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EXECUTIVE SUMMARY 

Colorado Pikeminnow (Ptychocheilus lucius) is an endangered fish endemic to the 
Colorado Basin, with wild populations limited to the Colorado, Yampa, and Green Rivers. To 
further recovery, a broodstock population has been maintained at the Southwestern Native 
Aquatic Resources and Recovery Center for augmentation of captive-reared individuals into the 
San Juan River. While the original broodstock was established in 1973, only the 1991 cohort 
from the Colorado River lineage currently contributes to reintroduction efforts. Three additional 
cohorts (mixed Colorado/Green Rivers 2006, Green River 2008, and Colorado River 2016) have 
been maintained for consideration as additions to the current broodstock or for creating a new 
broodstock. Until recently, the history of the Colorado Pikeminnow broodstock and its lineages 
was unknown; records indicate these populations were established under less than ideal 
conditions and predate current genetic management practices. Given the importance of 
maintaining the adaptive potential of captive populations, the genetic diversity of these lineages 
were evaluated and contextually placed within their known history. Results were compared to 
their wild counterparts and the repatriated San Juan population in order to evaluate contributions 
toward recovery, potential limitations and recommendations moving forward. Genetic diversity 
was consistently low for all domestic lineages with results warranting considerable concern 
about their continued use without genetic contribution from wild fish. These results likely 
explain the lower diversity observed in the repatriated San Juan population. Genetic diversity 
was higher in wild populations; however, estimates of effective population size warrant concern 
for maintaining the evolutionary potential of these populations in perpetuity without more 
strenuous genetic management.  
 
INTRODUCTION 

Human impacts on natural ecosystems have made native environments inhospitable for 
some endemic species; without immediate conservation actions many would go extinct. One 
conservation strategy used to prevent extinction and restore self-sustaining populations is 
captive-breeding. This practice has proven invaluable to the conservation of some of the most 
threatened species on earth (Frankham 2008); yet, considerable drawbacks remain. In particular, 
maintaining the adaptive potential of captive populations that is reflective of their wild 
counterparts can be difficult. The loss of genetic diversity while in captivity can occur quickly 
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and factors that promote and maintain genetic diversity are commonly absent from captive 
environments (Araki et al. 2007; Frankham 2008; Johnsson et al. 2014). This often-irreversible 
loss via founder effects, inbreeding, genetic drift, and relaxed selection can limit repatriation 
success (Snyder et al. 1996; Neff et al. 2011; Willoughby et al. 2015; Willoughby et al. 2017). 
Such evolutionary change can affect mating behaviors, fecundity, and/or fertility of captive-bred 
individuals resulting in lower fitness. Consequently, the genetic management of captive 
populations has become an integral part of species recovery (Matocq and Villablanca, 2001; 
Frankham et al. 2002).  

Management of Colorado Pikeminnow (Ptychocheilus lucius) has become necessary due 
to habitat degradation, over-allocation of freshwater resources and the introduction of non-
natives, which led to the drastic decline of the species. This long-lived, piscivorous minnow was 
once found throughout the Colorado River and its tributaries; today, it occupies approximately 
25% of its historic range (Moyle 1976; Minckley 1985; 1991). In response, the U.S. Fish and 
Wildlife Service listed the species as endangered in 1967 (32 FR 4001), and soon after a captive-
breeding program was initiated to promote recovery. Augmentation of extirpated populations in 
the Verde, Salt, and San Juan Rivers began using captive-bred fish in an effort to reestablish self-
sustaining populations (U.S. Fish and Wildlife Service 2005; 2015; 2016). The San Juan remains 
the only augmentation program with successful survival and reproduction of stocked Colorado 
Pikeminnow (Farrington et al. 2015; Schleicher 2016). Although augmentation is only conducted 
for the San Juan River, a recent Population Viability Analysis (PVA) showed that current 
conditions, such as low baseline flows, continue to threaten the persistence of wild populations in 
the Upper Basin with declines in population size continuing (Miller 2018). Thus, evaluating the 
genetic diversity of current captive populations is not only critical for effective recovery in the 
San Juan River, but could prove necessary if Upper Basin populations rely on captive-breeding 
in the future.   

The Southwestern Native Aquatic Resources and Recovery Center (Southwestern ARRC; 
Dexter, New Mexico) maintains the only captive population (i.e., broodstock) of Colorado 
Pikeminnow. The long history of this population is relatively complex and this captive-breeding 
program was undertaken before more recent advances in population and conservation genetics. 
Captive populations that historically lacked genetic management can present unforeseen and 
difficult challenges for species recovery (Soulé and Wilcox 1980; Frankel and Soulé 1981; 
Schonewald-Cox et al. 1983; Falk and Holsinger, 1991; Frankham 1995). Providing a detailed 
history, when known, should provide context for current patterns of genetic diversity in the 
captive broodstock and offer insight about the genetic integrity of this population as it relates to 
current and future augmentation programs. Thus, the objectives of this study were to 1.) clarify 
the history of the Colorado Pikeminnow broodstock held at Southwestern ARRC, 2.) estimate 
the genetic diversity for each captive lineage and cohort, 3.) compare genetic diversity estimates 
among captive and wild populations, and 4.) evaluate the genetic diversity of San Juan River 
larval fish spawned by repatriated individuals in order to assess how broodstock diversity has 
shaped this population. 
 
COLORADO PIKEMINNOW BROODSTOCK HISTORY 
 Captive management of Colorado Pikeminnow began in 1973 with the collection of eight 
wild adults from the Yampa River in Dinosaur National Monument, Colorado. These fish [F0-
YA(1973)] were transported to Willow Beach National Fish Hatchery (NFH) in Arizona ( Box 1; 
Figure 1). Unfortunately, one of the captured females died shortly after arrival and the sex ratio 
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of the remaining seven adults is unknown. This wild 
broodstock was used in the first successful spawning of 
Colorado Pikeminnow in a hatchery environment in 
1974 and the resulting offspring [F1-YA(1974)] were 
soon designated as future broodstock (Toney 1974). 
Between 1975-1978 a series of broodstock collections 
were made from both the Colorado and Green Rivers 
[F0-CO/GR(1975-78)] to increase the size of the 
broodstock population at Willow Beach. While a total 
of 44 fish were collected during this period, mortality 
over the next few years was high and by the summer of 
1979 all of the F0-YA(1973) fish were deceased and 
only twenty individuals remained from the Green and 
Colorado River [F0-CO/GR(1975-78)] collections.  

In June 1979, a decision was made to split the 
F1-YA(1974) cohort among three facilities, and in 
March 1980 the Southwestern ARRC (known then as 
Dexter National Fish Hatchery and Technology Center) 
received 271 individuals from Willow Beach NFH. In 
1981, thirteen individuals (10 males; 3 females) from 
the remaining F0-CO/GR(1975-78) population were 
spawned [F1-CO/GR(1981)] at Willow Beach NFH. 
While we were unable to obtain the original spawning 
records to determine how this effort was conducted, we presume all pairwise crosses were made 
based on reports provided by Morizot et al. (2002). In the fall of 1981, Southwestern ARRC 
received three lots of fish: an additional 100 from the F1-YA(1974) cohort, the remaining 
thirteen F0-CO/GR(1975-78), and 1,000 individuals from the F1-CO/GR(1981) cohort. The F1-
CO/GR(1981) were reared to start a new year class of broodstock for future use (Dexter National 
Fish Hatchery and Technology Center 1981). One male and one female from the F0-
CO/GR(1975-78) broodstock persisted at Southwestern ARRC until 1989. 

A new lineage was brought into captivity at Southwestern ARRC in 1990. These adult 
fish were collected from the Colorado River [F0-CO(1990)] between river miles 135-181 and 
comprised a total of ten individuals (7 males; 3 females). In 1991, these fish were spawned to 
produce the F1-CO(1991) cohort. All three females produced eggs, which were split among each 
male to produce 21 pairwise crosses (Jensen 1994). By 1992, 15 of the 21 crosses had survived. 
There was interest in reproducing crosses that observed total mortality; however, by spring of 
1992 eight of the ten F0-CO(1990) were deceased; the remaining two were returned to their 
capture location in the Colorado River. By the end of 1992 the following populations remained: 
141 F1-YA(1974), 196 F1-CO/GR(1981), and an unknown number of young-of-year F1-
CO(1991). Over the next few years, natural recruitment occurred within the Southwestern ARRC 
broodstock ponds and some of these individuals were recruited to the F1-CO(1991) cohort 
(Hamman, R. & Ulibarri, M. per. comm.); it is unknown which population(s) produced those 
recruits and how many of those individuals were retained with the F1-CO(1991) cohort. 

Maintaining a species in captivity is inherently risky. In 2008, a large number of 
Southwestern ARRC broodstock were lost due to an unfortunate shift in water chemistry 
(Hamman, R. & Ulibarri, M. per. comm.). In response, a subset of several hundred individuals                                                                                                                                  

Box 1 
Broodstock Nomenclature 

 

Each captive population has been 
given a unique name which is used 
throughout the report, e.g. F0-
YA(1973). The name includes:  
1) The generation of that population, 
where F0 indicates wild individuals, F1 
indicates the offspring of wild fish, F2 
indicates the offspring of F1 
individuals, etc. 
2) The lineage where wild fish or 
founding individuals of the population 
were collected, including the Yampa 
(YA), Green (GR) or Colorado (CO) 
Rivers. Populations with ancestry from 
multiple rivers are indicated with both 
names (e.g. CO/GR) 
3) The year that the individuals were 
either collected or spawned in 
parentheses. 
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that were provided to Bubbling Ponds Fish Hatchery (Cornville, AZ) were returned to 
Southwestern ARRC (Hamman, R. & Ulibarri, M. per. comm.). These returned, age-2 fish were 
spawned in 2006 to meet stocking commitments for the San Juan, Salt and Verde Rivers; they 
were opportunistically returned to act as a backup broodstock. Thus, spawning of this mixed 
lineage cohort [F2-CO/GR(2006)] was not given the same genetic consideration that would have 
been undertaken for broodstock development. Nonetheless, hatchery records show that the 
number of adults that were spawned to produce this population was reasonable; pair-spawning 
was conducted between three pairs from the F1-CO/GR(1981) cohort and thirty pairs from the 
F1-CO(1991) cohort. Eggs produced by each pair were incubated in separate hatch trays. Egg 
mortality during this incubation stage was high due to fungal infection (Knight, W. & Ulibarri, 
M. per. comm.). Hatchery records do not indicate which pairs successfully hatched; however, 
approximately 334,000 survived, >300,000 of which were stocked into the San Juan River 
(Dexter National Fish Hatchery and Technology Center 2006). To date, several hundred 
constitute the F2-CO/GR(2006) cohort, which have never been spawned to meet stocking 
commitments. 
 More recent efforts have been made to augment the Colorado Pikeminnow broodstock at 
Southwestern ARRC with wild genetic diversity. In 2007 and 2008, 23 wild, young of year 
(YOY) fish were brought to the facility from the Green River [F0-GR(2008)]. They have been 
maintained with the F2-CO/GR(2006) cohort with the two being readily distinguishable because 
the F0-GR(2008) fish each received Passive Integrated Transponder (PIT) tag. In 2016, 
approximately 150 individuals were collected in the Colorado River [F0-CO(2016)]. An 
inventory, tagging, and tissue collection completed in April 2018 indicated that 131 fish remain. 
The most recent effort happened in August of 2018 to collect fish from the Green River [F0-
GR(2018)]. Although a large number (N~350) of YOY were collected, high water temperatures 
in the field increased stress during transport, which resulted in high mortality; approximately 12 
individuals survived. At present, the following populations are maintained at the Southwestern 
ARRC: F1-CO(1991), F2-CO/GR(2006), F0-GR(2008), F0-CO(2016), and F0-GR(2018). Of 
these, the F1-CO(1991) cohort is the only lineage that has contributed to San Juan River 
augmentation efforts.  
 
METHODS 
 
Sampling 

A total of 1,331 samples collected between 2004 and 2018 was examined for this study 
(Table 1). Nonlethal, genetic sampling of caudal fin tissues were obtained from 606 adults from 
the captive populations (i.e., cohorts) at Southwestern ARRC (N = 154 F0 and N = 452 F1-F2). 
For comparison, 725 wild samples from three Upper Basin rivers (Figure 2) were also collected: 
1) 90 Green River adult samples (released at point of capture) provided by Utah Division of 
Wildlife; 2) 342 wild Yampa River larvae were provided by the Colorado State University 
Larval Fish Laboratory; and 3) 293 wild San Juan River larval samples were provided by the 
American Southwest Ichthyological Researchers. In terms of spatial distribution of the larval 
samples, Yampa River collections were limited to a collection at a single site, whereas San Juan 
samples were obtained from a 140 mile reach of the river from multiple sites (Farrington et al. 
2015; Diver and Wilson 2018). 
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Table 1. Summary of samples by: source (Southwestern ARRC or wild), lineage (captive) or river (wild), and cohort or year sampled 
(wild).  Broodstock nomenclature: 1) generation (e.g., F0, F1, and F2) with wild captured individuals designated as F0, first generation 
fish as F1, and second generation as F2; 2) lineage source population code (CO = Colorado River, GR = Green River, and YA = 
Yampa River); and 3) year class, if known, or year of capture (e.g., 81, 91). Additional information includes: sample size (N) for each 
population, year class, river mile sections where individuals were captured, life stage when tissues were collected, and parental 
heritage (i.e., captive populations, wild or parents repatriated as larvae from Southwestern ARRC). 

Source Lineage  
or River 

Cohort or 
Year Collected N Year Class River 

Mile Age Parents 

Southwestern 
ARRC Mixed  F1-CO/GR(81) 39 1981 NA Adult F0-CO/GR(80) 

    F2-CO/GR(06) 200 2006 NA Adult F1-CO/GR(81) & F1-CO(91) 
 Colorado F1-CO(91) 213 1991 NA Adult F0-CO(90) 
  Green F0-GR(08) 23 2007 & 2008 50-65 Adult wild 
  Colorado F0-CO(16) 131 2016 51-94 Juvenile wild 

Wild Yampa 2011 48 2011 0.6 Larvae wild 
   2012 49 2012 0.6 Larvae wild 
   2013 96 2013 0.6 Larvae wild 
   2014 99 2014 0.6 Larvae wild 
    2015 50 2015 0.6 Larvae wild 
  Green 2007 16 unknown unknown Adult wild 
    2015 74 unknown 6-179 Adult wild 
  San Juan 2011 31 2011 7-93 Larvae repatriated - SNARRC 
   2014 124 2014 3-117 Larvae repatriated - SNARRC 
   2015 23 2015 57-95 Larvae repatriated - SNARRC 
    2016 115 2016 5-147 Larvae repatriated – SNARRC 

 
 
 



                                                                                                                                            Final Version 25 June 2020 

7 
 

Microsatellite Genotyping 
Genomic DNA was extracted using DNeasy® Blood and Tissue Kits (Qiagen, Valencia, 

CA, USA). Twenty-four microsatellite loci (Martin et al. 2015) were used to genotype samples 
using 10 μl reactions that contained the following: 1 μl DNA, 3 μl Qiagen Multiplex Master 
Mix® (Qiagen, Valencia, CA, USA), 0.2 μl of both forward and reverse primers, and 5.6 μl of 
nuclease-free water. Forward primers were labeled with one of four fluorescent dyes (6-FAM, 
PET, NED, VIC; Applied Biosystems, Inc., Foster City, CA, USA). Amplification for all 
samples consisted of a “touchdown” protocol, which included an initial denaturing step of 95°C 
for 15 min, followed by 35 cycles of 94°C for 60 s, 56°C for 45 s, and 72°C for 60 s, with a final 
extension of 10 min at 70°C; the annealing temperature decreased by 0.2°C for each cycle.  
Amplified products were processed on an ABI 3500xL Genetic Analyzer. Composite genotypes 
for individual fish were compiled using GeneMapperTM 4.0 software (Applied Biosystems, Inc., 
Foster City, CA, USA). To verify the results, a 10% Quality Assurance / Quality Control 
(QA/QC) process consisting of secondary scoring of all genotypes by a second researcher, and 
independently re-extracting, amplifying, and scoring for 10% of the samples was conducted. 

 

 
Figure 2. Distribution of sampled wild Colorado Pikeminnow (Ptychocheilus lucius) populations 
in the Upper Colorado River Basin. Populations are displayed by source location with the Yampa 
River displayed in yellow, the Green River represented in blue, the Colorado River in red, and 
the repatriated San Juan River in orange. 
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Data Analysis 
Evidence for genotyping errors, null alleles, and allele drop-out were checked using 

Micro-Checker 2.2.3 (Van Oosterhout et al. 2004). Departures from Hardy-Weinberg 
Equilibrium (HW) and linkage disequilibrium (LD) were tested using Genepop version 4.2 
(Raymond and Rousset 1995). Alpha (0.05) was adjusted for multiple comparisons using a 
Bonferroni correction (Rice 1989). Loci were retained if assumptions of HW and LD were met in 
wild adult populations. GenAlEx (Peakall and Smouse 2006, 2012) was used to calculate: allele 
frequency, private alleles (PAL), expected heterozygosity (HE), observed heterozygosity (HO), 
and inbreeding coefficient (FIS). Estimates of divergence among populations (FST) were 
calculated in FSTAT v2.9.3.2 (Goudet 1995, 2002). Allelic richness (AR) was estimated using 
the R package hierfstat (Goudet 2005). These calculations were conducted for each sampled 
group (Table 1).  

Estimates of effective population size (Ne) or the effective number of breeders (Nb) were 
obtained for all previously described groups using sibship-assignment (SA) method in COLONY 
version 2.0.4.0 (Jones and Wang 2010). This software uses a maximum likelihood method to 
estimate relationships among offspring belonging to a single cohort by identifying full and half-
sibling families while incorporating genotyping errors (i.e., E1 and E2) and allowing for 
inferences related to the mating strategy of the organism. Genotyping errors were calculated 
using PEDANT version 1.0 to estimate both allelic dropout (E1) and false allele error rates (E2) 
(Johnson and Haydon 2007). All analyses in COLONY were conducted separately for each 
population to estimate either Ne or Nb. For all wild populations, male and female polygamy was 
assumed and parameter settings (i.e., dioecious, diploid, inbreeding, medium run length, full-
likelihood with medium likelihood precision, no sibship prior, and updated allele frequencies) 
were maintained across populations. For hatchery populations where records indicated paired 
spawning was conducted to produce broodstock cohorts, the setting for mating strategy was 
changed to male and female monogamy.  Low error rates were estimated at all loci (dropout rate 
E1 = 0.01-0.11; false allele error rate = E2 0.02-0.06) and were provided independently for each 
locus (results not reported here).  

Population structure was examined using both the Bayesian clustering method as 
implemented in STRUCTURE v2.3.2 (Pritchard et al. 2000) and a Discriminant Analysis of 
Principal Components (DAPC) using the package “adegenet” (Jombart and Ahmed 2011) in the 
R statistical language (R Development Core Team 2015). The admixture model assuming gene 
flow among populations with correlated allele frequencies was applied in STRUCTURE. Twenty 
iterations were performed for each K (the number of genetic clusters) with the true K assumed to 
be between 1 and 10 genetic clusters.  For each run, a burn-in of 100,000 iterations was 
performed followed by 1,000,000 iterations of data collection. True K was estimated using the 
Evanno et al. (2005) method as implemented in STRUCTURE HARVESTER (Earl and 
vanHoldt 2012) and results were visualized using the R statistical language. For the DAPC, 
populations were determined by sampling location (i.e., river or lineage) rather than by 
STRUCTURE cluster (K). Cross-validation was performed to determine the number of principal 
components to retain based on cumulative variance explained by the eigenvalues of the Principal 
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Component Analysis. A discriminant analysis on the retained principal components was then 
performed on the loadings to visualize between- and within-group variance. Each population structure 
analysis was conducted for the following groups: all populations and samples, wild populations 
including wild collected lineages and captive spawned lineages. 

Three studies conducted prior to this report have examined population structure and 
genetic diversity of Colorado Pikeminnow in both wild and captive populations. However, these 
were published between 1989 and 2006 (Ammerman and Morizot 1989; Morizot et al. 2002; 
Borely and White 2006) and their sampling does not include the current captive lineages at 
Southwestern ARRC, making it unlikely that these studies reflect the current genetic status of 
captive Colorado Pikeminnow. Nonetheless, their findings will be included in the context of our 
results because of their historical significance. Finally, the molecular techniques used by these 
authors differ from those implemented in this report. Ammerman and Morizot (1989) and 
Morizot et al. (2002) examined allozyme variation (i.e., measures of protein variation expressed 
by a gene) whereas Borely and White (2006) examined a single, partial gene sequence (ND4) in 
the mitochondrial genome. While these techniques may differ, many of the population genetic 
interpretations for each method remain congruent. 
 
RESULTS & DISCUSSION 
 
Hardy-Weinberg and Linkage Disequilibrium 

Assumptions of HW and LD were checked in wild adult populations to confirm marker 
validity. This step was needed because HW assumes null models of evolution across generations 
of populations (i.e., no mutation, no migration, no selection, random mating, and infinite 
population size). Violations of these assumptions can be the result of population stratification, 
selection, nonrandom mating, inbreeding, or genotyping error (Hartl and Clark 2007). In 
addition, rather than close proximity of markers on chromosomes, false yet significant LD results 
(i.e., non-random association of alleles) can be found in cohorts with strong sibship structure 
and/or when a small number of individuals are sampled (Allendorf and Phelps 1981). Although 
natural populations rarely meet neutral expectations, violations of these null assumptions were 
more likely to occur in the captive populations given the history of low number of founding 
individuals and in the San Juan larvae because of low adult population estimates (Schleicher 
2016). In order to validate loci and test for genotyping error, the underlying neutral expectations  
of wild adult populations was predicted to reflect more natural conditions (i.e., random mating, 
larger population size) than captive-bred individuals (i.e., paired spawning, small number of 
founding individuals) and wild-spawned larvae (i.e., low adult contribution [San Juan River], or 
low representation in sampling effort [Yampa River]). 

As predicted, loci tested in the wild adults reflected normal expectations of HW and LD 
models. There was no evidence of any loci consistently deviating from HW in the wild adult 
populations (Table 2). After a Bonferroni correction, due to multiple comparisons, the only loci  
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Table 2. Test of Hardy-Weinberg equilibrium for each locus by population and percent of linked loci (%LD) by population. Loci that are 
significantly out of equilibrium after a Bonferroni correction are indicated with an asterisk.  

Locus F1-
CO/GR(81) 

F1-
CO(91) 

F2-
CO/GR(06) 

F0-
GR(08) 

F0-
CO(16) YA(11) YA(12) YA(13) YA(14) YA(15) GR(07) GR(15) SJR(11) SJR(14) SJR(15) SJR(16) 

Pluc11 0.586 0.000* 0.000* 0.100 0.998 0.999 0.592 0.318 0.071 0.240 0.360 0.895 0.211 0.000* 0.062 0.007 

Pluc12 0.756 0.000* 0.000* 0.748 0.083 0.006 0.890 0.746 0.080 0.446 0.749 0.791 1.000 0.008 0.003 0.910 

Pluc31 0.329 0.000* 0.000* 0.102 0.776 0.000* 0.994 0.106 0.680 0.979 0.997 0.207 0.675 0.254 0.016 0.557 

Pluc02 0.171 0.000* 0.000* 0.512 0.674 0.012 0.905 0.080 0.006 0.358 0.670 0.701 0.647 0.000* 0.559 0.299 

Pluc15 0.782 0.000* 0.000* 0.361 0.711 0.000* 0.530 0.189 0.131 0.061 0.784 0.075 0.405 0.057 0.799 0.673 

Pluc17 0.042 0.036 0.000* 0.591 0.215 0.935 0.790 0.015 0.077 0.943 0.456 0.000* 0.575 0.389 0.227 0.003 

Pluc44 0.081 0.000* 0.000* 0.022 0.900 0.000* 0.400 0.950 0.003 0.026 0.779 0.036 0.848 0.000* 0.003 0.629 

Pluc10 0.081 0.000* 0.000* 0.566 0.038 0.947 0.176 0.203 0.839 0.798 0.748 0.745 0.158 0.000* 0.000* 0.000* 

Pluc19 0.055 0.000* 0.000* 0.130 0.002* 0.910 0.838 0.007 0.921 0.182 0.506 0.713 0.655 0.000* 0.000* 0.347 

Pluc25 0.670 0.001* 0.000* 0.774 0.383 0.922 0.417 0.328 0.645 0.941 0.185 0.950 0.387 0.027 0.005 0.001* 

Pluc09 0.547 0.000* 0.000* 0.655 0.422 0.949 0.082 0.276 0.055 0.281 0.783 0.783 0.868 0.007 0.008 0.070 

Pluc14 0.665 0.000* 0.000* 0.998 0.214 0.157 0.066 0.000* 0.004 0.280 0.170 0.490 0.203 0.000* 0.010 0.004 

Pluc18 0.024 0.006 0.000* 0.000* 0.033 0.000* 0.629 0.577 0.932 0.000* 0.776 0.216 0.023 0.030 0.105 0.001* 

Pluc41 0.262 0.000* 0.000* 0.306 0.334 0.232 0.000* 0.002 0.327 0.142 0.912 0.086 0.360 0.082 0.013 0.188 

Pluc13 0.684 0.005 0.000* 0.572 0.270 0.579 0.797 0.225 0.454 0.670 0.273 0.772 0.510 0.200 0.441 0.012 

Pluc28 0.010 0.000* 0.000* 0.011 0.062 0.294 0.508 0.560 0.992 0.760 0.485 0.244 0.279 0.008 0.075 0.095 

Pluc33 0.297 0.021 0.000* 0.766 0.370 0.000* 0.525 0.509 0.036 0.938 0.508 0.446 0.218 0.000* 0.001* 0.209 

Pluc39 0.159 0.000* 0.000* 0.126 0.090 0.431 0.028 0.225 0.631 0.862 0.811 0.602 0.611 0.000* 0.053 0.086 

Pluc03 0.301 0.000* 0.000* 0.466 0.544 0.000* 0.917 0.985 0.095 0.934 0.433 0.675 0.995 0.000* 0.000* 0.638 

Pluc08 0.714 0.003 0.000* 0.692 0.783 0.058 0.424 0.839 0.528 0.503 0.887 0.655 0.093 0.000* 0.015 0.701 

Pluc22 0.028 0.000* 0.000* 0.100 0.001* 0.000* 0.979 0.416 0.343 0.720 0.642 0.956 0.000* 0.001* 0.002* 0.265 

Pluc42 0.148 0.000* 0.000* 0.242 0.436 0.208 0.167 0.000* 0.103 0.626 0.921 0.811 0.995 0.001* 0.396 0.913 

Pluc04 0.440 0.998 0.000* 0.031 0.000* 0.288 0.052 0.000* 0.994 0.909 0.687 0.929 0.506 0.000* 0.000* 1.000 

Pluc30 0.241 0.000* 0.000* 0.217 0.594 0.000* 0.444 0.626 0.289 0.483 0.891 0.322 0.740 0.004 0.687 0.476 

% LD 12.32 95.29 100.00 0.36 14.13 0.72 2.90 19.93 9.78 3.26 0.00 5.07 18.84 69.20 9.06 26.81 
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that significantly deviated in the wild adults were found in: F0-GR(2015) (Pluc17) and F0-
GR(2008) (Pluc18); all loci were in HW in the F0-GR(2007). Consequently, due to the low 
frequency of deviations, all loci (N = 24) were retained for subsequent analyses. These results 
are encouraging for wild Upper Basin populations because it would suggest evolutionary 
processes are not significantly affecting this population. Interestingly, Ammerman and Morizot 
(1989) and Morizot et al. (2002) found significant deviations from HW expectations in wild 
populations sampled prior to 1993. They suggested this result was due to admixture of 
genetically divergent populations (i.e., migration; Morizot et al. 2002). Colorado Pikeminnow is 
known to migrate long distances to spawn (Tyus and Karp 1990), with some individuals 
exhibiting site fidelity. The extent of this behavior appears to vary between subbasins; 
individuals in the Green River subbasin exhibit this pattern (Tyus 1990; Irving and Modde 2000; 
Webber et al. 2013) while those in the upper Colorado River subbasin seem to be less specific to 
spawning sites (Osmundson 2002). The pattern described by Ammerman and Morizot (1989) 
and Morizot et al. (2002) could be the result of differences in spawning behaviors and/or site 
fidelity among subbasins. Green River adults were the only recruiting population reflected in our 
sampling, and without adults from the Colorado and Yampa Rivers, it is difficult to reconcile our 
findings with those of Ammerman and Morizot (1989) and Morizot et al. (2002).  

Various loci deviated from HW expectations among YOY and larval collections in the 
Colorado, Yampa and San Juan Rivers; however, no loci consistently deviated among cohorts or 
populations (Table 2). These results are not unexpected given low adult census estimates in the 
San Juan River (i.e., small population size; strong sibship structure) and limited sampling in the 
Yampa River (i.e., one site). The oldest lineage represented within our genetic sampling met HW 
expectations across all loci. These results are in agreement with those reported by Morizot et al. 
(2002), who examined two older Southwestern ARRC lineages [F1-YA(74) and F1-CO/GR(81)] 
and found no deviations from HW. The younger cohorts at Southwestern ARRC have not been 
examined until now. Our results showed significant deviations with 18 of the 24 loci violating 
HW expectations in the F1-CO(1991) cohort and all loci significantly deviated in the F2-
CO/GR(2006) cohort. Linkage disequilibrium results corroborate the HW results (Table 2). 
There was little to no evidence of LD in the wild adults; whereas, nearly all loci were linked in 
the F1-CO(1991) and all loci were linked in the F2-CO/GR(2006), which suggests high 
relatedness of these individuals. 

The degree to which F1-CO(1991) and F2-CO/GR(2006) violate HW and LD assumptions 
is concerning. Given wild populations met underlying assumptions, it is unlikely genotyping 
error or marker selection was driving the observed patterns. Instead, these results suggest that 
certain evolutionary processes have led to these populations significantly deviating from neutral 
assumptions. The history of these populations likely explain these results: these populations were 
founded on a small number of individuals and founder effects likely resulted in an immediate 
genetic bottleneck and potentially contributed to further loss of diversity due to genetic drift (i.e., 
chance of random loss of allelic diversity increases as population size decreases). In addition, 
paired spawning of the F2-CO/GR(2006) eliminated mate choice and the chance for polygamy. 
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Furthermore, high egg mortality of F2-CO/GR(2006) along with the return of a subset of this 
population from Bubbling Ponds likely created a substantial genetic bottleneck where diversity 
was lost (this will be discussed further as additional analyses explain this result). Interestingly, 
all loci were within HW for the oldest lineage [F1-CO/GR(1981)] in both our study and Morizot 
et al. (2002); however, this population no longer exists. 
 
Genetic Diversity 

Genetic variation is the basis of a species’ adaptive potential and is influenced by 
mutation, selection, gene flow, population size, and genetic drift. Past and future effects of these 
processes can be inferred by examining the genetic diversity within a population and the genetic 
structure among populations. Genetic diversity is commonly quantified by estimating average 
number of alleles (NA), allelic richness (AR), observed heterozygosity (HO), expected 
heterozygosity (HE; also known as gene diversity), and the number of private alleles (PAL; 
alleles only detected within that population). Although NA is commonly used to evaluate genetic 
diversity, it is sensitive to differences in sample size; therefore, AR, which corrects for sample 
size differences by using rarefaction techniques (i.e., similar to estimating species richness in 
communities) is the preferred method for among population allelic diversity comparisons, and it 
is the most sensitive metric to test for population bottlenecks. Heterozygosity is another metric of 
assessing genetic variation within a population and can provide estimates of inbreeding and 
population differentiation, but it is not as sensitive to bottleneck effects.  

Although AR and HE control for differences in sample size and allele evenness, it is 
important to note that samples collected for this study vary drastically among groups in terms of 
spatial distribution, age class, and cohort representation. The San Juan and Yampa River 
diversity estimates were both obtained from larval fish; however, collection efforts in the San 
Juan spanned approximately 150 miles of river, whereas, the Yampa larvae were collected from 
a single backwater site. Given the extent larval fish can drift (Diver and Wilson 2018), this 
makes system-wide comparisons of these diversity measures difficult as it is possible Yampa 
River diversity was underrepresented. Similarly, the F0-CO(2016) cohort were collected as older, 
YOY from an approximately thirteen mile section of the Colorado River. Limited spatial 
sampling of an older age-class that likely exhibited different survival rates than larval fish, make 
this population difficult to directly compare to Yampa and San Juan River collections. Finally, 
single cohort sampling of an iteroparous species (Tyus 1990; Irving and Modde 2000) potentially 
misses the allelic diversity of adults that did not successfully reproduce or attempt to reproduce 
in a given year. It is important to consider these caveats because diversity results may not be 
directly comparable among our varying age classes. 

Genetic diversity results (NA, AR, HO, HE) compared among sampled groups showed the 
non-augmented, wild Upper Basin populations generally had more diversity than the captive or 
San Juan River populations (Table 3). Out of the sixteen groups sampled, both the F0-CO(2016) 
(AR = 13.46; HE = 8.49) and each Yampa River cohort (AR = 11.95 - 13.28; HE = 8.24 - 8.50) 
consistently ranked highest in diversity. These results are encouraging for the F0-CO(2016) 
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population because it is the beginning of a future broodstock that can potentially begin 
contributing to production efforts by 2024 (Ulibarri, M. per. comm.). Genetic diversity for the 
wild Green River adults ranked just below other wild populations (Table 3). Interestingly, we 
observed more allelic diversity (PAL; AR) in the Yampa cohorts than the Green River adults. 
This increased diversity could reflect the reproductive contribution of adults that migrated to 
site-specific spawning grounds in the Yampa from rivers (i.e., White River) that were not 
reflected in our sampling. 

The F1 and F2 lineages, and San Juan River larvae, were consistently the lowest for nearly 
all measures of genetic diversity (Table 3). Within the F1 and F2 lineages, genetic diversity was 
lowest in F2-CO/GR(2006) and highest in F1-CO(1991). In general, these lower diversity results, 
in combination with significant deviations from HW and LD, suggest these cohorts have 
undergone a genetic bottleneck. This is not too surprising given the number of founders (i.e., 
founder effect) and history (i.e., paired-spawning, high mortality) of these populations. 
Ammerman and Morizot (1989), however, found no evidence of drift or bottleneck effects within 
captive populations [F1-CO/GR(1981) and F2-YA(1987)], with similar measures of 
heterozygosity and allele frequencies found between wild and captive populations. In contrast, 
diversity was consistently greater in all of the wild populations we sampled relative to the F1-
CO/GR(1981). Our HW and LD results generally agree with Ammerman and Morizot (1989). 
The F1-CO/GR(1981) cohort conformed to our null expectations, suggesting evolutionary 
processes had not significantly affected genetic diversity. The reason for this discrepancy is not 
apparent, but could be due to differences in temporal or spatial sampling of wild populations. Of 
greater concern is evidence of a genetic bottleneck in the F2-CO/GR(2006) and F1-CO(1991) 
cohorts; both had lower diversity than wild fish. 

The San Juan River exhibited consistently low diversity relative to all populations; the 
exception to this trend was AR in 2014 and 2016. Increased diversity in these samples is 
encouraging because collection coincided with the increased contact of larval Colorado 
Pikeminnow and the first capture of YOY in the San Juan River (Zeigler and Ruhl 2017), 
suggesting years of increased adult contribution should increase offspring diversity. However, it 
is import to note that larval diversity estimates cannot exceed the diversity of the breeding 
population. Furthermore, evidence of private alleles (PAL = 8) within this population might 
indicate that alleles from older captive populations [e.g., F1-YA(74)] might remain in the San 
Juan River. Genetic data from historic captive populations are not available and repatriated 
adults are not represented in our sampling, making these comparisons difficult. Nonetheless, 
founder effects and evidence of consistently low diversity in the Colorado Pikeminnow 
broodstock has likely limited the genetic diversity of the San Juan population. This result should 
be carefully regarded if augmentation of wild Upper Basin populations is considered. 
 The loss of genetic diversity through inbreeding is of particular concern for captive 
populations. The general outcome of inbreeding is an increase in homozygosity, with the 
resulting concern being fixation of deleterious alleles. A method commonly used for measuring 
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Table 3. Genetic diversity summary statistics with source (Southwestern ARRC or wild), lineage (captive) or river (wild), and cohort 
or year sampled (wild) designating each sampled group of Colorado Pikeminnow.  Broodstock nomenclature: 1) generation (e.g., F0, 
F1, and F2) with wild captured individuals designated as F0, first generation fish as F1, and second generation as F2; 2) lineage source 
population code (CO = Colorado River, GR = Green River, and YA = Yampa River); and 3) year class, if known, or year of capture 
(e.g., 81, 91).   N = sample size, NA = number of alleles, AR = allelic richness, PAL = number of private alleles, HO = observed 
heterozygosity, HE = expected heterozygosity, FIS = inbreeding coefficients (* denotes significance), Ne = effective population size 
with 95% confidence intervals (CI) and Nb = effective number of breeders with 95% confidence intervals (CI).     

Source Lineage or 
River 

Cohort or 
N NA AR PAL HO HE FIS Ne 95% CI Nb 95% CI 

Year Collected 
Southwestern 

ARRC Mixed F1-CO/GR(1981) 39 8.38 9.78 5 0.849 0.775 -0.100* - - 7 4 - 21 

  Colorado F1-CO(1991) 213 9.58 11.45 3 0.837 0.804 -0.042 25 15-43 - - 

  Mixed F2-CO/GR(2006) 200 8.13 8.33 1 0.862 0.758 -0.137* - - 7 2 - 20 

  Green F0-GR(2008) 23 10.42 10.79 3 0.832 0.822 -0.011 112 59-378 - - 

   Colorado F0-CO(2016) 131 14.42 13.46 10 0.845 0.849 0.006 - - 78 56 - 106 

Wild Yampa 2011 48 14.42 12.56 20 0.844 0.845 0 - - 67 45 - 104 

   2012 49 12.75 12.18 2 0.85 0.832 -0.025 - - 57 38 - 87 

   2013 96 14.33 12.95 6 0.84 0.839 -0.002 - - 52 37 - 79 

   2014 99 14.92 13.28 5 0.871 0.85 -0.025 - - 76 55 - 110 

    2015 50 12.79 11.95 6 0.832 0.824 -0.01 - - 38 56 - 106 

  Green 2007 16 9.42 7.67 - 0.875 0.811 -0.079 53 28-162 - - 

    2015 74 14.04 11.5 8 0.852 0.845 -0.008 133 99-187 - - 

  San Juan 2011 31 7.92 9.42 - 0.788 0.754 -0.045 - - 7 4 - 21 

   2014 124 10.88 11.99 7 0.818 0.807 -0.013 - - 27 17 - 46 

   2015 23 5.46 6.96 - 0.828 0.69 -0.203* - - 3 2 - 20 

    2016 115 9.88 11.99 1 0.828 0.803 -0.031 - - 50 34 - 74 

TOTAL   - 1332 11.11 - - 0.841 0.807 -0.045 - - - - 
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this effect is the inbreeding coefficient (FIS). A significantly positive FIS suggests that individuals 
in a population are more related than you would predict under a model of random mating (i.e., 
inbreeding); whereas, a significantly negative FIS indicates that individuals in a population are 
less related than you would predict under a model of random mating (i.e., population mixing; 
migration). Overall, we saw negative FIS values for all of our sampled populations with the 
exception of the F0-CO(2016) cohort; however, most of these estimates did not differ 
significantly from zero. Interestingly, we observed three significantly negative FIS estimates in 
three populations, suggesting population mixing has occurred in these sampled groups. This 
result is not too surprising for the 2015 San Juan larval cohort given the number of larvae 
collected (N = 23) and the history of mixed lineages used for augmentation. We also observed 
significantly negative FIS estimates in both of our mixed CO/GR lineages, which could suggest 
individuals from the Colorado and Green Rivers could have been genetically distinct. This could 
be the result of population structure within the Upper Basin or a random difference in allele 
frequencies captured in the small number of founding adults from each river. Previous findings 
suggest Colorado Pikeminnow were historically divergent (Morizot el al. 2002) but are now 
functioning as one panmictic group (Morizot et al. 2002; Borley and White 2006). Additional 
data are needed to confirm this observation.  
 
Genetic Structure 

Genetic structure is the quantification of how genetic variation of subpopulations within a 
species is distributed. The neutral expectation is that all individuals within a species are assumed 
to be discretely bound and internally panmictic (i.e., all individuals are equally likely to mate 
with one another). Thus, population substructure is formed when deviations from random-mating 
occur within a species. This can happen through inbreeding, associative mating, and geographic 
isolation. When population structuring occurs, changes in allele frequencies among populations 
(i.e., genetic differentiation) are observed. Genetic differentiation is commonly quantified using 
the F-statistic: FST, which examines how much variation exists between pre-defined 
subpopulations. Generally accepted guidelines for quantifying the amount of genetic 
differentiation among populations using microsatellite loci are: FST values of  0-0.05 little, 0.05-
0.15 moderate, 0.15-0.25 large, and 0.25 – 1.0 is very large differentiation (Wright 1978; Hartl 
and Clark 2007). An alternative approach for approximating subpopulations is through Bayesian 
clustering methods implemented in a program called STRUCTURE. Instead of using pre-defined 
populations, STRUCTURE can identify subpopulations by detecting allele frequency similarities 
within the dataset.  Finally, multivariate methods that partition genetic variation into between- 
and within-group components (e.g., Discriminant Analysis of Principal Components [DAPC]) 
are used to evaluate genetic structure within the sampled dataset. The use of these methods can 
indicate barriers to gene flow and elucidate information related to the ecology (i.e., dispersal 
patterns) and evolution (i.e., genetic drift) of organisms. 
 Measures of genetic differentiation (FST) among populations was low to moderate (Table 
4). In general, moderate FST results were found consistently within certain populations [e.g., 
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Table 4. Pairwise estimates of genetic divergence (FST) between sampled groups are reported in the lower left portion of the table. Pairwise FST 
values that were significant after adjusting for nominal comparisons (p ≤ 0.00208) are indicated by an (*) while non-significant FST are denoted by 
NS. Significance is reported in the upper right portion of the table. 

Population F1-
CO/GR(81) 

F1-
CO(91) 

F2-
CO/GR(06) 

F0-
GR(08) 

F1-
CO(16) GR(07) GR(15) YA(11) YA(12) YA(13) YA(14) YA(15) SJR(11) SJR(14) SJR(15) SJR(16) 

F1-
CO/GR(81) - * * * *  NS * * * * * * * * * * 

F1-CO(91) 0.077 - * * * * * * * * * * * * * * 

F2-
CO/GR(06) 0.053 0.086 - * *  NS * * * * * * * * * * 

F0-GR(08) 0.048 0.06 0.074 - *  NS  NS * * * *  NS * * * * 

F1-CO(16) 0.041 0.027 0.061 0.017 -  NS * * * * * * * * * * 

GR(07) 0.064 0.07 0.083 0.000 0.021 -  NS  NS  NS  NS  NS  NS  NS *  NS * 

GR(15) 0.048 0.049 0.069 0.002 0.013 0.003 - * * * * * * * * * 

YA(11) 0.044 0.045 0.066 0.01 0.013 0.011 0.006 - * * *  NS * * * * 

YA(12) 0.043 0.05 0.065 0.011 0.015 0.014 0.007 0.004 - * *  NS * * * * 

YA(13) 0.045 0.055 0.069 0.015 0.02 0.016 0.01 0.006 0.008 - * * * * * * 

YA(14) 0.043 0.046 0.061 0.012 0.014 0.013 0.006 0.004 0.006 0.006 - * * * *  * 

YA(15) 0.049 0.055 0.069 0.01 0.02 0.015 0.01 0.005 0.006 0.009 0.008 - * * * * 

SJR(11) 0.065 0.055 0.087 0.063 0.047 0.087 0.063 0.068 0.067 0.072 0.063 0.073 - * * * 

SJR(14) 0.078 0.017 0.085 0.057 0.03 0.057 0.046 0.044 0.05 0.053 0.043 0.052 0.059 - * * 

SJR(15) 0.132 0.063 0.129 0.117 0.082 0.133 0.104 0.108 0.107 0.114 0.101 0.114 0.105 0.058 - * 

SJR(16) 0.07 0.01 0.08 0.054 0.028 0.063 0.046 0.043 0.047 0.05 0.04 0.049 0.062 0.011 0.062 - 
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SJR(2015) and F2-CO/GR(2006)]. It is likely these moderate estimates are the result of low 
genetic contribution to these cohorts; low contribution likely skewed allele frequencies. FST 
results among populations were low but substructure was identified [e.g., F2-CO/GR(06) vs 
GR(07); FST = 0.083]. This variation can be visualized in the DAPC (Figure 3) and 
STRUCTURE plot (Figure 4). STRUCTURE identified K = 3 as the most probable number of 
genetic clusters within the sampled groups. These clusters were split into: Yampa and Green 
Rivers (yellow), the F1-CO(1991) broodstock and San Juan River (orange), and the F2-
CO/GR(2006) cohort (purple). FST results between the Yampa and Green River were very low 
(FST = 0.0066) suggesting gene-flow between these two rivers is high. Between-group variance 
in the DAPC showed little to no difference between these populations.  

 

 
Figure 3. Discriminant Analysis of Principal Components (DAPC) showing eight populations of 
Colorado Pikeminnow. Lineage nomenclature: 1) generation, with wild captured individuals 
designated as F0, first generation  fish as F1, and second generation as F2; 2) lineage population 
code (CO = Colorado River and GR = Green River) and 3) year class (e.g., 81, 91). Lineages of 
mixed Colorado and Green River ancestry are shown in purple, fish from the Colorado River are 
in red, the Green River is in blue, the repatriated San Juan River population is in orange and the 
Yampa River is represented in yellow. 
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To no surprise, the San Juan River was most similar to the Southwestern ARRC 
broodstock. This population has been established via augmentation of hatchery fish, and 
movement of wild Upper Basin individuals into the San Juan is likely negligible. Both the 
STRUTURE and DAPC plots show the San Juan larvae to be most similar to the F1-CO(1991), 
with a few larvae sharing ancestry with the F1-CO/GR(1981) cohort. This pattern is likely the 
result of greater augmentation of offspring produced by the F1-CO(1991) population, lack of data 
from older cohorts [F1-YA(1974)] and/or low survival of offspring from the other lineages (i.e., 
Yampa River). Nonetheless, evidence of population substructuring in the San Juan is likely the 
result of augmentation with captive individuals, as there is limited to no evidence of gene flow 
with wild Upper Basin populations. 

Genetic divergence was slightly higher between the Colorado River and the Yampa and 
Green Rivers (Table 4). The wild F0-CO(2016) cohort showed mixed assignment; some 
individuals were assigned to the Yampa and Green River population and others to the F1-
CO(1991) cohort (Figure 3; Figure 4). The explanation for this result is not entirely clear. Given 
the barrier between the San Juan and Colorado Rivers (i.e., Lake Powell), it is unlikely the F0-
CO(2016) fish were spawned from individuals that moved into the Colorado from the augmented 
San Juan population. Instead, this suggests genetic structure might be present within wild 
populations. The source population for the F1-CO(1991) and the F0-CO(2016) is the Colorado 
River; the older population was spawned from wild adults whereas the newer population was 
collected in the wild. The mixed genetic assignment within the F0-CO(2016) could be the result 
of subpopulations endemic to both the Colorado and Green River subbasins and could be 
evidence of assortative mating due to differences in spawning behavior and/or site fidelity. 
Alternatively, as suggested by Ammerman and Morizot (1989) and Morizot et al. (2002), this 
could be evidence of historical divergence with more recent panmixia.  However, the number of 
individuals that discreetly assign to either cluster suggest some degree of divergence remains. 
While it is unclear as to why this pattern is observed, further investigation is warranted if 
augmentation of Upper Basin populations becomes necessary. 

Pairwise FST were consistently moderate among the F1-CO/GR(1981) and F2-
CO/GR(2006) cohorts and all other populations. Both the DAPC and STRUCTURE plot show a 
fair degree of admixture in the F1-CO/GR(1981), with some individuals being assigned to the 
wild Upper Basin populations and others to the F2-CO/GR(2006) cohort. The genetic assignment 
of this older broodstock to the F2-CO/GR(2006) is likely the result of a few individuals being 
identified as parents or close relatives. Although hatchery records indicate 30 pairs from the F1-
CO(1991) population were spawned to produce the F2-CO/GR(2006) cohort, it appears that few 
individuals within this F2 population are the product of that spawning effort. Instead, it appears 
that a majority of these individuals are the offspring of the three F1-CO/GR(1981) crosses. The 
unique genetic assignment of the F2-CO/GR(2006) cohort is likely due to an extreme shift in 
allele frequencies due to low genetic contribution, and is likely the result of high egg mortality 
observed during the incubation. This in combination with limited to no gene flow has caused this 
population to form a unique genetic cluster.  



                                                                                                                                            Final Version 25 June 2020 

19 
 

 

 
Figure 4. Graphical representation of the STRUCTURE analysis created in R. Each individual fish is represented by a single vertical bar, with the 
proportion of each color in each vertical bar representing the estimated proportion of ancestry attributed to each cluster. Black lines within each output 
separate samples by year while the black lines that extend across outputs separate sample sites. 
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Effective population size (Ne) and Effective Number of Breeders (Nb) 
Effective population size (Ne) is arguably the most important parameter in population 

genetics and conservation biology. Ne is an estimate of the number of individuals that effectively 
contributed to the next generation (Wright 1931; Waples 1991; Robinson and Moyer 2013). 
Estimates of contemporary Ne can predict a population’s adaptive potential to environmental 
change because it can assess the potential rate of loss of genetic diversity or increase in 
inbreeding. For practical reasons, guidelines have been established by managers to assess 
extinction risks associated with low Ne. One such guideline is the 50/500 ‘rule,’ which has been 
broadly applied throughout the conservation community (Franklin 1980; Soulé 1980; Lande and 
Barrowclough 1987). The Ne = 50 ‘rule’ has been recommended for avoiding short-term 
consequences of inbreeding depression, whereas the Ne = 500 ‘rule’ is considered sufficient for 
maintaining evolutionary potential in perpetuity. Naturally, this ‘rule’ has been heavily debated 
with broad community consensus of gross underestimation (Lynch and Lande 1998; Jamieson 
and Allendorf 2012; Frankham et al. 2014).  For example, Frankham et al. (2014) presented 
strong evidence showing an average decline of 26% in the total fitness of wild populations over 
the course of five generations at Ne = 50. Current recommendation include upward revisions of 
this rule to Ne = 1,000-5,000 (Lynch and Lande 1998; Frankham et al. 2014). Given extinction 
risks associated with low Ne, observing these higher estimates in wild and captive populations is 
ideal. Nonetheless, we suggest the 50/500 ‘rule’ should be considered as a minimum 
conservation goal for Colorado Pikeminnow. 

Although estimates of Ne can provide insight into the conservation status of a population, 
it can be notoriously difficult to estimate in wild populations. This difficulty arises because 
methods used to estimate Ne often assume discrete generations while ignoring age structure 
(Waples et al. 2013; Waples et al. 2014). Long-lived iteroparous species with overlapping 
generations, such as Colorado Pikeminnow, prove especially problematic because defining a 
generation within the sampled population is innately difficult. An alternative approach is to 
obtain estimates of the effective number of breeders (Nb) from single cohorts. This estimate can 
be extremely useful for understanding population-level spawning success due to its defined 
seasonal reproductive bouts (Waples et al. 2013; Waples et al. 2014). Because genetic sampling 
within this study varied, both Nb and Ne estimates are provided based on collection methods and 
the assumptions associated with each estimate. It is possible to translate estimates of Nb into 
estimates of Ne when certain life history information is known. For example, comparisons of the 
Ne/Nb ratio has been shown to vary (e.g., up to sixfold), with larger estimates of Nb per season 
than Ne per generation in many species. This, however, was not done for this study, and we 
recommend exercising caution when making direct comparison between these two estimates.  

Estimates of Ne were calculated for the wild Green River adults and the F1-CO(1991) and 
F0-GR(2008) captive populations (Table 3; Figure 5) because these sampled groups were not the 
product of a single reproductive event. Hatchery records indicate the F1-CO(1991) was produced 
from ten (7 males; 3 females) wild fish collected from the Colorado River (F0-CO(1990)); 
however, unpublished information suggests that years following the production of this 
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population, natural spawning occurred and some of these individuals were recruited to the F1-
CO(1991) (Hamman, R. & Ulibarri, M. per. comm.). Ne estimates support this history because 
mean and 95% confidence intervals (mean Ne = 25; CI = 15-43) far exceed what would be 
predicted for equal contribution of ten individuals. Although this recruitment was not controlled, 
the outcome was positive. Diversity estimates were greater (Table 3) in the F1-CO(1991) relative 
to the other domestic cohorts, which also had lower adult contribution (i.e., Nb). Ne was greater 
in the F0-GR(2008) population than any of the currently mature cohorts (F1-CO(1991) and F2-
CO/GR(2006)). Estimates for the wild Green River adults were similar to the F0-GR(2008). In 
the context of maintaining the evolutionary potential of this population across generations, Ne 
was consistently low for all Green River estimates; results fell well below Ne = 500 ‘rule.’ This 
warrants concern for wild populations, and we strongly recommended a more thorough 
examination of Ne throughout the species’ current distribution. 

 
 
Figure 5. Effective population size (Ne) estimates for: F1-CO(91), F0-GR(08), GR(07), and 
GR(15)) and effective number of breeders (Nb) estimates individuals cohorts [e.g., F1-
CO/GR(81), F2-CO/GR(06), YA(11), SJR(11)]. Wild populations are represented by solid 
circles, first generation hatchery fish (F1) are displayed in open circles with a center cross, and 
second generation hatchery fish (F2) are shown in open circles. Colors represent source 
populations with individuals of mixed Colorado and Green River lineages shown in purple, fish 
from the Colorado River are in red, the Green River population is in blue, the repatriated San 
Juan River population is in orange and the Yampa River is represented in yellow. 
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Effective number of breeders was estimated for all single-cohort samples and lineages 
spawned within a single year (Table 3; Figure 5). The F1-CO/GR(1981) and F2-CO/GR(2006) 
cohorts (mean Nb = 7) had some of the lowest Nb estimates, which likely explains why they 
deviated so significantly from HW and LD. Hatchery records indicate reasonable adult (N = 66) 
contribution to the F2-CO/GR(2006) cohort; however, fungal infection during egg incubation 
likely led to the complete mortality of many of these crosses. Parental reconstruction of both the 
number of adults that contributed offspring and the number of offspring produced by each parent 
showed that a total of five parental pairs contributed. This suggests complete egg mortality of 61 
of the 66 pairs that were spawned to produce this population. In addition, individual contribution 
among those pairs varied considerably; one pair contributed one offspring while another 
contributed 108. This extreme variance in reproductive success lowered Nb relative to the actual 
number of spawning adults. Finally, the genetic cluster assignments in the STRUCTURE results 
(Figure 4) support evidence of biased contribution. A majority of the F2-CO/GR(2006) were 
genetically similar to a few individuals in the F1-CO/GR(1981) population (i.e., represented in 
purple) while very few resembled the F1-CO(1991) (i.e., represented in orange). These results 
suggest that a majority of the F2-CO/GR(2006) cohort are the offspring of the limited spawned 
pairs from F1-CO/GR(1981). This in combination with low adult contribution of the F0-
CO/GR(80) broodstock (i.e., 13 individuals spawned) to produce the F1-CO/GR(1981) cohort 
support evidence for a severe bottleneck in the F2-CO/GR(2006). However, this population was 
not spawned with the intention of serving as a broodstock; it was opportunistically maintained 
and has not contributed to augmentation efforts. 

Within the wild spawned lineages, estimates of Nb varied among year and population 
(Table 3; Figure 3). The lowest mean Nb estimate was found in the F0-SJR(2015) cohort (mean 
Nb = 3) followed by the F0-SJR(2011) (mean Nb = 7) indicating adult contribution was low each 
year. In contrast, estimates for the F0-SJR(2014) and F0-SJR(2016) cohorts were much higher 
with similar estimates found in several Yampa River cohorts. Although these results represent 
encouraging progress toward recovery in the San Juan River, genetic sampling for these cohorts 
were not comparable to the Yampa River collections. Larval collections from the Yampa River 
were extremely limited (i.e., single backwater) and it is likely these estimates are low. Thus, it is 
difficult to compare these estimates to San Juan River cohorts where system-wide collections 
were conducted. Interestingly, large inter-annual variation was observed in both the San Juan and 
Yampa cohorts, suggesting environmental conditions (e.g., flow, temperature, etc.) might 
correlate with increased spawning effort. It is not too surprising that in both populations an 
increase in Nb corresponded with an increase in genetic diversity. These results suggest that if 
conditions that foster increased adult contribution, and thus genetic diversity, can be identified, 
then a potential to manage these systems to favor Colorado Pikeminnow spawning and 
maintenance of genetic diversity across generations is possible. Finally, the highest mean Nb 
estimate was found in the F0-CO(2016) cohort. This result is encouraging for future 
augmentation since these individuals comprise the future broodstock at Southwestern ARRC, 
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and highlight the importance of using wild fish as the source for creating broodstocks for 
augmentation programs.  
 
CONCLUSIONS AND RECOMMENDATIONS 
 
Recommendations for working with captive populations through 2025 
 The history of the Colorado Pikeminnow broodstock at Southwestern ARRC and the 
genetic status of extant cohorts should be cause for concern. Yet, determining how the results of 
this research may affect Recovery Programs is the beyond the scope of this report. Instead, we 
offer four recommendations for proceeding to produce fish with the current populations, based 
on the assumption that augmentation efforts will remain a priority for the San Juan River Basin 
Recovery Implementation Program. However, we do not recommend using these captive 
populations for recovery of Upper Basin populations, as diversity estimates are considerably 
lower than what is observed in the wild. Instead, we recommend establishing a new 
broodstock(s) for augmentation when reproduction in wild populations is no longer detected.  

First, we recommend that a complete inventory of the current cohorts at 
Southwestern ARRC be conducted regularly. For example, natural attrition and catastrophic 
mortality has occurred since genetic sampling was conducted. A recent inventory of the F2-
CO/GR(2006) and F0-GR(2008) cohorts showed that 262 fish comprise the F2-CO/GR(2006), 
while only eight remain in the F0-GR(2008). Similarly, a census was recently conducted for the 
F1-CO(1991) broodstock, with the final count totaling 167 individuals. However, PIT tag data 
were not collected and it is unknown which individuals remain, making it difficult to estimate 
extant diversity (e.g., NA, PAL, allele frequencies). A complete and regular inventory of the 
current broodstocks would inform a more comprehensive set of recommendations moving 
forward.  

Second, we recommend maintaining the remaining F0-GR(2008) fish along with a 
small subset of individuals from the F2-CO/GR(2006) with the F1-CO(1991) broodstock. 
This recommendation is based on three observations. 1) the San Juan population has been 
augmented with mixed offspring from Colorado, Yampa and Green Rivers, eliminating the need 
to consider source population for the San Juan River. 2) the number of private alleles found in 
each cohort (Table 6) suggest that unique variation is present, and we recommend maintaining as 
much of this diversity as possible. 3) using the genotype data we generated for this report, we 
simulated the genetic diversity of varying population sizes of the F2-CO/GR(2006) mixed with 
the other cohorts to determine how many individuals from this population would be needed to 
ensure adequate representation without adversely affecting overall diversity. Our simulations 
included 20, 40, 60 and 80 individuals randomly drawn from the F2-CO/GR(2006), the 
remaining eight fish from F0-GR(2008) and 167 individuals randomly selected from the F1-
CO(1991) broodstock. Fish were randomly selected from this population because it is unknown 
which remain. We conducted each simulation five times and calculated an average value for each 
genetic estimate (NA, HO, HE, PAL and Ne). Genetic diversity was lower in both the F1-CO(1991) 
and F0-GR(2008) cohorts, with F1-CO(1991) now exhibiting greater diversity than F0-GR(2008). 
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This loss of diversity is unfortunate and is likely the result of recent mortalities. In general, we 
saw a slight increase in diversity in F2-CO/GR(2006) cohort as sample size increased, with 
diversity estimates greatest at N = 60 and subsequently decreasing at N = 80. Effective 
population size, on the other hand, was greatest at N = 20. We think this reflects the tendency to 
increasingly include a greater proportion of full siblings as sampling increases. Thus, we 
recommend including approximately 40 individuals from the F2-CO/GR(2006) population 
with the F0-GR(2008) and F1-CO(1991) broodstock in order to maximize genetic diversity 
while avoiding a significant decrease in Ne. 

Third, we recommend that the pooled broodstock be split into two ponds, with each 
pond containing an approximately equal number of males and females from each cohort. 
The recommendation to split the broodstock into two ponds is a simple measure against 
catastrophic loss or mortality of any single population. The recommendation to include an 
approximately equal sex ratio in each pond is based on the simulated genetic diversity measures, 
which assumed equal sex ratio (Table 6).  
 Finally, within each pond, we recommend that the individuals selected for spawning 
should be rotated among years, to ensure that the full diversity of the current broodstock is 
represented in offspring fated for augmentation over the next several years.     
 
Table 6. Genetic diversity results for populations of the reproductively mature Colorado 
Pikeminnow broodstocks and sample size simulations. N = sample size, NA = number of alleles, 
HO = observed heterozygosity, HE = expected heterozygosity, PAL = private alleles and Ne = 
effective population size with 95% confidence intervals (CI). 

Captive 
Population N Na Ho He PAL Ne 95% CI 

F1-CO(1991) 167 9.340 0.838 0.803 55.7 17.9 16.2 - 19.7 
F0-GR(2008) 8 6.617 0.818 0.773 24.7 ∞ ∞  

F2-CO/GR(2006) 20 6.842 0.863 0.768 9.2 6.5 5.5 - 7.7 
F2-CO/GR(2006) 40 6.567 0.859 0.758 14.6 2.6 2.2 - 3.2 
F2-CO/GR(2006) 60 7.433 0.860 0.767 23.8 5.7 4.6 - 8.2 
F2-CO/GR(2006) 80 7.067 0.860 0.752 16.4 3.3 2.2 - 5.4 

simulation 1 195 7.619 0.839 0.782 - 20.1 17.7 - 22.7 
simulation 2 215 7.658 0.846 0.782 - 18.6 16.1 - 21.3 
simulation 3 235 7.603 0.847 0.783 - 16.4 14.4 - 18.5 
simulation 4 255 7.822 0.847 0.781 - 15.5 13.9 - 17.4 

 
Recommendations for developing new broodstocks and general comments  

While captive breeding programs now routinely incorporate genetic data in an effort to 
minimize deleterious effects of captivity, programs for many endangered species were initiated 
before current conservation genetic principles were developed. In other cases, captive breeding 
programs were initiated after some of these genetic impacts were relatively well understood but 
in situations where it was not feasible to start captive populations under ideal conditions. Both 
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circumstances can be applied to the Colorado Pikeminnow broodstock. The first broodstock was 
established in 1973, prior to scientific advances in population and conservation genetics, which 
have advanced rapidly since endangered species legislation first passed (Soulé and Wilcox 1980; 
Frankel and Soulé 1981; Schonewald-Cox et al. 1983; Falk and Holsinger, 1991; Frankham 
1995). Second, the rapid decline of the species in the wild made collecting a large number of 
founders unrealistic. Subsequent rearing of first and second-generation captive broodstocks, 
along with catastrophic losses in the hatchery, have contributed to the reduced genetic diversity 
we now observe in these populations. This effect is most apparent in the San Juan River larvae; 
low genetic diversity in the broodstock has limited genetic diversity in larval fish spawned by 
repatriated adults. 

Mitigating the effects of low genetic diversity is possible if a new broodstock can be 
established from wild individuals. However, the recent Colorado Pikeminnow PVA showed a 
predicted continuation in population declines in wild Upper Basin fish (Miller 2018). Given this 
alarming trend, we strongly recommend significantly increasing the effort of wild collections 
over the next three years. This will improve our chance of capturing what extant diversity 
remains as continued population declines will result in a continued loss of diversity. Herein, we 
provide genetic considerations for establishing new broodstocks and alternative approaches for 
wild fish collections. Within these recommendations, we seek to maximize broodstock diversity 
while highlighting real-world constraints that will likely merit discussion.  

First, broodstock collections should be conducted throughout the Upper Basin (i.e., 
Green, Yampa and Colorado Rivers). For example, the Yampa River larvae exhibited some of 
the highest diversity estimates, but this population has not been represented in captivity for over 
a decade with the last wild collection made in 1973. Second, our genetic structure results (i.e., 
FIS, STRUCTURE) suggest that subpopulations might exist; thus, we recommend maintaining 
separate subbasin broodstocks (i.e., Green and Yampa Rivers and Colorado River). This is 
likely unnecessary for the San Juan River because this population has been stocked using mixed 
broodstocks; however, if stocking becomes necessary in the Upper Basin, then augmentation 
should be representative of current populations. If new data suggest these subbasins are 
panmictic, then this recommendation would be unnecessary. Next, we recommend 
supplementing each broodstock with wild fish until Ne is maximized. Ideally, this estimate 
should be a minimum of 500; however, we acknowledge that Ne is poorly known, and we 
strongly recommend a more thorough sampling of Ne to both gauge the adaptive potential of 
wild populations while ensuring it is maximized within each broodstock and/or lineage. Finally, 
collection efforts have been both irregular and have targeted single rivers within one year. With 
wild populations on the decline, we suggest a concerted effort be made over the next three 
years (i.e., 2020-2022) with a minimum of 250 individuals being collected from the Yampa, 
Green and Colorado Rivers in order to capture diversity before any potential loss occurs. 

Historically, wild broodstocks were established using adults, but capture rates were low 
and subsequent founder effects were severe. Based on our genetic findings, we do not 
recommend targeting adults for future collections as this has contributed to bottlenecks in 
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captive populations. Our rationale for this recommendation is most apparent in the F0-
CO(2016) broodstock. Again, this broodstock was collected in the wild as YOY fish. The mean 
Nb estimate for F0-CO(2016) cohort was 78 (56-106; 95% CI). In order to approach a similar 
level of genetic contribution using wild adults, a minimum of 78 fish must be collected in the 
field, with each adult equally contributing offspring. If only a few adults are collected, then our 
opportunity to maximize Ne and genetic diversity over time will become severely reduced, while 
potentially accelerating bottleneck effects. Therefore, we strongly advise against this approach 
unless it has no effect on wild populations and the number of adults collected in the field is 
greater than or equal to the contribution of single cohorts observed in the wild.  
 Current efforts to establish new broodstocks have targeted wild YOY fish after field 
surveys indicated densities were relatively high. This approach was undertaken to increase the 
number of founders, while reducing impacts on wild populations by targeting a life stage that 
exhibits high mortality. The success of these efforts have varied: a few YOY (N = 23) were 
collected for the F0-GR(2008) broodstock, a large number of fish successfully recruited (i.e., 
95% survival) to the F0-CO(2016) cohort (N = 131) and high field mortality was observed in the 
F0-GR(2018) collection. Based on these past successes, this approach would require multiple 
years of collection in order to obtain adequate broodstock diversity and representation. While in 
some ways this collection approach is preferred for field coordination efforts and increasing 
broodstock diversity (i.e., especially for an iteroparous species), space limitations within the 
hatchery make this strategy somewhat problematic as Colorado Pikeminnow are cannibalistic 
until they reach a size that exceeds the mouth gape of other individuals (Knight, W. & Ulibarri, 
M. per. comm.). This difference in size can be somewhat controlled for in captivity if individuals 
are collected in consecutive years. Consequently, we recommending focusing collection efforts 
with a three-year period to increase diversity while considering rearing-facility limitations.  
 An alternative field approach could include the collection of larval fish. This strategy has 
proven successful for other endangered fishes including Humpback Chub and Rio Grande 
Silvery Minnow (Knight, W. & Ulibarri, M. per. comm). We recommend sampling multiple 
backwaters that are known to act as nursery habitat for Colorado Pikeminnow. All larvae 
collected during this sampling effort would be transported to the hatchery, after which non-target 
species would be sorted as they grow and become easier to identify. The benefits to this 
approach could include an increase in the number of Colorado Pikeminnow captured, reduced 
field mortality of a less vulnerable life-stage, an increase in genetic diversity (e.g., Yampa River 
larvae) and limited impacts to wild populations. If two to three years of this approach are 
successful, this could considerably reduce space requirements within the hatchery. However, 
drawbacks to this strategy could include low capture rates, an increased probability of sibling 
relatedness within any single backwater, sampling during reproductively unsuccessful years, 
and/or mistimed sampling efforts (i.e., post-spawning) to capture larval fish. While we 
acknowledge this approach would require further expertise from larval and field experts, it could 
provide an opportunity to meet both genetic requirements and hatchery limitations. 
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