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In the late 1940s, Rio Grande Sucker Pantosteus plebeius was reported in tributaries of the Gila River in the Colorado
Basin and presumed to be introduced because of its absence in mid-19th century surveys. We assayed genetic variation
at ten microsatellite loci and two mtDNA genes (cyt b and ND4) to test the hypothesis of human-mediated introduction
into the Gila within the last century. Phylogeographic analysis indicated that Gila River populations shared recent
common ancestry with populations in the Mimbres River. Using approximate Bayesian computation (ABC), we rejected
the hypothesis that Rio Grande Sucker was introduced to the upper Gila River within the last century. Rather, we
hypothesize an older (~4000 years before present) headwater capture event that facilitated transfer of fishes from the
Mimbres to Sapillo Creek in the Gila Basin. From there, suckers dispersed to the San Francisco River and became
established in upland stream habitats. Rio Grande Sucker exhibits low levels (,10%) of introgression with Desert
Sucker but maintains species cohesion in the Gila Basin. We conclude that Rio Grande Sucker is native to the Gila Basin,
and that these populations harbor unique diversity that could play an important role in species conservation. More
generally, rigorous testing for human-mediated translocation is a difficult analytical problem, but a definitive means to
do so is essential to fully understand the biogeography of freshwater fishes of the American Southwest.

T
HE biogeography of southwestern North America is of
great interest for general understanding of the evolu-
tion, ecology, and conservation biology of aquatic

biota in arid regions (e.g., Smith et al., 2002; Echelle et al.,
2005; Minckley and Marsh, 2009). Most knowledge of native
fish diversity and distribution in the region comes from
surveys conducted in the mid- to late 19th century when many
species were first documented and described (e.g., Baird and
Girard, 1854). Importantly, some species were absent in early
surveys but found later in more extensive mid-20th century
surveys. In these cases, ichthyologists typically proposed
recent human-mediated translocation as a mechanism to
reconcile absence in early surveys and presence later.

An example is the Rio Grande Sucker Pantosteus plebeius
that is widespread in upland streams and rivers in the
southern Rocky Mountains east of the Continental Divide. It
was absent in Gila River collections made by W. H. Emory in
the 1850s (US and Mexico Border Surveys) and was first
reported in 1949 in Sapillo Creek where it was the only
sucker present in this easternmost Gila River tributary. In
1953, it was collected from another Gila tributary, the San
Francisco River. Based on absence in the Emory surveys and
presence in more recent collections, Koster (1957) concluded
that Rio Grande Sucker was introduced into both Gila River
tributaries within the last century, and subsequent authors
concurred (e.g., LaBounty and Minckley, 1972; Minckley,
1973; Anderson and Turner, 1977; Propst et al., 1988; Bestgen
and Propst, 1989).

An alternative hypothesis is that Rio Grande Sucker
occurred naturally in the Gila River (Crabtree and Buth,
1987; Sublette et al., 1990; McPhee et al., 2008). A low-relief
divide with interdigitating water courses separates the head
of Sapillo Creek in the Gila drainage from the upper Mimbres
River (Minckley, 1980), and stream capture could provide a
corridor for dispersal across the divide (Crabtree and Buth,
1987; McPhee et al., 2008). The Continental Divide also
separates upper San Francisco River tributaries from the
headwaters of the Little Colorado River, where Zuni Bluehead
Sucker Pantosteus discobolus yarrowi is native (Smith, 1966;
Crabtree and Buth, 1987; Propst et al., 2001). The Rio Nutria
population of Zuni Bluehead Sucker is a product of natural

introgression of Rio Grande Sucker and Bluehead Sucker P.
discobolus (Bangs et al., 2018). The Rio Grande Sucker
probably gained access to the Rio Nutria (a Little Colorado
River headwater) from the Rio San Jose (a Rio Grande
tributary) by stream capture (Smith, 1966). Smith (1966)
discounted human-mediated translocation because the first
collection of Zuni Bluehead Sucker specimens was made in
1873. Therefore, it is plausible that Rio Grande Sucker gained
access to the upper San Francisco River from a source
population in Sapillo Creek and a dispersal corridor in the
Gila River mainstem, by headwater capture from the Lower
Colorado River tributaries, or perhaps from both routes.

The aim of this paper was to evaluate the hypothesis of
recent human-mediated introduction by comparing genetic
variation at rapidly evolving molecular markers in samples
from the Gila River with putative source populations. An
introduction within the last century would be characterized
by little genetic differentiation between source and intro-
duced populations. However, if an older event occurred, then
genetic differentiation should be observed with magnitude
proportional to time elapsed since the event. Probable source
populations are genetically distinct (Crabtree and Buth,
1987; McPhee et al., 2008), which allows identification of
the origin of Rio Grande Sucker in the Upper San Francisco
River. Rapidly evolving molecular markers and new compu-
tational approaches offer a means to distinguish recent
human translocation or other anthropogenic disturbances
from historical natural colonization events (Burridge et al.,
2006). Such distinction is essential for clarifying the
biogeography of the region (e.g., Kim and Conway, 2014;
Glotzbecker et al., 2016; Osborne et al., 2016).

MATERIALS AND METHODS

Sample collection.—Rio Grande Sucker was sampled in Sapillo
Creek and San Francisco River and tributaries in the Gila
Basin, Mimbres River, and Jemez River and Alamosa Creek in
the Rio Grande Basin in New Mexico (Table 1, Fig. 1). The
geographic sampling scheme was designed to address the
origin of Rio Grande Sucker in the Gila Basin and to estimate
population diversity and genetic structure within that system.
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At each site, about 30 fish were obtained by single-pass

electrofishing and dip netting. Captured fish were anesthe-

tized in MS-222, and a small tissue clip was excised from the

lower lobe of the caudal fin. Voucher specimens (n � 5) were

retained at each site. Fish not retained were recovered in fresh

river water and released at the point of capture.

Laboratory methods.—Genomic DNA was extracted from fin

clips using standard proteinase-K digestion and phenol/

chloroform extraction (Hillis et al., 1996). Two mitochondri-

al DNA fragments were sequenced for all samples for

population genetic analysis of haplotype frequencies: NADH

dehydrogenase subunit 4 (ND4) using primers NAP2 and

Table 1. Sampling locality names and abbreviations in parentheses, fin clips acquired, and voucher deposition of materials used in this study. Site
numbers correspond to those depicted in Figure 1. MSB¼Museum of Southwestern Biology, Division of Fishes, University of New Mexico. NA¼ no
catalog numbers assigned. Samples from the San Francisco River at the AZ-NM line were pooled into a single group for analysis. *Desert Sucker
samples from Saliz Canyon were included to identify levels of potential introgression.

Sampling locality
Site

number
Field

number
Samples
retained

Vouchers
retained
(MSB)

MSB
catalog # Latitude Longitude

SA Creek (SAC13) 1 DLP13-5712 30 4 94706 33.8780725 –108.8878245
Centerfire Creek (CFC13) 2 DLP13-5713 30 4 94707 33.8842362 –108.8592429
San Francisco at AZ-NM line (SFR14) 3 SMC14-016 5 5 100426 33.8234143 –109.0480488
San Francisco at AZ-NM line 3 SMC14-019 1 0 NA 33.8234143 –109.0480488
San Francisco at AZ-NM line 3 SMC14-020 16 5 100429 33.82069274 –109.052713
San Francisco, Head-of-Ditch (SFR13) 4 DLP13-5708 30 4 94705 33.8182165 –108.9916724
*Saliz Canyon 5 DLP13-5707 5 0 NA 33.6192125 –108.8935679
Sapillo Creek (SAP13) 6 JEW13-006 30 0 NA 33.04104492 –108.2280748
Sapillo Creek (SAP14) 6 TJP14-018 33 0 NA 33.04104492 –108.2280748
Mimbres River (MIM13) 7 DLP13-5706 31 4 94702 32.843893 –107.962259
Alamosa Creek (ALC14) 8 DLP14-5790 30 2 100422 33.56838795 –107.5916496
Jemez River, Canon (JEM13A) 9 TFT13-002 25 0 NA 35.66795896 –106.7438266
Jemez River, Jemez Springs (JEM13B) 10 TFT13-003 28 0 NA 35.78613366 –106.6871904

Fig. 1. Sampling locations of Rio
Grande Sucker. Inset maps indicate
two plausible routes for natural in-
troduction of Rio Grande Sucker into
the Gila Basin. Topographical lines
indicate a 250 m elevation incre-
ment. Green shades are lower and
yellow shades are higher elevations.
Site numbers correspond to localities
in Table 1.
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ARG BL following McPhee et al. (2008) and cytochrome b
(cyt b) using primers HA (50–CAACGATCTCCGGTTTACAA-
GAC–30) and LD (50–AGATAATGCAACGCTAAC–30; Schmidt
et al., 1998). Primer pairs targeted a 526-base pair (bp)
fragment of ND4 and a 303 bp region of cyt b, respectively.
Polymerase chain reaction (PCR) was conducted in 10 lL
reaction volumes, containing 1 lL diluted DNA, 1X Colorless
GoTaqt Flexi Buffer, 2 mM MgCl2 solution, 0.8 mM
dinucleotide triphosphates (dNTPs), 0.4 lM of both forward
and reverse primers, and 0.375 units of GoTaqt DNA
Polymerase. Thermal cycling consisted of initial denaturation
at 908C for 2 min, followed by 30 cycles of denaturation at
908C for 20–30 sec, annealing at 508C, extension at 728C for
30 sec, and a final extension at 728C for 30 min. Resulting
PCR fragments were sequenced using the ABI Big Dye Kit,
version 1.1 following manufacturer protocols. Unique hap-
lotypes were sequenced in forward and reverse directions to
verify haplotype designations. DNA sequences were com-
piled and aligned using Sequencher version 4.9 (Gene Codes
Corporation, Ann Arbor, MI).

Individuals with unique cyt b haplotypes based on
variation in the 303 bp fragment were sequenced for a
longer 986 bp fragment using LA and HA PCR primers
(Schmidt et al., 1998) and an annealing temperature of 508C.
The goal was to include these sequences in a more
comprehensive phylogeographic analysis that incorporated
sequences (GenBank Popset: 1475997046) from populations
in Mexico including the Guzman Basin (Corona-Santiago et
al., 2018).

All DNA samples were screened for variation at ten
microsatellite loci (Tranah et al., 2001; Turner et al., 2009).
PCR was conducted as above except annealing temperatures
were adjusted to locus-specific values of 498C (Xte11), 508C
(Dlu209, Dlu230, Xte10), 548C (Dlu456), 578C (Xte5), or
588C (Dlu229, Dlu4184, Dlu233) during thermal cycling.
One lL of PCR product was mixed with 10 ll formamide and
0.35 ll HD400 size standard and denatured at 908C for 5 min.
All samples were assayed on an automated ABI 3130 DNA
sequencer, and microsatellite fragment sizes were obtained
using Genemapper software and verified by visual examina-
tion of chromatographs.

Phylogeography.—The 986 bp cyt b dataset was aligned with
sequences from Corona-Santiago et al. (2018) and Unmack
et al. (2014; GenBank Popset: 595582941). Selected se-
quences included representatives from Rio Grande Sucker
populations in Mexico and other closely related species of
Pantosteus. Longnose Sucker Catostomus catostomus was
designated as the outgroup. We used jModeltest (Posada,
2008) to identify the most appropriate model of nucleotide
substitution. Gene trees were estimated using MrBayes v.
3.2.2 (Huelsenbeck and Ronquist, 2001) implemented in
the CIPRES Portal v. 3.3 cluster at the San Diego Supercom-
puter Center. The GTRþG model of nucleotide substitution
(six general time-reversible substitution rates, assuming
gamma rate heterogeneity) was used, and the analysis was
run for 13107 generations with sampling of the Markov
chain every 100 generations. This procedure resulted in
100,000 trees of which 10,000 were discarded as burn-in.
Support for nodes was determined by posterior probabilities
obtained from a majority-rule consensus tree visualized
using the program FigTree vers 1.4.3 (Rambaut, 2016). Three
replicate runs were conducted with different starting trees to
ensure consistency of tree topology.

Population structure.—We estimated unbiased gene diversity
(He), observed heterozygosity (Ho), allelic richness (AR), and
inbreeding coefficients (FIS) for microsatellite loci using the
package hierfstat (Goudet and Jombart, 2015) in R version
3.3.2 (R Core Team, 2016). Allelic richness is defined as raw
allele counts tabulated by locus and population that are
adjusted by a rarefaction procedure (Petit et al., 1998). This
allows for comparisons of adjusted AR across samples that
differ in size (Leberg, 2002). The frequency of private alleles
(i.e., those found only in a single population) was calculated
in GenAlEx 6.5 (Peakall and Smouse, 2012). To test whether
observed genotype frequencies conformed to Hardy-Wein-
berg expectation, we used R package pegas (version 0.9;
Paradis, 2010). Independent assortment of microsatellite loci
was assessed using a standardized index of association, r̄d

(Agapow and Burt, 2001), with resampling to test for
deviations, as implemented in the R package poppr (version
2.2.1; Kamvar et al., 2014). Sequential Bonferroni correction
was applied to account for inflated type I error rates
associated with multiple tests. In cases where FIS or Hardy-
Weinberg proportions were significantly different from
expectation for a particular site or locus, we used the
program MICROCHECKER v. 2.2.3 (Van Oosterhout et al.,
2004) to evaluate probable causes of deviation (e.g., null
alleles, stuttering, etc.).

Genetic differentiation of Rio Grande Sucker populations
was evaluated using a measure of genetic distance, FST. Values
of FST were calculated based on microsatellite allele frequency
differences observed between each pair of localities summa-
rized using the hierfstat package in R. Significance was
assessed by evaluating whether 95% bootstrapped confi-
dence intervals overlapped a value of zero. Bootstrap
confidence intervals were obtained from a distribution of
999 randomized replicates. Genetic differentiation of mtDNA
was assessed using UST, an analog of FST developed to account
for evolutionary distance among haplotypes. Values of UST

were estimated from Analysis of Molecular Variance (AMO-
VA) in the R package poppr (ver. 2.2.1; Kamvar et al., 2014)
using the ade4 implementation. Pairwise values of UST were
calculated for cyt b and ND4 using ARLEQUIN 3.5.2.2
(Excoffier and Lischer, 2010). Significance was assessed by
comparing observed values with a distribution of 999
bootstrap replicates.

Individual multi-locus genotypes were analyzed with the
program STRUCTURE v. 3.1 (Pritchard et al., 2000) using
microsatellite DNA data. STRUCTURE uses a Bayesian
approach to assign individuals to K clusters that are set to a
range of values from K ¼ 1 (no structure) to the number of
distinct sampling localities included in the analysis (in this
case 8). The program was run using the admixture model.
The ‘burn-in’ length for each run was 1,000,000, and data
were collected over 1,000,000 iterations. Five independent
runs were conducted for each value of K. To identify the most
likely value of K, Evanno’s DK (Evanno et al., 2005) statistic
was calculated using the R package strataG (Archer et al.,
2017). Prior to visualization of optimal K-values, indepen-
dent runs were combined using the algorithms implemented
in the CLUMPP program (Jakobsson and Rosenberg, 2007).

Approximate Bayesian computation.—We tested two scenarios
(Fig. 2) for the source and timing of appearance of Rio Grande
Sucker in the Gila Basin using an approximate Bayesian
computation (ABC) approach implemented in the package
DIYABC 2.1.0 (Cornuet et al., 2014). DIYABC estimates
divergence times in generations that we converted to years
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by multiplying a generation time of two years (McPhee,
2007). We reasoned that if populations in the upper San
Francisco River were introduced, the nearest source would be
Sapillo Creek or the Mimbres River, and divergence times
would be within the last 100 years or so. Therefore, we tested
two possible evolutionary scenarios. In Scenario 1, we posited
that the most recent common ancestor to the upper San
Francisco populations was Sapillo Creek. In Scenario 2, we
posited that it was the Mimbres River. Furthermore, if the
upper San Francisco was naturally colonized through a
corridor in the Gila River, their evolutionary history would
correspond to Scenario 1, but the divergence time would be
significantly greater than 100 years.

When developing scenarios, we treated the samples
collected in March 2013 as population samples at time t ¼
0. Samples collected during 2014 (from Sapillo Creek and the
San Francisco River mainstem) were sampled at time t¼ 0.5.
We assumed that parameter t1 corresponded to the time to
coalescence (as lineages merge backwards in time) of sampled
genes in SA Creek/Centerfire Creeks, and t2 to coalescence of
this group with the San Francisco River, respectively. In
Scenario 1, the time parameter t3 corresponded to coales-
cence between all San Francisco Basin populations and
Sapillo Creek, and t4 was the coalescence time of Gila and
San Francisco populations with the Mimbres River popula-
tion. In Scenario 2, the time parameter t3 represented
coalescence of all San Francisco populations with the
Mimbres River, while t4 corresponded to earlier coalescence
between Mimbres and Sapillo populations (Fig. 2).

Posterior values of all time parameters were estimated from
uniform priors ranging from 10–10,000 generations, but were
restricted by simulation conditions such that t4 � t3 � t2 � t1.
We also set uniform priors for genetic effective size Ne at each
coalescence event (10–30,000; i.e., N1, N2, N3&4...) except for
the Mimbres population (N7), where preliminary model runs
indicated a maximum prior of 50,000 of the posterior
distribution of Ne for this locality.

We modeled mutation rates differently depending on locus
type. Average mutation rate for eight dinucleotide microsat-
ellites was set to a range of 10–6 to 10–3 events/lineage/year
with all other settings in default mode. The mutation model

for tetra-nucleotide microsatellites were conducted using
default settings. Summary statistics based on one sample
(mean number of alleles, mean genic diversity) and two
samples (mean number of alleles, mean genic diversity, FST,
classification index, and shared allele distance) were calcu-
lated for each microsatellite mutation model using DIYABC.
Lastly, we modeled mutation rates of mtDNA loci using a
uniform prior from 10–8 to 10–6 with all other default values
in force. One-sample summary statistics calculated for
sequence data were number of haplotypes, number of
segregating sites, mean pairwise differences, Tajima’s D and
two-sample summary statistics were number of haplotypes,
number of segregating sites, mean pairwise differences, and
FST.

We simulated 106 pseudo-datasets for each scenario and
performed model checking using principal coordinate anal-
ysis (PCoA). Posterior probabilities for each scenario were
calculated using logistic regression on ten subsets of 1000
simulated datasets closest to the observed dataset. Parameters
were estimated from 10,000 datasets most similar to the
observed dataset using local linear regression. Performance
metrics for the simulations were reported as root of the
relative mean integrated square error (RRMISE), average
relative bias, and mode factor 2 score (i.e., the proportion
of simulated data sets whose point estimate falls between half
the true estimate and twice the true estimate). Smaller values
of RRMISE and average relative bias correspond to greater
precision and less bias of the estimate, respectively, whereas
factor 2 scores of closer to 1.0 are desirable.

RESULTS

In total, 294 individuals were sampled and assayed for
genetic variation at microsatellite and mtDNA loci (Table 1,
Fig. 1). Of these, 23 individuals were either identified as
Desert Sucker P. clarkii (e.g., Saliz Canyon, n ¼ 5) or as Rio
Grande Sucker 3 Desert Sucker hybrids. Introgressed individ-
uals, identified as Rio Grande Sucker based on morphological
characteristics but with Desert Sucker mtDNA haplotypes,
were found only in the Gila River populations at San
Francisco (n¼ 6), Centerfire Creek (n¼ 1), and Sapillo Creek
(n ¼ 11) sites. In total, 18 of 206 fishes assayed in the Gila
River drainage were hybrids. Desert Sucker and hybrid
individuals were not analyzed further.

Phylogeography.—Mitochondrial DNA sequence data from
the 986 bp cyt b fragment identified 11 new haplotypes
(GenBank Popset:1397644540) relative to GenBank entries
for this species. Eight new haplotypes occurred in the Gila
and Mimbres basins (A1–A8), and three occurred in the Rio
Grande Basin (J1–J3; Fig. 3). No haplotypes observed in the
Rio Grande were shared with any other population. Gene
trees from Bayesian analysis depicted a strongly supported
clade (posterior probability ¼ 0.98) that contained samples
from the Santa Maria/Del Carmen River System, Rio Grande,
Casas Grandes, Gila, and Mimbres basins. Upper Rio Grande
populations (Jemez River and Alamosa Creek) occupied a
basal position to the Casas Grandes, Gila, and Mimbres basin
clade (0.84).

Genetic variation.—Three of eight mtDNA ND4 haplotypes
(PPND-5, PPND-6, and PPND-7) observed here (Table 2, Fig.
4) were previously identified (McPhee et al., 2008). We also
observed five ND4 haplotypes not previously reported
(GenBank accession numbers KY940423–KY940427; Popset:

Fig. 2. Scenarios for introduction of Rio Grande Sucker into the Gila
Basin tested using Approximate Bayesian Computation (ABC). Site
numbers on tree tips and branches correspond to Table 1 and Figure 1.
Scenario 1 proposes most recent common ancestry of upper San
Francisco (sites 3 and 4) and Sapillo Creek (site 6) populations with the
Mimbres (site 7) as the source for all Gila Basin populations. Scenario 2
proposes that the Mimbres and San Francisco populations share most
recent common ancestry and Sapillo Creek as the source population.
Coalescent times are shown on the right axis. Temporally spaced
samples (2013 and 2014) were included at sites 3 and 4 (San Francisco
mainstem) and 6 (Sapillo Creek). Saliz Canyon (site 5) samples were
Desert Sucker and not included in ABC scenario testing.
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1397644578). One distinct ND4 haplotype (PPND-12) was

observed in Rio Grande samples (n ¼ 110) and four in the

Mimbres (n¼31) and Gila rivers (n¼172; Table 2, Fig. 4). Two

haplotypes (PPND-6 and PPND-7) were shared between

Mimbres and Gila river localities, and each drainage

maintained two unique haplotypes (Gila: PPND-9 and

PPND-10; Mimbres: PPND-11 and PPND-13) at moderately

high frequencies (Fig. 4).

A total of nine distinct haplotypes were observed in the 303

bp fragment of the mtDNA cyt b gene (GenBank accession

Fig. 3. MtDNA cyt b gene tree based
on Rio Grande Sucker obtained in
this study and others (Unmack et al.,
2014; Corona-Santiago et al., 2018).
Bayesian posterior probabilities are
indicated on branch nodes. Haplo-
types for the longer cyt b fragment
are named based on short fragment
haplotype letter designations and a
number (e.g., haplotypes cyt b A1–A8
are all haplotype A based on 303 bp
fragment screened for all individu-
als). See Data Accessibility for tree
file.
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numbers KY940404–KY940421). Similar to observations at
ND4, there were no shared haplotypes between the Rio Grande
(with four unique haplotypes) and Mimbres/Gila basins that
exhibited five unique haplotypes. One haplotype was shared
between Mimbres and Gila localities. Greatest haplotype

diversity and richness were observed at Mimbres and Gila
basin localities (Table 2). Within the Rio Grande Basin, the
Jemez River had the greatest haplotype diversity and richness.

Among microsatellite loci assayed, the number of alleles (k)
was highest for Dlu4184 (k ¼ 25), Dlu456 (k ¼ 20), and

Table 2. Sample sizes (n) and genetic diversity statistics for populations of Rio Grande Sucker. Populations with temporal sampling are indicated by
sample year (e.g., 13 or 14). Microsatellite summary statistics include Nei’s unbiased gene diversity (He), observed heterozygosity (Ho), allelic
richness (AR), number of private alleles (PA), and inbreeding coefficient (FIS). Summary statistics for mtDNA ND4 and cyt b (303 bp fragment) include
raw number of observed haplotypes (Nh), haplotype diversity (h), and haplotype richness (HR).

Sample location n

Microsatellites ND4 cyt b

He Ho AR PA FIS Nh h HR Nh h HR

SA Creek 30 0.599 0.576 5.42 1 0.027 4 0.653 3.90 2 0.379 2.00
Centerfire Creek 29 0.616 0.559 6.32 1 0.076 4 0.744 3.98 2 0.488 2.00
San Francisco 13 25 0.603 0.555 6.03 3 0.064 3 0.663 3.00 2 0.420 2.00
San Francisco 14 21 0.634 0.608 7.08 2 0.028 3 0.657 3.00 2 0.357 2.00
Sapillo Creek 13 26 0.594 0.576 5.18 1 0.054 3 0.557 2.77 1 0.000 1.00
Sapillo Creek 14 26 0.593 0.558 5.38 1 0.058 2 0.508 2.00 1 0.000 1.00
Mimbres River 31 0.665 0.657 7.55 15 0.017 4 0.604 3.61 4 0.295 3.25
Alamosa Creek 30 0.401 0.348 3.74 2 0.109 1 0.000 1.00 1 0.000 1.00
Jemez River A 24 0.367 0.382 3.87 2 –0.042 2 0.228 2.00 4 0.260 3.73
Jemez River B 28 0.344 0.310 3.58 1 0.041 2 0.205 1.99 2 0.313 2.00

Fig. 4. Minimum-spanning mtDNA
ND4 haplotype network for Rio
Grande Sucker. Circle size is propor-
tional to haplotype frequencies and
shading indicates sample site. Hap-
lotypes PPND01–PPND08 were pre-
viously detected (McPhee et al.,
2008) and PPND09–PPND13 are
new. Small black dots indicate in-
ferred (but unsampled) haplotypes.
Hash marks indicate observed nucle-
otide site changes. Asterisks mark
haplotypes previously identified in
Rio Grande Sucker, but not detected
in this study.
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Dlu229 (k¼19) and lowest for Dlu233 (k¼8), Dlu230 (k¼5),
and Xte4 (k ¼ 2). One site-by-locus comparison, Dlu233 at
Centerfire Creek, exhibited significant departures from
Hardy-Weinberg expected genotype frequencies after Bon-
ferroni corrections were applied. In tests for linkage disequi-
librium, r̄d values were not significantly different from zero
(range: –0.023–0.060) for all samples after adjustment for
multiple tests. Genetic diversity, He, was greater in Gila and
Mimbres populations compared with Rio Grande popula-
tions. The Mimbres population had the highest microsatellite
diversity (He¼0.67, Ho¼0.66, AR¼7.55; Table 2) followed by
the San Francisco (averaged across sites He¼ 0.62, Ho¼ 0.58,
AR ¼ 6.55) and Sapillo (He ¼ 0.59, Ho ¼ 0.57, AR ¼ 5.28).

Population structure.—Pairwise FST values were significantly
different from zero except for those between temporally
spaced Jemez River samples (FST ¼ 0.003, 95% CI ¼ –0.009–
0.013), between temporally spaced Sapillo Creek samples (FST

¼–0.001, 95% CI¼–0.012–0.014), and between SA Creek and
Centerfire Creek samples in the upper San Francisco (FST ¼
0.02, 95% CI¼ 0.002–0.041; Supplemental Tables 1A and 1B;
see Data Accessibility). Differentiation was high between the
Rio Grande and Mimbres (maximum FST ¼ 0.333) and Rio
Grande and Gila basins (maximum FST¼ 0.430). As expected
from phylogeographic analysis, differentiation between the
Mimbres and Gila catchments was lower (FST ¼ 0.075
between Mimbres and upper San Francisco, FST ¼ 0.061
between Mimbres and Sapillo Creek). Lastly, UST calculated
from AMOVA from mtDNA ND4 and cyt b haplotype

frequency data indicated a high degree of differentiation
between Rio Grande and Mimbres plus Gila basin samples
(UST ND4 ¼ 0.615, P , 0.001; UST cyt b ¼ 0.773, P , 0.001;
Supplemental Table 2; see Data Accessibility).

We plotted individual q-values derived from STRUCTURE
analysis of microsatellite data to further test for genetic
differentiation among populations of Rio Grande Sucker.
Based on likelihood and Evanno DK statistics, the most likely
number of distinct genetic units (K) was K ¼ 2, which
recovered strong differentiation between the Gila/Mimbres
and Rio Grande basins (Fig. 5). We also found support for K¼
5 that split the Gila/Mimbres into three units of upper San
Francisco (SA Creek, Centerfire Creek, and the San Francisco
River), Sapillo Creek, Mimbres River, and samples from the
Rio Grande (Fig. 5).

ABC scenario testing.—Of two introduction scenarios exam-
ined, the most likely scenario included Sapillo Creek as the
most recent common ancestor of San Francisco Basin
populations, and the Mimbres River as the source for all
Gila Basin populations (logistic regression estimated posteri-
or probability¼ 0.963, 95% CI¼ 0.927–0.999) as depicted in
Scenario 1 (Fig. 2). Estimated mean mutation rates for
tetranucleotide and dinucleotide microsatellites were
3.17310–5 and 2.86310–4, respectively (median values from
each posterior distribution; Table 3). Estimated mutation rate
for mtDNA sequence was 7.31310–8. The coalescence time of
San Francisco and Sapillo Creek populations, parameter t3,

was estimated to be 1,180 generations (95% CI: 378–3,790),

Fig. 5. STRUCTURE assignment plots
for K ¼ 2 (top panel) and K ¼ 5
(bottom panel). The x-axis is individ-
uals grouped by sample location, and
the y-axis is the probability of assign-
ment (i.e., q-values) into 1 of K
groups. Each group is represented
by different colors. Site names are
abbreviated from Table 1 (numbers
represent samples taken in 2013 or
2014) and cross-reference site num-
bers on Figure 1.
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which, given a generation time of two years, would be
roughly 2,300 years ago. The estimated coalescence time, t4,
between Sapillo and Mimbres populations was 2,040 gener-
ations (427–8,390), or about 4080 years ago (Table 3).
Average relative bias was positive for all coalescent times
(Table 3).

DISCUSSION

The hypothesis that Rio Grande Sucker was recently
introduced by humans was widely accepted until Crabtree
and Buth (1987) proposed an older stream capture event as
an alternative explanation for its presence in the Gila Basin.
In a survey of allozyme variation across the species range in
New Mexico, those authors showed that the Rio Grande
Sucker population in Sapillo Creek (spelled ‘Sapello’ in their
paper) and the Mimbres River were most similar to one
another, yet differed in allele frequencies at seven of 45 loci
assayed. However, they observed low levels of polymorphism
that precluded an explicit test of the stream capture
hypothesis. Later, McPhee et al. (2008) re-examined the
origin of the Sapillo Creek population using mtDNA and
microsatellite DNA loci. Like Crabtree and Buth (1987), they
found that Sapillo Creek shared recent ancestry with the
Mimbres population but harbored a number of unique or
‘private’ microsatellite alleles indicative of native status.
However, an explicit hypothesis test was not conducted
because of small sample sizes and limited geographic
sampling.

There is good reason for circumspection about the origin of
Rio Grande Sucker in the Gila Basin. Until recently, it was
very difficult to discern a modern human-mediated intro-
duction from a natural event that occurred within the last
few thousand years (or so) based solely on genetic data.
Inferential power to distinguish fine-scale temporal differ-
ences depends on a number of factors like genetic diversity of
source and introduced populations, demographic details of
introduction, geographical pathways of spread, and evolu-
tionary rates of the genetic markers used (Pascual et al.,
2007). Our study builds on previous work by adding data
from putative ancestral Rio Grande Sucker populations in
Mexico (e.g., Unmack et al., 2014; Corona-Santiago et al.,
2018) and more extensive geographic sampling of Gila Basin
populations, including material from the San Francisco River
and its tributaries. We also employed an approximate
Bayesian computational (ABC) analytical framework that

explicitly incorporates genetic and demographic factors into
tests for different introduction scenarios (Beaumont et al.,
2002).

Phylogeographic analysis showed that all Gila Basin
populations share recent common ancestry and share
haplotypes with the Mimbres River population. Monophyly
of Mimbres plus Gila haplotypes was not strongly supported
(Bayesian posterior probability was 0.77), and together, these
populations share recent ancestry with those in the Rio Casas
Grandes that is geographically proximal to Mimbres River in
the ancestral and now endorheic Guzman Basin. Rio Grande
Sucker populations in the upper Rio Grande Basin (Jemez
River and Alamosa Creek) form a well-supported sister
lineage that became isolated much earlier, diverging from
other Guzman Basin populations probably in the late
Pliocene or early Pleistocene following recession of the
Cabeza de Vaca paleo-lake system (McPhee et al., 2008;
Corona-Santiago et al., 2018). Importantly, phylogeographic
analysis ruled out headwater capture or human-mediated
translocation from other geographically proximal sources
(e.g., the Little Colorado System via upper Rio Grande
tributaries) for the origin of Gila River Rio Grande Sucker.

Patterns of allelic differentiation between Mimbres River
and Sapillo Creek populations were comparable with previ-
ous studies after introgressed individuals were excluded from
analysis. For example, in Sapillo Creek we found unique or
‘private’ alleles at two microsatellite loci that occurred at a
low (0.03) average frequency. Private alleles were also
identified at five loci in the San Francisco River population,
again at low (0.03) average frequency. Two mtDNA ND4
haplotypes (PPND9 and PPND10) and a single cyt b
haplotype (cyt b_B) were present only in Gila Basin
populations at low (0.02) to moderate (0.30) frequencies.
STRUCTURE analysis of multi-locus microsatellite genotypes
indicated that populations in the Gila Basin formed a distinct
cluster relative to Mimbres and Upper Rio Grande popula-
tions that mirrored results from phylogeographic analysis
and the distribution of private alleles. Overall, there was
evidence of moderate to strong population structure between
Mimbres and Gila basin populations, with presence of
unique alleles that have evolved independently across basins.

Using ABC, we rejected introduction within the last 150
years as a plausible explanation for observed differentiation
and allelic diversity across the Mimbres and Gila basins. The
most strongly supported scenario was a headwater capture

Table 3. Mean and median and 95% CI from the posterior distributions for parameter estimates using approximate Bayesian computation and
Scenario 1. Parameter precision and bias estimates are root of the relative mean integrated square error (RRMISE), average relative bias (ARB), and
mode factor 2 score. Subscripts for effective size (N) correspond to site numbers in Table 1. Subscripts for the coalescent times (t) in generations
correspond to the right axis of Figure 2.

Parameter Mean Median 2.5% 97.5% RRMISE ARB Factor 2

N1 10600 9290 2510 26100 2.155 1.053 0.634
N2 20800 21400 8240 29400 0.603 �0.023 0.856
N3&4 21700 22200 11600 29100 0.347 0.039 0.972
N6 12400 11700 3850 25800 1.087 0.563 0.778
N7 34700 35200 19200 47400 0.369 �0.073 0.93
t1 249 212 41.5 662 2.529 0.659 0.722
t2 493 428 142 1230 2.059 0.755 0.838
t3 1410 1180 378 3790 1.420 0.371 0.852
t4 2690 2040 427 8390 1.638 0.422 0.744
ldi 3.67310�5 3.17310�5 1.21310�5 9.09310�5 1.64 0.430 0.874
ltet 3.38310�4 2.86310�4 7.10310�5 8.29310�4 1.594 0.518 0.628
lmtD 8.39310�8 7.31310�8 2.55310�8 2.05310�7 0.958 0.053 0.774
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event from the Mimbres to Sapillo Creek about 4000 years
ago, followed by dispersal from Sapillo and establishment of
San Francisco River populations that occurred roughly 2000
years ago. Time estimates are based on coalescence of genes
in the sample, which themselves depend on mutation rates
of the markers employed, effective population sizes, and the
probable route of colonization and diversification. Mutation
rates estimated by DIYABC were comparable to empirically
derived estimates of nucleotide substitution rates at mtDNA
loci (Corona-Santiago et al., 2018) and di- and tetranucleo-
tide microsatellite loci (Ellegren, 2004; and references
therein). The model also recovered large effective sizes (Ne

on the order of 103 to 104) for both Gila and Mimbres, which
is consistent with high levels of genetic diversity observed in
these populations.

Hydro-climatic conditions during the late Holocene pro-
vide circumstantial support for natural dispersal from the
Mimbres drainage to Sapillo Creek, and from there, to
headwater tributaries of the San Francisco River. Evidence
for alternating dry and wet periods during the mid to late
Holocene in the American Southwest is found in the timing
of arroyo formation (e.g., Waters and Haynes, 2001), pluvial
lake stratigraphy (e.g., Krider, 1998), packrat middens
(Holmgren et al., 2006), and stalagmite banding and
chemical composition (Polyak and Asmeron, 2001). Follow-
ing an extended dry period, a pluvial period that lasted about
1000 years was initiated about 4000 years before present
(Polyak and Asmeron, 2001). Subsequent moisture pulses
occurred around 2800 and 2000 years before present.
Potentially, these neo-pluvial episodes provided opportunity
for Rio Grande Sucker to reach the Gila Basin and disperse to
the upper San Francisco River and tributaries.

While ABC has emerged as a powerful method for testing
hypotheses regarding introduction scenarios, there are a
number of caveats and much yet to discover about its
statistical properties. Criticisms of the approach revolve
around a limited number of alternative models usually
examined (as in this case), bias, choice of summary statistics
to evaluate the posterior distribution and others (Templeton,
2009; Sunnåker et al., 2013). In our case, we evaluated only
two colonization scenarios, but argue that their relevance is
motivated by phylogeographic analysis at a broader geo-
graphic scale and previous work (Crabtree and Buth, 1987;
McPhee et al., 2008). Coalescence time estimates exhibited
positive bias suggesting overestimation. However, estimates
of t3 and t4 that correspond to coalescence of San Francisco
and Sapillo and Gila with Mimbres groups, respectively,
exhibited lowest bias and greatest precision of all estimated
parameters. It is also somewhat reassuring that recent
human-mediated introduction events have been detected
with high probability in Santa Ana Sucker P. santaanae using
DIYABC and very similar genetic markers (Richmond et al.,
2018).

Fewer than 9% of Gila River individuals exhibited mtDNA
introgression with Desert Sucker P. clarkii. There was some
evidence of cytonuclear disequilibrium because introgressed
fish did not exhibit intermediate morphology and did not
share many microsatellite alleles with ‘pure’ Desert Sucker.
Together, these data indicate that Rio Grande Sucker
maintains genetic cohesion as a species and has not formed
a hybrid swarm with Desert Sucker in the Gila Basin. In our
sampling, we found that where Rio Grande Sucker was
present in high numbers, Desert Sucker was present in low
numbers or absent, and vice versa. It is not known how
habitats or resources are partitioned between species, if there

are post-mating isolating mechanisms, or whether there is
selection against hybrids, but it is possible that Rio Grande
Sucker are more successful in upland stream reaches that
exhibit lower temperatures. If this is correct, contact between
species is expected to increase as the climate warms over the
next few decades, which may pose challenges for conserva-
tion.

We conclude that Rio Grande sucker is native to the upper
Gila River Basin and is found in Sapillo Creek and the upper
San Francisco River mainstem and tributaries. These findings
document a natural geographic range expansion and previ-
ously unrecognized diversity in the species. Because they
harbor considerable genetic variation, Gila Basin populations
may become important in conservation efforts for Rio
Grande Sucker. The species is declining in the upper Rio
Grande in the United States and is being considered for
listing under the Endangered Species Act. It is also perceived
to be declining precipitously in Mexico (Natureserve, 2013).
Evolutionary affinity of Gila Basin and Mimbres populations
to Casas Grandes River populations in Mexico suggests the
need for binational conservation efforts that consider the full
range of species diversity.
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