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Abstract
1.	 Comparative population genetic studies provide a powerful means for assessing 
the degree to which evolutionary histories may be congruent among taxa while 
also highlighting the potential for cryptic diversity within existing species.

2.	 In the Rocky Mountains, three confamilial stoneflies (Zapada glacier, Lednia tu-
mana, and Lednia tetonica; Plecoptera, Nemouridae) occupy cold alpine streams 
that are primarily fed by melting ice. Lednia tumana and L. tetonica are sister spe-
cies diagnosed from systematic morphological differences, and they are endemic 
to areas surrounding Glacier National Park and Grand Teton National Park, re-
spectively, in the U.S. Rocky Mountains. Zapada glacier is also present in alpine 
streams from Glacier National Park to the Teton Range, sometimes co-occurring 
with either Lednia species.

3.	 We used mitochondrial sequence data to clarify species boundaries, compare 
population genetic patterns, and test demographic models in a coalescent frame-
work for the three stoneflies. We addressed four questions: (1) Is there genetic 
support for the morphology-based species boundaries in Lednia? (2) Is there ge-
netic support for cryptic, or as-yet undescribed, diversity within Z. glacier? (3) Do 
similar geographic distributions and ecological requirements yield spatial congru-
ence of genetic structure between high-elevation Lednia and Z. glacier popula-
tions? (4) Is there evidence for contemporary gene flow among isolated populations 
in either group?

4.	 Our results supported the existing taxonomy with Z. glacier and the two Lednia 
species differing in their depths of divergence among study regions (e.g. maximum 
sequence divergence within Z. glacier = 1.2% versus 5% between L. tumana and 
L. tetonica). However, spatial population genetic patterns were broadly congruent, 
indicating stonefly populations isolated on mountaintop islands. Coalescent mod-
elling supported the possibility of rare, extremely limited contemporary gene flow 
among Z. glacier populations, with no support for gene flow between L. tumana 
and L. tetonica.
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1  | INTRODUC TION

In freshwater biology, species boundaries between closely related 
taxa are traditionally inferred from systematic morphological differ-
ences. Species-level lineages can be obscured, however, by limited or 
undiagnosed morphological divergence (Bickford et al., 2007), and 
characterising this potential for cryptic biodiversity among macroin-
vertebrates is a pressing challenge in freshwater ecology and beyond 
(Jackson et al., 2014). Ideally, morphology-based species delimita-
tions would be evaluated in the context of molecular data, preferably 
in a comparative framework with closely related species. Because 
every individual, population, and species has its own evolutionary 
history, comparative genetic frameworks can also provide key av-
enues for linking past processes to present-day variation (Hewitt, 
2000; Whiteman, Kimball, & Parker, 2007). Indeed, a comparative 
approach can help discern if closely related or similar species (e.g. 
in terms of geographic distribution and/or ecological requirements) 
have responded similarly or differently at the genetic level to histor-
ical geological influence (e.g. glacial oscillation, Brunsfeld, Sullivan, 
Soltis, & Soltis, 2001), current landscape structure (Goldberg & 
Waits, 2010), and/or variance in dispersal ability (Lourie, Green, & 
Vincent, 2005). Often, co-distributed species with similar ecological 
requirements have congruent evolutionary trajectories (Lapointe & 
Rissler, 2005; Satler & Carstens, 2017; Whiteman et al., 2007), but 
ecological and/or life history variation can also substantially influ-
ence patterns of genetic differentiation (Hughes, Schmidt, & Finn, 
2009; Miller, Blinn, & Keim, 2002; Phillipsen et al., 2014).

Three stoneflies (Plecoptera: Nemouridae), Zapada glacier, Lednia 
tumana, and Lednia tetonica, occupy the highest, coldest reaches of 
Rocky Mountain alpine streams in Wyoming and Montana, U.S.A. 
(Figure 1). All three stoneflies are phytophagous with short (proba-
bly <30 days) winged adult stages, and they inhabit (and sometimes 
co-occur within) streams fed by meltwater from permanent ice 
sources (e.g. glaciers or snowpack, Baumann, 1975; Muhlfeld et al., 
2011; Baumann & Call, 2012; Giersch et al., 2015; Giersch, Hotaling, 
Kovach, Jones, & Muhlfeld, 2016). This type of mountaintop island 
distribution can be a driver of genetic divergence within aquatic 
(e.g. Finn, Encalada, & Hampel, 2016; Finn, Theobald, Black, & Poff, 
2006) and terrestrial species (Floyd, Van Vuren, & May, 2005; Hime 
et al., 2016). Indeed, if the same pattern of differentiation is found 

across multiple species, there is a greater probability that the island 
nature of the species distributions is a major driver of diversifica-
tion. The genus Lednia has been the focus of significant, recent tax-
onomic attention, with studies of adult morphology resulting in an 
expansion of the genus from one to four species, with each species 
inhabiting a different mountain range or sub-range (a subdivision of 
a more expansive mountain range) in North America (Baumann & 
Call, 2012; Baumann & Kondratieff, 2010). Morphological variation 
within Z. glacier, however, is poorly understood and no morphologi-
cal comparison across its range has been performed, largely due to 
the difficulty of collecting adult specimens. Zapada glacier popula-
tions inhabit the same isolated Rocky Mountain sub-ranges as two of 
the described Lednia species, L. tumana (Glacier National Park [GNP] 
and vicinity) and L. tetonica (Teton Range of northwest Wyoming). 
Previous molecular analyses lent preliminary support to possible 
genetic divergence between GNP and Teton Range Z. glacier pop-
ulations (Giersch et al., 2015, 2016). Therefore, these two groups 
(L. tumana/L. tetonica and co-distributed Z. glacier populations) and 
their mountaintop distributions provide a useful framework for ap-
plying comparative population genetic methods to clarify species 
boundaries, both existing and possibly undescribed, while also refin-
ing our understanding of the distributions, evolutionary history, and 
contemporary connectivity of high-elevation lotic taxa that are likely 
vulnerable to rapidly changing climate and hydrology.

Investigating the potential for cryptic speciation in rare and/
or understudied taxonomic lineages has important conservation 
implications (Hime et al., 2016). Both Z. glacier and L. tumana have 
been petitioned for listing under the U.S. Endangered Species Act 
due to climate change-induced loss of alpine glaciers and perma-
nent snowfields (U.S. Fish and Wildlife Service, 2016). However, 
the story of alpine cryosphere decline driving hydrological shifts 
in stream habitats and threats to resident biota is not limited to 
the Rocky Mountains, as it is playing out in high-altitude regions 
worldwide (Hall & Fagre, 2003; Hansen et al., 2005; Pederson, 
Graumlich, Fagre, Kipfer, & Muhlfeld, 2010; Roe, Baker, & Herla, 
2016). Linked to these changes is the potential loss of entire 
communities of meltwater-dependent alpine organisms (Giersch 
et al., 2016; Hotaling, Finn, Giersch, Weisrock, & Jacobsen, 
2017; Hotaling, Hood, & Hamilton, 2017; Hotaling, Tronstad, & 
Bish, 2017; Muhlfeld et al., 2011) and, in most cases, little to no 

5.	 The focal stoneflies and associated assemblages occupy the highest elevation, 
coldest permanent alpine streams in the study region. This lotic habitat type faces 
an uncertain future under a diminishing alpine cryosphere. Given spatial congru-
ence of genetic structure demonstrating unique biodiversity associated with indi-
vidual alpine islands, we encourage conservation management strategies be 
developed and applied at corresponding spatial scales.
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systematic information regarding what could be lost, whether ex-
isting genetic diversity or species, exists (Bálint et al., 2011; Finn, 
Khamis, & Milner, 2013). As harbingers of climate change in North 
America, Z. glacier and Lednia are important indicator taxa of vul-
nerable, high-alpine ecosystems.

Here, we combined mitochondrial DNA (mtDNA) sequence data 
for three alpine stoneflies with our current understanding of their 
habitat and distributions to address four questions: (1) Is there ge-
netic support for the existing morphology-based species boundaries 
in Lednia? (2) Is there evidence for corresponding, but undescribed, 
cryptic species diversity within Z. glacier? (3) Do similarities in geo-
graphic distribution (e.g. mountaintop isolation) and habitat require-
ments yield congruent spatial population genetic patterns for Lednia 
and Z. glacier? (4) Is there evidence for contemporary gene flow 
among isolated populations of either group? Our results highlight 
the utility of comparative population genetics for strengthening ex-
isting morphology-based species descriptions while also improving 
understanding of the evolutionary histories of ecologically similar, 
co-occurring aquatic species.

2  | METHODS

2.1 | Study species and field sampling

Zapada glacier (Supporting Information Figure S1a) is known to 
occur in three mountainous regions: GNP of northwest Montana, 

the Absaroka–Beartooth Wilderness (ABW) of southern Montana, 
and the Teton Range of northwest Wyoming (Figure 1; Giersch 
et al., 2016). Conversely, both focal Lednia species in this study 
are endemic to a single mountain sub-range: L. tumana (GNP and 
vicinity; Supporting Information Figure S1b) and L. tetonica (Teton 
Range; Figure 1, Supporting Information Figure S1c). All three focal 
species—Z. glacier, L. tumana, and L. tetonica—exhibit restricted, al-
pine distributions. In their respective ranges, both Lednia species 
co-occur with Z. glacier. Overall, the genus Zapada is widely distrib-
uted, with seven recognised species in the western United States 
(Baumann, 1975; Baumann, Gaufin, & Surdick, 1977), whereas 
Lednia includes just two other species that are also sub-range en-
demics: L. borealis of the Cascades in Washington and L. sierra of 
the Sierra Nevada in California (Baumann & Kondratieff, 2010). 
While no described Lednia species occur in sympatry, many Zapada 
species do. However, as nymphs, Zapada species are difficult to 
distinguish from one another morphologically (Baumann & Gaufin, 
1971). We overcame this identification challenge through DNA 
barcoding of all Zapada nymphs collected for this study (see DNA 
barcoding below).

During the summers of 2015 and 2016, we sampled Zapada and 
Lednia specimens from alpine streams in GNP, ABW, and the Teton 
Range (Figure 1, Supporting Information Figure S1d). To provide 
broader phylogenetic and population genetic context for our focal 
species data set, we also obtained mtDNA sequences from Zapada 
specimens representing the full western taxonomy from mountain 

F I G U R E   1 Collection localities for 
Zapada glacier, Lednia tumana, and Lednia 
tetonica specimens included in this study. 
The study area shown includes Glacier 
National Park, the Absaroka–Beartooth 
Wilderness, and Grand Teton National 
Park superimposed on an elevation 
gradient. Detailed locality information is 
included in Table 1. Circles with white fill 
indicate the 10 new populations (four of 
Z. glacier, six of L. tetonica) identified in 
this study. Although not explicitly shown, 
known ranges of all three species align 
with the sampling distributions shown 
here
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streams in California, Washington, New Mexico, and Oregon as well 
as sequences from L. sierra collected in Cold Water Creek in central 
California and L. borealis from Snow Lake in Mount Rainier National 
Park, WA (Supporting Information Figure S2). Between our own and 
previous studies (Giersch et al., 2015, 2016), at least 300  streams 
have been surveyed for Z. glacier across our study area and only 13 
populations (including this study) have been identified. For Lednia, 
despite considerable effort, the genus has not been observed in the 
ABW (J. J. Giersch and D. S. Finn, unpublished) nor in lower ele-
vation streams (Tronstad, Hotaling, & Bish, 2016) or high-elevation 
lakes (Hotaling, Tronstad, et al., 2017) of the Teton Range. Sampling 
information for all localities and species included in this study is pro-
vided in Tables 1 and Supporting Information Tables S1–S2.

2.2 | DNA barcoding

We sequenced the DNA barcoding portion of the mtDNA genome, 
a 658-bp region of the cytochrome c oxidase I (COI) subunit, for 
79 newly collected specimens of Zapada spp. (n = 34), L. tetonica 
(n = 43), L. sierra (n = 1), and L. borealis (n = 1). COI is commonly 
used in DNA barcoding as it is variable both within and among spe-
cies, yet retains conserved primer binding sites (Hebert, Cywinska, 
& Ball, 2003). Barcoding was performed by the Canadian Center 
for DNA Barcoding (CCDB) following established protocols for 
extraction (Ivanova, Dewaard, & Hebert, 2006), polymerase chain 
reaction (PCR), and sequencing (Dewaard, Ivanova, Hajibabaei, & 
Hebert, 2008; Hajibabaei et al., 2005). For PCR, the primer sets 

Species Stream Sub-range N Latitude, longitude Elev. (m)

Z. glacier Piegan Pass GNP 16 48.7294, −113.6972 1,911

Z. glacier Upper Grinnell 
Lake

GNP 37 48.7574, −113.7248 1,951

Z. glacier Appistoki Creek GNP 87 48.4589, −113.3489 2,097

Z. glacier Dry Fork Spring GNP 55 48.5345, −113.3805 2,207

Z. glacier Buttercup Park GNP 3 48.4237, −113.3844 1,915

Z. glacier *Jasper Lake ABW 2 45.0233, −109.5785 3,216

Z. glacier *Timberline 
Lake

ABW 5 45.1325, −109.5077 2,966

Z. glacier Frosty Lake ABW 6 45.0261, −109.5515 3,194

Z. glacier *W. Fork Rock 
Creek

ABW 10 45.0962, −109.6040 3,001

Z. glacier *Delta Lake GRTE 1 43.7325, −110.7750 2,754

Z. glacier Teton Meadows GRTE 21 43.7259, −110.7904 2,824

Z. glacier S. Cascade 
Creek

GRTE 6 43.7285, −110.8373 2,948

Z. glacier Mica Lake 
Outlet

GRTE 7 43.7854, −110.8414 2,886

L. tumana Lunch Creek GNP 23 48.7052, −113.7046 2,156

L. tumana Sexton Glacier GNP 31 48.7003, −113.6281 1,992

L. tumana Siyeh Bend GNP 4 48.7115, −113.6751 1,943

L. tumana Bearhat 
Mountain

GNP 10 48.6650, −113.7491 1,957

L. tumana Heavens Peak GNP 1 48.7102, −113.8427 2,042

L. tumana Grant Glacier GNP 1 48.3314, −113.7368 1,606

L. tetonica *W. Buck Mtn GRTE 6 43.6895, −110.8327 3,119

L. tetonica *Sunset Lake GRTE 6 43.7102, −110.8556 2,949

L. tetonica *Schoolroom 
Glacier

GRTE 6 43.7286, −110.8440 3,039

L. tetonica Wind Cave GRTE 6 43.6657, −110.9561 2,676

L. tetonica *Teton 
Meadows

GRTE 6 43.7258, −110.7931 2,845

L. tetonica *N. Fork Teton 
Creek

GRTE 6 43.7681, −110.8615 2,780

L. tetonica *Upper 
Paintbrush

GRTE 7 43.7852, −110.7941 2,805

TA B L E   1 Sampling information for all 
Zapada glacier, Lednia tumana, and Lednia 
tetonica specimens included in this study. 
Sub-range refers to the primary 
geographic area where specimens were 
collected. N is the sample size for a given 
locality. Elevation is reported in meters. 
GNP: Glacier National Park; ABW: 
Absaroka–Beartooth Wilderness; GRTE: 
Grand Teton National Park/Teton Range. 
All lake locations are referring to inlet 
streams unless otherwise indicated. 
Complete sampling information for all taxa 
is included in Supporting Information 
Table S1. Asterisks next to stream names 
indicate populations newly identified in 
this study
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LCO1490/HCO2198 (Folmer, Black, Hoeh, Lutz, & Vrijenhoek, 
1994) were used to amplify the target fragment of COI. Successful 
PCR amplicons were checked on a 2% agarose gel, and prod-
ucts were cleaned using ExoSAP-IT (Affymetrix, Santa Clara, CA, 
U.S.A.). Purified amplicons were cycle-sequenced using a Big Dye 
v3.1 dye termination kit, purified using Sephadex, and sequenced 
bidirectionally on an ABI 3730 sequencer (Applied Biosystems, 
Foster City, CA, U.S.A.). Additional information on the meth-
ods and pipelines used for barcoding by CCDB are available at 
http://ccdb.ca/resources/. Sample information, photographs, and 
 sequences of newly barcoded specimens are available through the 
Barcode of Life Data System (BOLD; Ratnasingham & Hebert, 2007; 
project name = LDZP). After barcoding, COI sequences were visu-
ally inspected, corrected, and aligned using MUSCLE (Edgar, 2004) 
as implemented in Geneious version 6.1.8 (Kearse et al., 2012).

To confirm the identity of Z. glacier specimens and generate a 
complete genetic data set for our focal stoneflies, we combined 
the 79 new COI sequences with data from three published studies: 
two focused on Zapada spp. (Giersch et al., 2015, 2016) and one on 
L. tumana (Jordan et al., 2016). GenBank and BOLD accession infor-
mation for all new and previously published sequence data can be 
found in Supporting Information Table S2. To limit any influence of 
temporal genetic change (e.g. loss of haplotypes, Jordan et al., 2016), 
only specimens collected after 2010 were included in this study with 
the exception of six Z. glacier samples from ABW that were collected 
in 2000. For Zapada, the final data set contained 460 specimens: 
256 sequences for Z. glacier and 204 sequences representing all 
other species in the western Zapada taxonomy. For Lednia, the final 
data set contained 115 specimens: 70 L. tumana sequences, 43 L. te-
tonica sequences, and one sequence each for L. borealis and L. sierra.

2.3 | Gene tree estimation, haplotype network 
construction, and population genetic analyses

For phylogenetic analyses, we analysed the Zapada and Lednia data 
sets separately with Visoka cataractae (Plecoptera: Nemouridae) 
serving as the outgroup for all Zapada specimens and Z. glacier as the 
outgroup for Lednia. To construct trees, we first used an Akaike infor-
mation criterion (AIC) test implemented in MrModeltest (Nylander, 
2004) to select the best-fit model of DNA substitution (GTR + I + G). 
Next, we used MrBayes version 3.2.4 (Ronquist et al., 2012) to gen-
erate mtDNA gene trees for each data set with five chains analysed 
for 10-million generations preceded by a 1-million generation burn-
in. Samples were taken every 10,000 generations for two replicates. 
Convergence was determined by inspecting values of effective sam-
ple size (ESS > 200) in Tracer v1.6.0 (Rambaut & Drummond, 2007). 
Retained posterior distributions for each replicate were combined 
to generate a majority-rule consensus tree. Our 34 newly barcoded 
Zapada specimens were identified based upon which clade they be-
longed to in the consensus Zapada tree.

We constructed haplotype networks by compressing sequences 
into common haplotypes using the ALTER web server (Glez-Peña, 
Gomez-Blanco, Reboiro-Jato, Fdez-Riverola, & Posada, 2010) and 

generating networks in POPART (Leigh & Bryant, 2015) with the TCS 
implementation (Clement, Posada, & Crandall, 2000). We performed 
a nested analysis of molecular variance (AMOVA) in Arlequin 3.5 
(Excoffier & Lischer, 2010) to assess how genetic variation was par-
titioned across multiple sampling levels (among sub-ranges, among 
populations within sub-ranges, and within populations). AMOVAs 
were performed separately on the Z. glacier and L. tumana + L. teton-
ica data sets. We assessed significance and 95% confidence intervals 
using 5,000 bootstrap replicates. We also calculated nucleotide di-
versity (π) for four spatially defined groups: Z. glacier across its full 
range, Z. glacier by mountain sub-range, L. tumana, and L. tetonica.

2.4 | Demographic model selection and gene 
flow estimation

For both the Z. glacier and L. tumana + L. tetonica data sets, we tested 
a range of demographic models and characterised gene flow parame-
ters (when applicable) in a coalescent framework with Migrate-n v3.6 
(Beerli & Felsenstein, 2001). For Z. glacier, we tested eight 3-lineage 
models, which ranged from isolation to panmixia (Figure 2a). For 
L. tumana and L. tetonica, we tested five similar, two-lineage models 
(Figure 2b). For all Migrate-n analyses, initial parameter values were 
calculated using FST and model averaging was used to estimate mi-
gration rate (m) and population size (θ). For the two models without 
migration (Z. glacier: Models 7 and 8, L. tumana + L. tetonica: Models 
4 and 5; Figure 2), we followed Beerli and Palczewski (2010) in speci-
fying a very small (m = 0.001), uniform custom migration rate among 
groups. We estimated the transition/transversion ratio (ti/tv) from 
sequence alignments for each group via maximum likelihood model 
selection in jmodeltest2.1.10 (Darriba, Taboada, Doallo, & Posada, 
2012). These ratios were 4.70 and 15.63 for Z. glacier and L. tumana 
+ L. tetonica, respectively. For all runs, a static heating strategy with 
four short chains (temperatures of 1.0, 1.5, 3.0, and 1.0 × 106) and 
one long chain was used. We recorded 25,000 steps every 100 gen-
erations with 10,000 steps discarded as burn-in. To ensure Markov 
chain stationarity, we examined ESS values for each parameter with 
a minimum threshold of 200. To select among models, we used the 
Bezier approximation score to calculate log Bayes factors (LBFs) and 
probabilities for each model following Beerli and Palczewski (2010). 
We calculated number of migrants per generation using the equa-
tion, Nm = M × θ.

3  | RESULTS

3.1 | Zapada barcoding, phylogenetics, and 
population genetics

Our final COI alignment for Zapada was 658-bp long with 2.49% miss-
ing data across all specimens and 1.95% missing data for Z. glacier 
only. Phylogenetic analyses supported the seven recognised western 
North American Zapada species as monophyletic with posterior prob-
abilities (PPs) of 1.0 (Figure 3a). Of our 34 newly barcoded Zapada 
specimens, 18 were identified as Z. glacier. These new specimens 

http://ccdb.ca/resources/
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were from four streams where Z. glacier had not previously been re-
corded: three in ABW and one in the Teton Range (Figure 1; Table 1), 
bringing the total number of streams known to contain Z. glacier to 
13. A haplotype network connecting all Z. glacier specimens (n = 256) 
included 20 haplotypes from three sub-ranges: GNP (n = 198 speci-
mens; 14 haplotypes), ABW (n = 23 specimens; two haplotypes), and 
the Teton Range (n = 35 specimens; five haplotypes). Each sub-range 
was generally characterised by a distinct haplotype group; however, 
haplotypes were relatively shallowly diverged within sub-ranges (max-
imum = 0.6% divergence within GNP) and only slightly more diverged 
among them (maximum = 1.2% divergence between any two Z. glacier 
haplotypes, Figure 4a). Interestingly, one unique haplotype was found 
at both the Grinnell Glacier site in GNP (n = 1) and all four sites in ABW 
(n = 22). When the full western Zapada taxonomy was connected in a 
haplotype network (Supporting Information Figure S3), relationships 
reflected those in the mtDNA gene tree (Figure 3a). Described and 
potentially cryptic species-level Zapada lineages differed from closely 
related taxa by 4.26% (e.g. Z. glacier to Z. haysi) to 8.35% (Z. cinctipes 
to Z. columbiana; Supporting Information Figure S3).

Differentiation among sub-ranges explained 58.7% of the total 
observed variation and within-population variation explained 41.1%, 
with little variation explained by populations within sub-ranges 
(0.2%). Overall, ΦST (0.59) and ΦCT (0.59) were significant (Table 2), 

revealing that the majority of population structure in Z. glacier was 
explained by isolation among sub-ranges, rather than isolation among 
populations occupying the same sub-range. Nucleotide diversity (π) 
for Z. glacier was 0.0696 and for each sub-range: GNP (π = 0.0203), 
ABW (π = 0.0003), and the Teton Range (π = 0.0066; Table 2).

3.2 | Lednia barcoding, phylogenetics, and 
population genetics

Our final COI alignment for Lednia (n = 115) was 658-bp long with 
1.27% missing data. We confirmed the presence of L. tetonica at its 
only previously known location, the outlet stream from Wind Cave 
(Baumann & Call, 2012), and new field surveys expanded this distribu-
tion to seven streams, all still within the Teton Range (Figure 1, Table 1). 
For other Lednia species, we did not identify any new localities be-
yond those previously described (Baumann & Call, 2012; Baumann & 
Kondratieff, 2010; Giersch et al., 2016; Jordan et al., 2016; Muhlfeld 
et al., 2011). Phylogenetic analyses strongly supported the existing, 
morphology-based Lednia taxonomy with PPs of 1.0 for all nodes and 
described species resolved as monophyletic (Figure 3b). Lednia teton-
ica and L. tumana were resolved as sister species, with L. borealis as the 
sister species to the L. tetonica + L. tumana clade, and L. sierra as the 
outgroup to the other three (Figure 3b).

F I G U R E   2 Phylogeographic models tested in Migrate-n for (a) Zapada glacier and (b) Lednia tumana and Lednia tetonica. GNP: Glacier 
National Park; ABW: Absaroka–Beartooth Wilderness; GRTE: the Teton Range. Black arrows indicate the direction of gene flow
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Across all Lednia specimens, we identified five L. tumana haplo-
types, seven L. tetonica haplotypes, and one haplotype each for the 
single specimens of L. borealis and L. sierra. The Lednia haplotype net-
work revealed substantial divergence among described species (and, 
by proxy, among sub-ranges; Figure 4b). These divergences ranged 
from a minimum of 4.6% between L. tumana and L. tetonica to a max-
imum of 11.9% between L. tumana and L. sierra (Figure 4b). For L. tu-
mana and L. tetonica, among species differentiation explained 95.3% 
of the total variation observed and within-population variation ex-
plained 4.4%, with little variation explained by populations within 
species (0.3%). Both ΦST (0.95) and ΦCT (0.96) were significant. Like 
Z. glacier, the majority of genetic structure in L. tumana + L. tetonica 
was explained by isolation among sub-ranges (i.e. described species), 
rather than isolation among populations within sub-ranges (Table 2). 
Nucleotide diversity (π) for L. tumana and L. tetonica was 0.0035 and 
0.0013, respectively (Table 2).

3.3 | Demographic model selection and gene 
flow estimation

For Z. glacier, the most supported demographic model was a north-
to-south model, which included gene flow parameters for migration 
from GNP into ABW and ABW into the Teton Range (model 2, model 
probability ~1; Figure 2a, Table 3). All other models were strongly 
rejected (LBFs ≥ 12, model probabilities ≤ 2.4 × 10−3). Interestingly, 
a no-migration model was among the least supported models (model 
7; LBF = 47.3, model probability = 5.5 × 10−11). For the best-fit 
model, the mean number of migrants per generation from GNP into 
ABW (Nm = 1.02, 95% confidence interval = 0–5.27) was estimated 
at twice that of ABW into the Teton Range (Nm = 0.5, 95% confi-
dence interval = 0–2.75; Supporting Information Table S3). These 
estimates should be interpreted with caution, however, as both 95% 
confidence intervals included Nm = 0.

F I G U R E   3 Cytochrome oxidase c 
subunit I (COI) gene trees of (a) western 
North American Zapada, and (b) the 
genus Lednia including 70 specimens 
from Jordan et al. (2016) and 45 newly 
barcoded specimens. Terminal nodes 
were compressed into triangles and 
scaled according to number of specimens. 
Numbers above nodes indicate posterior 
probabilities
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For L. tumana and L. tetonica, the most supported demographic 
model included no migration between species (model 4, model proba-
bility ~1; Figure 2b, Table 3). All models including a gene flow parameter 
were rejected (LBFs ≥ 142.9, model probabilities ≤ 9.3 × 10−32) as was the 
panmixia model (model 5, LBF = 529.5, model probability = 1.1 × 10−115). 
Because the best-fit model did not include a gene flow parameter, we did 
not estimate migration rates between L. tumana and L. tetonica.

4  | DISCUSSION

Understanding the degree to which similar habitat requirements 
and geographic distributions extend to shared evolutionary histories 
is an important question in evolutionary biology. Previous studies 

have shown that shared distributions (Barber, Erdmann, Palumbi, & 
Ayre, 2006; Lapointe & Rissler, 2005) and ecological traits (Satler & 
Carstens, 2017; Whiteman et al., 2007) can both influence genetic 
differentiation, and either can drive spatial congruence of genetic 
structure. When framed in the context of multi-species comparisons 
across a study area, comparative population genetic studies can also 
provide a useful mechanism for uncovering the potential for cryptic 
species diversity within a group of interest. In this study, we first 
asked whether existing morphology-based species boundaries were 
supported by genetic data for the previously described L. tumana 
and L. tetonica. Next, we explored the reverse question of whether 
isolated populations of Z. glacier occurring in sympatry with the 
focal Lednia species may contain cryptic species-level diversity. We 
then considered whether similar geographic distributions, including 
mountaintop isolation, and ecological requirements for these three 
stoneflies have translated to spatial congruence of genetic structure 
and demographic history.

We found support for the existing delimitation of L. tumana and 
L. tetonica as separate species, with monophyly, deep evolutionary 
divergence, and no evidence for contemporary gene flow between 
them. Our results also supported the existing description of Z. gla-
cier as a single species, with the species comprised of isolated popu-
lations associated with mountain sub-ranges. Our results, however, 
did support the potential for cryptic diversity in other lineages of 
Zapada, and future studies with additional genetic and taxonomic 
sampling across the genus are needed to explore this possibility 
(Figure 3a). The demographic history of Z. glacier was best described 
by a north-to-south migration model, with minimal (and perhaps non-
existent) contemporary gene flow among sub-ranges (Supporting 
Information Table S3). Our support for a north-to-south migration 
model lends another line of evidence to a broader biogeographic hy-
pothesis in North America, specifically that an immigration corridor 
existed along the spine of the Rocky Mountains from a Beringian 
refugium deep into the western U.S.A. (DeChaine & Martin, 2005; 

TA B L E   2 Population genetic diversity metrics and results of a 
nested AMOVA for specimens grouped by populations within 
sub-ranges. Symbols include: ΦCT = among sub-range structure, 
ΦSC = within sub-range structure, ΦST = population-level structure 
across the full study extent irrespective of group structure, and 
π = nucleotide diversity averaged over the entire COI locus. For 
“Zapada glacier, by range” the given π is for all Z. glacier specimens. 
Bold values are significant at p ≤ .05

Group π ΦCT ΦSC ΦST

Z. glacier, by 
range

0.0696 0.59 0.01 0.59

Z. glacier, GNP 0.0203

Z. glacier, ABW 0.0003

Z. glacier, Teton 
Range

0.0066

Lednia sp., by 
species

0.96 0.08 0.95

L. tumana 0.0035

L. tetonica 0.0013

F I G U R E   4 A Cytochrome oxidase 
c subunit I haplotype network of (a) 
all Zapada glacier specimens and (b) all 
representatives of the current Lednia 
taxonomy. Colored circles represent 
haplotypes (with circle size scaled 
by frequency). Hash marks between 
haplotypes represent one substitution 
step (i.e. one nucleotide difference)
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Finn & Adler, 2006). Our results should be interpreted with cau-
tion, however, as we only evaluated mtDNA, which reflects female-
mediated gene flow and is a single genetic marker, independent of 
the nuclear genome. Discordance in population genetic inference 
between mitochondrial and nuclear genomes is relatively common 
(Gompert, Forister, Fordyce, & Nice, 2008; Toews & Brelsford, 2012; 
Weisrock, Shaffer, Storz, Storz, & Voss, 2006). As such, multi-locus 
nuclear data paired with coalescent-based species delimitation 
methods are needed before robust molecular conclusions can be 
drawn regarding both species boundaries and population genetic 
patterns (Grummer, Bryson, & Reeder, 2014; Hotaling et al., 2016; 
Yang & Rannala, 2010). A more concerted effort to collect and com-
pare adults is also needed to assess the degree to which systematic 
morphological differences among Z. glacier populations and other 
major lineages of the genus may exist.

Our findings are generally congruent with other alpine stream 
population genetic studies. Observed patterns of differentiation in 
both Z. glacier and Lednia corresponded with a signature of moun-
taintop isolation (Finn & Adler, 2006; Finn et al., 2006, 2016; Jordan 
et al., 2016). Our results also support the possibility of underlying 
differences in timing, rate of divergence, and/or degree of con-
temporary gene flow between two highly similar species groups. 
Comparative population genetic studies are rare in alpine streams 
(Hotaling, Finn, et al., 2017; Hotaling, Hood, et al., 2017; Hotaling, 
Tronstad, et al., 2017), and of the few that have been conducted, 
the majority have emphasised comparisons of ecologically distinct 
but co-occurring species, with hypothesised links between patterns 

of genetic differentiation and dispersal ability or other biological 
traits that influence gene flow (Dussex, Chuah, & Waters, 2016; 
Monaghan, Spaak, Robinson, & Ward, 2002).

Variation in life-history (e.g. timing of emergence, voltinism) or 
other species traits (e.g. dispersal capacity) may underlie the differ-
ing depths of divergence between Z. glacier and Lednia observed in 
this study. The seasonal window for growth in the alpine is short, and 
Z. glacier and the two Lednia species emerge at different times. As 
with most nemourids, Z. glacier adults emerge early in summer (e.g. 
June), immediately after stream channels become exposed by snow-
melt. In contrast, very few Lednia adults have been collected earlier 
than mid-August (Baumann & Call, 2012; Baumann & Kondratieff, 
2010; Giersch et al., 2015, 2016), and L. tumana adults have been 
collected into October (Baumann & Kondratieff, 2010). The earlier 
emergence of Z. glacier may be more conducive to dispersal as there 
is a longer window of mild, summer weather versus the autumnal 
snows that probably end the reproductive season for many Lednia 
adults (e.g. Finn & Poff, 2008). Differences in voltinism (e.g. a faster 
generation time in Lednia), could also accelerate the accumulation of 
genetic drift leading to a signature of deeper divergence in the same 
or a shorter amount of time. In terms of dispersal capacity, Lednia 
adults may be weaker fliers than their Zapada counterparts. This 
possibility is supported by dispersal studies in the Colorado Rocky 
Mountains where Zapada cinctipes was the only stonefly caught 
actively crossing high ridgelines (D. S. Finn, personal observation). 
Variation in life-history traits and/or dispersal among co-occurring, 
closely related species (i.e. Lednia and Zapada) is not unprecedented, 

Model Description BAS LBF Probability Choice

(a) Lednia tumana and Lednia tetonica

1 Full migration −1,341.2 255.6 3.0 × 10−56 4

2 Unidirectional: L. tetonica > 
L. tumana

−1,294.4 161.4 8.9 × 10−36 3

3 Unidirectional: L. tumana > 
L. tetonica

−1,284.9 142.9 9.3 × 10−32 2

4 No migration −1,213.4 – ~1 1

5 Panmixia −1,478.1 525.5 1.1 × 10−111 5

(b) Zapada glacier

1 Full migration −1,317.5 64.5 1.0 × 10−14 7

2 North to south: GNP > 
ABW > Teton Range

−1,285.3 – ~1 1

3 South to north: Teton Range 
> ABW > GNP

−1,291.3 12.1 2.4 × 10−3 2

4 Out of GNP: GNP > ABW, 
GNP > Teton Range

−1,292.3 14.0 9.0 × 10−4 3

5 Out of ABW: ABW > GNP, 
ABW > Teton Range

−1,301.0 31.5 1.4 × 10−7 4

6 Out of the Teton Range: 
Teton Range > GNP, Teton 
Range > ABW

−1,315.3 60.0 9.2 × 10−14 6

7 No migration −1,308.9 47.3 5.5 × 10−11 5

8 Panmixia −1,393.0 215.4 1.7 × 10−47 8

TA B L E   3 Phylogeographic model 
descriptions and selection results for (a) 
Lednia tumana and Lednia tetonica, and (b) 
Zapada glacier tested in Migrate-n. BAS: 
Bezier approximation score (log marginal 
likelihood). LBF: log Bayes factor; GNP: 
Glacier National Park; ABW: Absaroka–
Beartooth Wilderness. LBFs and model 
probabilities calculated following Beerli 
and Palczewski (2010). Arrows (>) indicate 
the direction of migration for a given 
model. The best-fit model is highlighted in 
bold
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having been observed for both congeneric caddisflies (Jackson & 
Resh, 1991) and other aquatic taxa (Finn & Poff, 2008; Monaghan 
et al., 2002).

Finally, differing depths of divergence may reflect genus-specific 
evolutionary trajectories. It is possible, and perhaps even likely, that 
L. tumana and L. tetonica have a longer history as cold-water special-
ists isolated in glacier associated refugia than Z. glacier (e.g. before 
the last glacial maximum in the Rocky Mountains ~20,000 years ago, 
Carrara, 1987). This timeline is supported by estimates of divergence 
timing among L. tumana genetic clusters in GNP, which placed intra-
species splits as occurring in the last ~18,000 years (Hotaling et al., 
2018). Conversely, Z. glacier may have more recently invaded head-
waters, possibly due to range contraction into higher elevations to 
follow the retreat of glaciers (e.g. Giersch et al., 2015) and/or to avoid 
competition with lower elevation species (Khamis, Brown, Hannah, & 
Milner, 2014). Moreover, all four species of Lednia are cold-water spe-
cialists (Baumann & Call, 2012; Baumann & Kondratieff, 2010), sug-
gesting cold stenothermy as an ancestral trait to the clade, whereas 
Z. glacier is the only meltwater-dependent specialist within the widely 
distributed and more speciose Zapada genus. Future studies are re-
quired to clarify the relative influences of life-history variation as well 
as historical biogeography and time since divergence on contempo-
rary patterns of genetic differentiation in Lednia and Z. glacier.

In light of the recent U.S. Fish and Wildlife Service recommenda-
tion to list Z. glacier and L. tumana under the Endangered Species Act 
due to climate change threats (U.S. Fish and Wildlife Service, 2016), 
the results of our field surveys in the Teton Range and ABW provide 
important refinement of the geographic distributions of Z. glacier as 
well as its understudied sister species, L. tetonica. We expanded the 
known distribution of L. tetonica from its type locality (Wind Cave, WY) 
to seven headwater streams in the Teton Range (Table 1), all of which 
are fed by permanent ice (either subterranean ice sources or surface 
glaciers). We also identified four populations of Z. glacier that were pre-
viously unknown: three in ABW and one in the Teton Range. Zapada 
glacier has now been documented in 13 alpine streams across the three 
sub-ranges (Table 1). Support for a north-to-south migration model for 
Z. glacier from GNP through ABW and into the Teton Range also high-
lights the potential importance of ABW as a dispersal stepping stone, 
recent and/or historical, between GNP and the Teton Range. The sin-
gle Z. glacier haplotype shared between GNP and ABW and shallow 
sequence divergence between GNP and ABW populations (relative to 
the more deeply diverged Teton Range populations) also suggests that 
additional stepping-stone populations of Z. glacier might exist in other 
small, high-elevation sub-ranges between GNP and the ABW.

Beyond the focal stoneflies included in this study, entire assem-
blages of organisms tightly associated with meltwater-fed alpine 
streams are likely vulnerable to regional-scale extinction as climate 
change proceeds (e.g. Hotaling, Finn, et al., 2017; Hotaling, Hood, 
et al., 2017; Hotaling, Tronstad, et al., 2017; Jacobsen & Dangles, 
2017; Wilhelm, Singer, Fasching, Battin, & Besemer, 2013). Weakly 
dispersing taxa are particularly at risk, as they are more susceptible to 
becoming caught in summit traps as they track colder conditions to 
higher elevations (Hotaling, Finn, et al., 2017; Hotaling, Hood, et al., 

2017; Hotaling, Tronstad, et al., 2017; Sauer, Domisch, Nowak, & 
Haase, 2011; Sheldon, 2012). Given limited resources, a major ques-
tion in conservation biology concerns the effectiveness of managing 
for one or a few indicator or umbrella species; that is, individual taxa 
whose conservation will, in turn, theoretically protect a multitude of 
co-occurring taxa (e.g. Roberge & Angelstam, 2004). Assessing the 
spatial congruence of population genetic patterns for more than one 
taxon provides an evolutionary approach to answering this question. 
All three species included in this study exhibited genetic isolation at the 
mountain sub-range scale, indicating that sub-ranges contain unique 
biodiversity components and should be managed as such. However, 
only a conservation plan developed for Z. glacier across its range 
would also protect both Lednia species. The reciprocal, a conservation 
plan developed for either L. tumana or L. tetonica would only protect  
Z. glacier across part of its range and provide no benefit to the other 
Lednia species. With global cryosphere decline proceeding with no 
signs of slowing down, an additional management emphasis should 
include the identification of alpine streams most likely to maintain at 
least small patches of permanent meltwater habitat in the near future 
as these streams may represent vital refugia for cold-adapted taxa 
(cf. Hotaling, Finn, et al., 2017; Hotaling, Hood, et al., 2017; Hotaling, 
Tronstad, et al., 2017; Morelli et al., 2016).
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Supplementary Tables: 

SUPPLEMENTARY TABLE 1. Locality information for all taxa included in this study. Species 

in quotes indicate possible species-level lineages supported by COI divergence. N = number of 

cytochrome oxidase I (COI) sequences included. 

 

Species Location State N Latitude Longitude 

L. sierra Sky Meadows CA 1 37.571604 -118.987500 

L. borealis Snow Lake WA 1 46.757046 -121.698900 

L. tetonica Alaska Basin WY 6 43.689457 -110.832700 

L. tetonica N. Fork Teton Creek WY 6 43.768084 -110.861500 

L. tetonica Schoolroom Glacier WY 6 43.728578 -110.844000 

L. tetonica Sunset Lake WY 6 43.710189 -110.855600 

L. tetonica Teton Meadows WY 6 43.725804 -110.793100 

L. tetonica Upper Paintbrush WY 7 43.785213 -110.794100 

L. tetonica Wind Cave WY 6 43.665728 -110.956100 

L. tumana Bearhat Mtn./Hidden Lk. MT 10 48.665010 -113.749060 

L. tumana Grant Glacier MT 1 48.331410 -113.736870 

L. tumana Heavens Peak MT 1 48.710220 -113.842660 

L. tumana Lunch Creek MT 23 48.705240 -113.704550 

L. tumana Sexton Glacier MT 31 48.700300 -113.628080 

L. tumana Siyeh Bend MT 4 48.711490 -113.675120 

“Sexton” Basin Lakes MT 6 43.692800 -110.858310 

“Sexton” Black Butte MT 2 44.902558 -111.844196 

“Sexton” Burnt Cr. Headwaters MT 2 44.937410 -111.837370 

“Sexton” S. Fork Darby Creek WY 8 43.683544 -110.956600 

“Sexton” S. Fork Teton Creek WY 16 43.692870 -110.858540 

“Sexton” Sexton Glacier MT 7 48.700330 -113.619230 

“Sexton” South Cascade Creek WY 1 43.690776 -110.843355 

Visoka cataractae Cataract Creek MT 1 48.737981 -113.699007 

“WY-NM” Alaska Basin WY 12 43.692870 -110.858540 

“WY-NM” Wheeler Peak NM 3 36.564893 -105.406999 

Z. cinctipes Cataract Creek MT 1 48.766600 -113.698480 

Z. cinctipes Flathead River MT 1 48.499740 -113.969710 

Z. cinctipes McDonald Creek MT 1 48.638740 -113.864520 

Z. cinctipes Snyder Lake MT 1 48.625970 -113.804710 

Z. columbiana Alaska Basin WY 3 43.692870 -110.858540 

Z. columbiana Appistoki Creek MT 6 48.458690 -113.353020 

Z. columbiana Cataract Creek MT 4 48.766600 -113.698480 

Z. columbiana Cataract Peak MT 1 48.729417 -113.685395 
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Z. columbiana Iceberg Creek MT 1 48.820180 -113.740120 

Z. columbiana Lower Shepard  MT 1 48.868380 -113.850360 

Z. columbiana Lunch Creek MT 2 48.699940 -113.703670 

Z. columbiana Piegan Pass MT 2 48.729412 -113.697169 

Z. columbiana Preston Park MT 3 48.717380 -113.641420 

Z. columbiana Reynolds Creek MT 1 48.687290 -113.733020 

Z. columbiana Sexton Glacier MT 3 48.700330 -113.619230 

Z. columbiana Shadow Lake MT 1 43.732504 -110.775000 

Z. columbiana Shangri-La Outlet MT 5 48.809272 -113.720659 

Z. columbiana Skalkaho Pass MT 1 46.256100 -113.787900 

Z. columbiana Wind Cave WY 3 43.665728 -110.956100 

“Z. columbiana PNW” Blue Lake WA 2 46.405750 -121.739000 

“Z. columbiana PNW” Colchuck Lake WA 3 47.485133 -120.826709 

“Z. columbiana PNW” Devil's Lake OR 1 44.040182 -121.775770 

“Z. columbiana PNW” Divide Camp Spring WA 1 46.244180 -121.558580 

“Z. columbiana PNW” Goat Rocks WA 4 46.514000 -121.474560 

Z. cordillera Cerulean Stream MT 1 48.842630 -114.142440 

Z. cordillera Lake McDonald Trib. MT 2 48.535890 -113.969100 

Z. cordillera North Fork MT 1 48.573951 -114.014895 

Z. cordillera Upper Lost Basin MT 2 48.396198 -113.417350 

Z. frigida Apikuni Creek Basin MT 6 48.822250 -113.654790 

Z. frigida Iceberg Creek MT 1 48.820180 -113.740120 

Z. frigida Swiftcurrent Pass MT 1 48.781790 -113.758030 

Z. frigida Wilbur Creek MT 1 48.800310 -113.681060 

Z. glacier Appistoki Creek MT 87 48.458775 -113.348869 

Z. glacier Buttercup Park MT 3 48.423732 -113.384444 

Z. glacier Delta Lake WY 1 43.732504 -110.775000 

Z. glacier Dry Fork Spring MT 55 48.534545 -113.380525 

Z. glacier Frosty Lake MT 6 45.026079 -109.551534 

Z. glacier W. Fork Rock Creek MT 10 45.096220 -109.604000 

Z. glacier Grinnell Outlet MT 37 48.757364 -113.724798 

Z. glacier Jasper Lake MT 2 45.023313 -109.578500 

Z. glacier Mica Lake WY 7 43.785354 -110.841346 

Z. glacier Piegan Pass MT 16 48.729412 -113.697169 

Z. glacier South Cascade Creek WY 6 43.728490 -110.837297 

Z. glacier Teton Meadows WY 21 43.725912 -110.790375 

Z. glacier Timberline Lake MT 5 45.132528 -109.507700 

Z. haysi Appistoki Creek MT 5 48.462469 -113.343448 

Z. haysi Black Butte MT 7 44.902558 -111.844196 

Z. haysi Burnt Creek MT 1 44.937410 -111.837370 

Z. haysi Cataract Creek MT 1 48.766600 -113.698480 

Z. haysi Clements Creek MT 1 48.688130 -113.729350 

Z. haysi Delta Lake WY 5 43.732504 -110.775000 

Z. haysi Grinnell Outlet MT 7 48.764580 -113.714790 

Z. haysi Iceberg Creek MT 8 48.817810 -113.743710 

Z. haysi Lower Shepard  MT 4 48.871030 -113.850360 



Z. haysi N. Fork Teton Creek WY 1 43.770831 -110.861436 

Z. haysi Ole Creek MT 1 48.384313 -113.390840 

Z. haysi Ptarmigan Creek MT 3 48.841590 -113.711820 

Z. haysi Reynolds Creek MT 4 48.688760 -113.723580 

Z. haysi S. Fork Darby Creek WY 2 43.683544 -110.956600 

Z. haysi Sexton Glacier MT 2 48.700330 -113.619230 

Z. haysi Tumalo Creek OR 1 44.073151 -121.382885 

Z. oregonensis Grinnell Outlet MT 3 48.759100 -113.724820 

Z. oregonensis Iceberg Creek MT 11 48.821240 -113.737830 

Z. oregonensis Lower Shephard  MT 2 48.871030 -113.850360 

Z. oregonensis Mill Creek MT 1 45.515320 -111.990370 

Z. oregonensis N. Fork Teton Creek WY 1 43.770831 -110.861436 

Z. oregonensis Shangri-La Outlet MT 5 48.809272 -113.720659 

Z. oregonensis Siyeh Creek MT 1 48.704200 -113.668950 

Z. oregonensis Skalkaho Pass MT 1 46.266100 -113.765600 

“Z. oregonensis WA” Goat Creek WA 1 46.467100 -121.513480 

  



SUPPLEMENTARY TABLE 2. GenBank and BOLD accession information for sequence data 

included in this study. 

 

Species Database 
Project name or 

accession ID(s) 
Study Notes 

Zapada spp. BOLD/Genbank 

GNPZa / 

KM874110- 

KM874263 

Giersch et al. 

2015 
 

Zapada spp. BOLD GNPZP 
Giersch et al. 

2016 
 

L. tumana GenBank 
KX212679-

KX212864 

Jordan et al. 

2016 

Samples from 

2010 or later only 

Zapada spp. 

and L. tetonica 
BOLD LDZP This study  

  



SUPPLEMENTARY TABLE 3. Rate of migration (M), direction, θ (mutation-scaled effective 

population size), and Nm (number of immigrants per generation) for the best-fit model (model 2) 

for Zapada glacier estimated using Migrate-n. All values are the mean estimate with 95% 

confidence intervals in parentheses. Provided θ values are for the sub-range receiving migrants. 

 

M Direction θ Nm 

636.5 (90–1296) GNP > ABW 1.6x10-3 (0–4.1x10-3) 1.02 (0–5.27) 

201.1 (0–529) ABW > Teton Range 2.5x10-3 (0–5.2x10-3) 0.5 (0–2.75) 

  



Supplementary Figures: 

 

 
 

SUPPLEMENTARY FIGURE 1. Photographs of adult (a) Zapada glacier, (b) Lednia tumana, 

and (c) Lednia tetonica. (d) Garnett Canyon in Grand Teton National Park, exemplar alpine 

stream habitat where Z. glacier and L. tetonica co-occur. 

 

  



 
 

SUPPLEMENTARY FIGURE 2. Distribution of all Zapada and Lednia specimens included in 

this study. Detailed locality information for each taxon is included in Table S1.  

 

  



 
 

SUPPLEMENTARY FIGURE 3. A COI haplotype network of all Zapada specimens. Colored 

circles represent haplotypes (with higher frequency haplotypes as larger circles) with substitution 

between them. Hashmarks between haplotypes are additional substitutions (total included as a 

number near the hashmarks). Groups in quotations are monophyletic clades in the mtDNA gene 

tree (Figure 3a). The portion of the Zapada network depicted in Figure 4a is outlined in red. 
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