained outside of individual hy-
drological networks, and flow direction plays a notable 
role (Liu et al., 2013). Most likely, freshwater red algae 
are similarly constrained, as they have a physically at-
tached macroscopic gametophyte produced from the 
“chantransia.” However, after carpospore or monospore 
dispersal via water flow, many factors may restrict the 
establishment of a downstream population, including 
stream depth and substrate availability. This constraint 
is evident when comparing two sites in Michigan that 
were collected on the same river, 7.5 km apart (MI-TRM 
and MI-TRB). These two populations are genetically 
distinct, and the downstream population, MI-TRB, had 
the greatest genetic diversity.

Motile organisms could and most likely do play roles in 
the dispersal of Batrachospermum gelatinosum. Within a  
drainage basin, fish, crayfish, and macroinvertebrates 
may disperse this alga over short and long distances 
(Fuelling et  al.,  2012; Hambrook & Sheath,  1987; 
Velasquez, 1940). It is known that some algae can pass 
through macroinvertebrate and fish guts and still be via-
ble (Hambrook & Sheath, 1987; Velasquez, 1940). The 
freshwater red algal genus Thorea has been reported 
attached to the antennae of crayfish being carried up 
and downstream (Fuelling et  al.,  2012). Species in 
the order Batrachospermales have been documented 
as having gametophytes that grow attached to shells 
of snails (authors' personal observations). However, 
there is no known evidence of these potential dispersal 
mechanisms in B. gelatinosum.

Dispersal among drainage basins could poten-
tially occur via waterfowl (Kristiansen, 1996), as stud-
ies have shown viable algae can be recovered from 
fecal pellets and washed off of feet (Proctor,  1963; 
Schlichting,  1960). Molecular studies on freshwater 
algae have detected evidence of long-distance disper-
sal and hypothesized waterfowl as a dispersal vector 
(Meiers et al., 1999; Oberholster et al., 2005), includ-
ing for the freshwater red algal genus Sirodotia (Lam 
et  al.,  2012). However, S. suecica in eastern North 
America is located mostly in coastal plains, whereas 
Batrachospermum gelatinosum is much more wide-
spread across many ecoregions (Vis et al., 1996; Vis 
& Necchi Jr., 2021). For B. gelatinosum, long-distance 
dispersal by waterfowl from a Mid-Atlantic refugium to 
higher latitudes is plausible. It is likely that these dis-
persal events did not occur more than once or a few 
times based on the general lack of genetic diversity 
within each drainage basin and within a stream, lead-
ing to genetically distinct sites. Nevertheless, it is just 
as likely that dispersal occurred more often than orig-
inally thought. This possibility arises from the variabil-
ity in rates of intragametophytic selfing over time, as 
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suggested by Shainker-Connelly et al. (2024), which 
ultimately erodes genetic diversity.

In the widespread freshwater mussel Cumberlandia 
monodota, analyses using DIYABC pointed to the 
presence of two glacial refugia followed by the simul-
taneous dispersal into the extant range following the 
Pleistocene glaciation (Inoue et al., 2014). Our DIYABC 
analyses indicated that the Mid-Atlantic served as a 
refugium for Batrachospermum gelatinosum. We had 
originally predicted the South Atlantic Gulf as the lo-
cation of the refugial sites. One potential explanation 
may be that B. gelatinosum persisted in refugia that 
were just south of the ice margins, like the American 
beech did (see Soltis et  al.,  2006, figure  6). To ver-
ify persistence in refugia near the ice margins, future 
studies could concentrate sampling in the Tennessee 
River basin and other higher latitude locations at the 
ice margins in the South Atlantic Gulf and Mid-Atlantic. 
There may be more than one refugial area from which 
B. gelatinosum dispersed into higher latitudes, such as 
has been reported for mussel and fish species (April 
et al., 2013; Elderkin et al., 2008; Inoue et al., 2014).

For this study, we were only able to sample two locations 
from the South Atlantic Gulf and one in the Mid-Atlantic. 
Historical records, literature reports, and herbarium 
specimens suggest that Batrachospermum gelatino-
sum is more common in these drainage basins (Vis 
et al., 1996; Vis & Sheath, 1997). Nevertheless, we vis-
ited several previously reported stream locations with-
out finding macroscopic gametophytes to sample. One 
of the locations in Alabama from Chiasson et al. (2003) 
had been altered by housing development and is no 
longer suitable for this taxon. Other locations at the 
time of visit had no flowing water, and given the lack 
of a desiccation-resistance B. gelatinosum may be ex-
tirpated. Additionally, gametophytes are seasonal and 
may not have been present at the time of sampling, but 
the chantransia (not sampled) is believed to be peren-
nial. Future work should assess the patterns of genetic 
variation in the chantransia (sporophyte) alongside 
gametophytes, as has been done in marine red algae 
(tetrasporophytes and gametophytes; see review in 
Krueger-Hadfield et al., 2021).

The results from our DIYABC analyses revealed 
that Batrachospermum gelatinosum first dispersed 
from the Mid-Atlantic basin to the South Atlantic Gulf, 
then to the Ohio River basin. From there, it may have 
simultaneously dispersed to the Great Lakes and 
Northeast basins. However, the posterior probability 
of this best-fit scenario only had moderate support 
in the South Atlantic Gulf, Mid-Atlantic, and Great 
Lakes analysis. In the South Atlantic Gulf and Mid-
Atlantic analysis, dispersal from the South Atlantic 
Gulf had similar probability. In this scenario (South 
Atlantic Gulf 2, Figure 6), B. gelatinosum dispersed to 
the Ohio River from the South Atlantic Gulf. From the 

Ohio River, dispersal simultaneously occurred to the 
Great Lakes and Mid-Atlantic, followed by dispersal 
to the Northeast. The low probability for this analy-
sis could be due to the small number of sites among 
the southernmost drainage basins. Adding more sites 
would increase our power to assess patterns of ge-
netic diversity within these basins. Due to intraga-
metophytic selfing, any remaining genetic variation 
following dispersal events has a high probability of 
erosion and may limit predictions of demographic his-
tory analyses (Shainker-Connelly et al., 2024). Rates 
of intragametophytic selfing varied by stream; there-
fore, sampling more sites could uncover more diver-
sity and aid in the understanding of B. gelatinosum 
dispersal following the Pleistocene glaciation.

Future directions

Previous biogeographic studies of Batrachospermum 
gelatinosum relied exclusively on DNA sequence data 
of the ITS rRNA region or a portion of the cox1 gene 
(House et al., 2010; Vis et al., 1996; Vis & Sheath, 1997). 
Anywhere from one to three haplotypes per stream 
segment were recorded, with low haplotypic diversity 
over a large geographic range (House et  al.,  2010; 
Vis et al., 1996; Vis & Sheath, 1997). In the present 
study, we used microsatellite data that have more dis-
criminating power and observed strong genetic parti-
tioning among the five major drainage basins with no 
admixture between geographically proximate sites. 
Further sampling is necessary to disentangle the 
patterns of dispersal to higher latitudes following the 
Pleistocene glaciation. As the macroscopic game-
tophyte stage is seasonal, future studies could take 
advantage of sampling the microscopic diploid chan-
transia. The chantransia is hypothesized to persist 
as long as streams are not dry. In our sampling, we 
were only able to collect a total of three sites from the 
unglaciated eastern North America. Collecting more 
samples within this unglaciated region could further 
our understanding of the dispersal of this alga fol-
lowing glacial retreat. Approaches that include more 
sampling across the genome (e.g., single-nucleotide 
polymorphisms, SNPs; Delord et al., 2018) could also 
validate demographic history analyses and provide 
additional support for the results. Given that numer-
ous freshwater red algae (e.g., Tuomeya americana, 
Virescentia viride-americana, Sheathia spp.) have 
similar distributions in eastern North America, de-
veloping population-level genetic tools for other taxa 
would allow for comparative studies to determine if 
the results from B. gelatinosum are representative of 
all freshwater red algae. Batrachospermum gelatino-
sum may be another example of a taxon that did not 
come from a glacial refugium in the most southern 
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locations in the range but rather dispersed to higher 
latitudes from refugia close to the ice margins.
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in the Supporting Information section at the end of this 
article.
Appendix S1.
Figure S1. Principal components analysis showing 
cumulative effects of environmental parameters for 
each drainage basin. Colors represent each drainage 
basin. PC1 explains 29.5% and PC2 explains 23.4% of 
the variation. Width is the stream width, depth is stream 
depth, cond is conductivity, temp is water temperature, 
canopy is % canopy cover and log_H.ions.nM is pH.
Figure S2. DAPC (discrete analysis of principal 
components) depicting relationships of multilocus 
genotypes (MLGs) of Batrachospermum gelatinosum 
from five drainage basins in the eastern United States 
(a, b) Individuals are color-coded corresponding to the 
five a priori groups based on drainage basin. (a) Using 
the compoplot function as implemented in adegenet, 
we determined the a priori assignment of five drainage 
basins. (b) Cross-validation using the xvalDapc 
function as implemented in adegenet. The optimal 
number of principal components to retain was 23. 
DAPC excluding two sites in the Northeast basin with 
low sample size (n < 6) (c–f). Symbols represent thalli 

and the symbols correspond to the five a priori groups 
(drainage basins). The first three principal components 
are shown: (c) PC1: 53.4% and PC2: 22.1% and (d) PC1: 
53.4% and PC3: 17.5%. (e) Cross-validation using the 
xvalDapc function as implemented in adegenet. The 
optimal number of principal components to retain was 
23. (f) Using the compoplot function as implemented 
in adegenet, we determined the a priori assignment of 
five drainage basins.
Figure S3. Discrete analysis of principal components 
(DAPC) depicting relationships of multilocus genotypes 
(MLGs) of Batrachospermum gelatinosum within 
drainage basins in the eastern United States. Ohio 
River Basin (a, b): (a) Using the compoplot function as 
implemented in adegenet, we determined the a priori 
assignment of five streams. (b) Cross-validation using 
the xvalDapc function as implemented in adegenet. 
The optimal number of principal components to 
retain was four. Northeast Basin (c, d): (c) Using the 
compoplot function as implemented in adegenet, we 
determined the a priori assignment of four streams. 
(d) Cross-validation using the xvalDapc function as 
implemented in adegenet. The optimal number of 
principal components to retain was five. Great Lakes 
Basin (e, f): (e) Using the compoplot function as 
implemented in adegenet, we determined the a priori 
assignment of six streams. (f) Cross-validation using 
the xvalDapc function as implemented in adegenet. 
The optimal number of principal components to retain 
was 20. South Atlantic-Gulf (g): Using the compoplot 
function as implemented in adegenet, we determined 
the a priori assignment of two streams.
Figure S4. Principal component analysis (PCA) 
representing the goodness of fit of posterior estimates 
compared to prior estimates (open circles) for the best 
fit DIYABC scenarios from the South Atlantic Gulf and 
Mid-Atlantic analysis in relationship to the observed 
datasets (yellow circle).
Table S1. Locations and physiochemical data measured 
at each site where Batrachospermum gelatinosum 
gametophytes were sampled. Site numbers as not 
taken in figure 1 and table 1. Dashes indicated that the 
measurement was not taken.
Table  S2. Information for multiplex PCRs of 13 
microsatellite loci developed for genotyping of 
Batrachospermum gelatinosum (Crowell et  al., 2024). 
Simplex PCRs were only used for reruns and locus 
Bgel_056 (see methods). Primer concentrations are 
given for F* (labeled forward), F (unlabeled forward), 
and R (unlabeled reverse).
Table  S3. Raw size ranges for each binned allele. 
All loci are shown along with the assigned dye and 
multiplex or simplex assignment. For each allele, the 
minimum and maximum raw allele sizes observed are 
shown, along with the binned call for the raw range. If 
there was only one raw size for an allele, it was placed 
between the raw_min and raw_max columns.
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Table S4. Null allele frequencies for each locus.
Table  S5. ANOVA or Kruskal-Wallis tables for each 
drainage basin and physiochemical measurements. 
Significant p-values are shown in bold.
Table S6. Genetic and geographic distances between 
18 Batrachospermum gelatinosum sites. Geographic 
distance between sites in km (above) and genetic 
distance represented by FST (below). Site abbreviation 
as in s1.
Table  S7. Parameter priors for all DIYABC scenarios 
simulating origins of Batrachospermum gelatinosum 
sites following the Pleistocene glaciation. N1-N5 
are effective population sizes for the corresponding 
populations. t1–t3 are divergence times for sites. 
Mutation rates: μmic is the mean mutation rate; pmic 
is the mean distribution of the number of repeats 
of microsatellites; snimic is the mean rate of single 
nucleotide insertions/deletions.
Table  S8. Logistic regression results for the 
scenarios estimating the origins of Batrachospermum 
gelatinosum sites following the Pleistocene glaciation 
based on DIYABC simulations. Results are presented 
as the mean value with 95% confidence interval in 
brackets for the inclusion of 50 summary statistics from 
different numbers of datasets (n) closest to those from 
the observed dataset.

Table S9. Parameter posterior estimates for the best 
supported DIYABC scenario that predicted a refugium 
for Batrachospermum gelatinosum in the Mid-Atlantic 
with dispersal to the South Atlantic Gulf followed by 
dispersal to the Ohio River and finally simultaneous 
dispersal to the Great Lakes and Northeast (Mid-
Atlantic Scenario 2). The first number is the result from 
the South Atlantic Gulf and Mid-Atlantic analysis, the 
second number is the result for the South Atlantic Gulf, 
Mid-Atlantic and Great Lakes analysis.
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