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A B S T R AC T
Objective:  Humpback Chub (HBC) Gila cypha in Grand Canyon declined in abundance and distribution over the latter part of the 20th cen-
tury but have substantially increased in abundance and distribution over the past two decades. Although previous genetic work suggested that 
HBC in Grand Canyon belong to one genetic group, here we evaluate the genetic structure of HBC in Grand Canyon to determine whether 
relic populations in western Grand Canyon may have contributed unique variation to the recent population expansion or whether differences 
in behavior linked to migration in eastern Grand Canyon may promote assortative mating and heretofore unrecognized population structure.
Methods:  Using fin clips collected from 167 individual HBC representing four sampling sites within Grand Canyon, we extracted DNA 
and developed data sets consisting of approximately 20,000 anonymous genomic loci. We quantified patterns of genetic diversity, and we 
accounted for outlier single-​nucleotide polymorphisms to ensure that our interpretations of genetic patterns were not misled by adaptive 
processes and did not mask adaptively important genetic variation.
Results:  Despite behavioral variation and the possibility that individuals with unique genetic variation survived in isolated warmwater sites 
within western Grand Canyon, HBC were not differentiated by sampling site or by differences in migratory behavior. Heterozygosity and 
nucleotide diversity were consistently high among sampling sites, and inbreeding coefficients were close to zero.
Conclusions:  The HBC in Grand Canyon constitute a single genetic population. Our results do not preclude a genetic basis to migratory 
behavior, but our data suggest that this trait does not lead to assortative mating. Furthermore, while HBC may have survived in discontigu-
ous warmwater refugia in western Grand Canyon during decades when the main stem was too cold for spawning, our data did not reveal any 
noticeable spatial variability in HBC genetics in the main stem after the recent HBC population expansion.
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L A Y  S U M M A R Y
Despite differences in behaviors and a history of population expansions and contractions both before and after human management of the 
Colorado River, Humpback Chub in Grand Canyon are genetically homogenous.

I N T RO DU C T IO N

Preserving genetic diversity and maintaining spatial genetic 
structure are important components of conservation planning 
for imperiled species (Moritz, 1994 ; Paz-​Vinas et al., 2018). 
Genetic diversity is often considered a proxy for the ability 
of a population to adapt to environmental change (Crawford 

& Whitney, 2010; DeWoody et  al., 2021; García-​Dorado & 
Caballero, 2021); populations with higher genetic diversity 
have more adaptive potential because they have more alleles 
available in their gene pool, which may be advantageous in 
response to various selective pressures. Additionally, spatial 
structure in genetic diversity can be indicative of adaptation 
to local site characteristics, reproductive barriers, or both 
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(Ackerman et al., 2013; Flanagan et al., 2018). In particular, 
genetics can be used to develop conservation units, which can 
then be used to develop management plans that inform endan-
gered species listing or delisting; translocation, stocking, or 
captive breeding programs; and threat identification (Barbosa 
et al., 2018; Fraser & Bernatchez, 2001; Moritz, 1994).

Before the construction of large dams and introductions of 
nonnative species in the 20th century, the Colorado River was 
home to a highly endemic assemblage of fishes that evolved in a 
dynamic riverine environment (Miller, 1958; Minckley, 1991), 
with large floods followed by periods of low base flow, high 
suspended sediment concentrations, and seasonally variable 
water temperatures (Schmidt et al., 2022; Wright et al., 2009). 
Like other native fishes of the Colorado River, the Humpback 
Chub (HBC) Gila cypha experienced decreases in population 
sizes and constrictions in geographic range after nonnative 
species introductions and dam construction throughout the 
Colorado River and its major tributaries (Minckley, 1991; U.S. 
Fish and Wildlife Service [USFWS], 2018). Currently, there 
are five recognized extant HBC populations that occur across 
Utah, Colorado, and Arizona; the Grand Canyon population is 
estimated to be the largest (USFWS, 2002a, 2018). Moreover, 
genetic analyses have shown that Grand Canyon HBC have 
experienced less hybridization with Roundtail Chub (RTC) G. 
robusta and may therefore represent the most genetically “pure” 
population within the species (Bohn et al., 2019; Chafin et al., 
2019; Douglas & Douglas, 2007).

Water temperatures in Grand Canyon have varied substantially 
over decadal scales and are believed to be a primary driver of both 
the decline and the more recent growth of the HBC population in 
Grand Canyon, with unknown impacts on genetic diversity. The 
water temperature of the Colorado River is determined primar-
ily by the temperature of the water released from Lake Powell 
via Glen Canyon Dam (GCD), with the volume of releases play-
ing a more important role in determining water temperatures 
in further downriver segments (Mihalevich et al., 2020). Lake 
Powell began filling in 1963, and by the early 1970s, water drawn 
from the hypolimnion of Lake Powell was released from GCD, 
resulting in water temperatures that were generally too cold for 
HBC reproduction and growth (Gorman & Van Hoosen, 2000; 
Robinson & Childs, 2001); we refer to this period (1970s–1990s) 
as the “coldwater period.” By the early 2000s, water temperatures 
started warming as the water level in Lake Powell slowly declined 
such that water was released from the warmer metalimnion or 
epilimnion (hereafter, the “warming period”; Dibble et al., 2021). 
As water flows downstream from GCD, it slowly warms due to 
solar irradiation, causing western Grand Canyon (WGC) to be 
generally warmer than eastern Grand Canyon, particularly in 
summer and fall (Mihalevich et al., 2020).

During the coldwater period, HBC that spawned in the 
Little Colorado River (LCR), a tributary to the Colorado River 
located about 124 km downstream of GCD (hereafter, “LCR-​
spawning HBC”) were considered the stronghold of HBC 
within Grand Canyon. Cold water temperatures generally 
precluded HBC from spawning and rearing in the main-​stem 
Colorado River (with some exceptions; see Andersen et  al., 
2010), whereas LCR spawners persisted by spending part or all 
of their lives in the warmwater LCR (Kaeding & Zimmerman, 
1983). Abundances of LCR-​spawning adults (>200 mm total 

length [TL]) declined to lower than 5,000 in the early 2000s 
(Coggins & Walters, 2009), likely due to cold water tempera-
tures in the main stem limiting growth and forcing individu-
als to spend extended periods in vulnerable early life stages 
(Clarkson & Childs, 2000; Coggins et al., 2011; Yackulic et al., 
2018 ). Adult abundances of LCR spawners increased during 
the warming period and have exceeded 9,000 since 2009 (Dzul 
et al., 2022; Yackulic et al., 2014). More recently, it has been 
shown that the LCR-​spawning group of HBC exhibits partial 
migration and includes two life history types: LCR residents 
and LCR migrants (Yackulic et al., 2014). This partial migra-
tory behavior may lead to divergent selection if it facilitates 
assortative mating due to differences in spawning habitat pref-
erences or spawning phenology (Buchinger et al., 2023), but 
genetic divergence is less likely if migratory behavior is depen-
dent on environmental conditions (Chapman et al., 2012).

Compared to the LCR-​spawning group, HBC in other parts of 
Grand Canyon were rare during the coldwater period and tended 
to occur throughout the Colorado River in “aggregations,” a term 
coined by Valdez and Ryel (1995) to describe “a consistent and 
disjunct group of fish with no significant exchange of individuals 
with other aggregations, as indicated by recapture of passive inte-
grated transponder (PIT) tagged juveniles and adults and move-
ment of radio-​tagged adults.” Some aggregation sites occurred in 
proximity to warmwater springs or tributaries, which led biolo-
gists to hypothesize that aggregations were a result of a once-​con-
tiguous population becoming fragmented due to small pockets 
of warmwater refugia within a cold river. In WGC (here defined 
as downstream of the confluence with Havasu Creek [HAV], 
∼277–477 km downstream of GCD), HBC were extremely rare 
during the coldwater period and occurred at only one aggrega-
tion site (Colorado River near Pumpkin Spring), which was esti-
mated to have five adult HBC (Valdez & Ryel, 1995).

During the coldwater period, Douglas and Douglas (2007) 
collected tissues from about 10 HBC individuals in WGC for 
genetic analysis and observed very slight differentiation from 
LCR-​spawning HBC; however, those authors noted that their 
analysis of WGC was limited by low sample size. During the 
warming period and after the formation of Pearce Ferry Rapid 
(a large rapid that impedes upstream movement from Lake 
Mead), increases in the catch of HBC were observed at aggre-
gation sites starting as early as 2006 (Persons et al., 2017); by 
2017, HBC became widespread throughout the western por-
tion of Grand Canyon downstream of the confluence with 
HAV, both inside and outside of aggregation sites (Rogowski 
et al., 2018; Van Haverbeke et al., 2017). Currently, our observa-
tions indicate that adult HBC in WGC likely outnumber LCR 
spawners. The history of HBC decline, the possibility of iso-
lated refugia in warmwater areas of WGC, and the subsequent 
population expansion since warming of the river merit genetic 
investigation to ensure that HBC conservation units are prop-
erly assigned. To our knowledge, this is the first study to assess 
the genetics of HBC in WGC since the population expansion.

Beginning in 2011, HBC were translocated into HAV 
(located ∼277 km downstream of GCD). Translocated fish were 
originally collected from the LCR beginning in 2010, taken to a 
hatchery for 1 year, and then stocked into HAV as part of a con-
servation plan to expand the HBC population in Grand Canyon 
outside of the LCR. Since the time translocations started, wild 
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reproduction has been documented in HAV (Healy et al., 2020) 
and some translocated individuals have moved from HAV back 
into the LCR (Healy et al., 2022). A genetic analysis of wild-​
spawned HBC in HAV may provide insight as to whether these 
fish are the progeny of the translocated HBC or some other 
HBC group (e.g., WGC group), which could help to inform 
assessments of the success of this conservation action.

Here, we quantify patterns of HBC genetic differentiation 
across fish sampled from four Grand Canyon sites to address 
three study questions: (1) “Do the HBC experiencing rapid 
population growth in WGC harbor unique genetic variation?”; 
(2) “Do differences in migratory behavior identified in LCR-​
spawning HBC lead to assortative mating and, hence, heretofore 
unrecognized population structure?”; and (3) “If WGC individ-
uals differ genetically from LCR spawners, to which group do 
non​translocated HAV HBC belong?” The level of genetic dis-
tinctiveness among fish has important implications for species 
conservation, as the number of genetically defined populations 
within Grand Canyon relates to the identification of conserva-
tion units and, hence, representation and redundancy criteria 
used in recovery planning (USFWS, 2002b, 2018). Additionally, 
genetic differentiation across groups can be used to guide trans-
location efforts that bolster breeding populations across the dis-
tribution of HBC (e.g., Yackulic et al., 2021).

M E T HO D S
Species description

Humpback Chub were listed as endangered in 1967 (USFWS, 
2002b); however, the species was downlisted to threatened 
in 2021 (USFWS, 2021). After the initial listing, six HBC 
populations were identified, of which five are currently 
extant (Westwater, Black Rocks, Desolation/Gray Canyon, 
Cataract Canyon, and Grand Canyon) and one is function-
ally extirpated (Dinosaur National Monument; USFWS, 
2018). Genetic studies of HBC suggest that the five extant 
populations fall into three genetic clusters: (1) Black Rocks, 
Westwater, and Cataract Canyon; (2) Desolation/Gray 
Canyon; and (3) Grand Canyon (Bohn et al., 2019; Douglas 
& Douglas, 2007). There is some evidence of both recent 
(Chafin et al., 2019) and historic (Douglas & Douglas, 2007) 
hybridization of HBC with two related species: the RTC and 
the Bonytail (BTC) G. elegans.

Within the Grand Canyon population, partial migration of 
LCR-​spawning HBC has led to two different life history types: 
(1) LCR residents, which spend their whole life cycle in the 
LCR and typically exhibit faster growth and a shorter lifespan; 
and (2) LCR migrants, which are born and rear in the LCR but 
typically move into the Colorado River within their first year 
of life and exhibit slower growth and a longer lifespan (Dzul 
et al., 2021, 2023; Yackulic et al., 2014). Upon reaching adult-
hood (∼200 mm TL), LCR migrants begin migrating into the 
LCR during spring months, presumably to spawn (Douglas & 
Marsh, 1996; Kaeding & Zimmerman, 1983). Humpback Chub 
exhibit variability in growth and survival according to spatial 
location and their size (Dzul et al., 2023; Yackulic et al., 2014), 
and this affects age at maturity and lifespan across sites. For 
LCR residents, HBC typically take approximately 3 years to 
reach adult size (200 mm TL), and once this size is attained, 

the lifespan is short (1–2 years; Dzul et  al., 2023; Yackulic 
et al., 2014). For LCR migrants, there is substantial variability 
in growth and age at maturation based on water temperatures, 
and the size of juvenile HBC when they out-​migrate from the 
LCR is also highly variable. Generally, the attainment of adult 
size can occur within 5–8 years (but may occur in 3–4 years 
if warmer water temperatures like those observed in 2022 
become more common), and the lifespan as adults is typically 
6–10 years (Dzul et al., 2023), although some individuals can 
live much longer. Growth and survival of WGC HBC are inter-
mediate to those of LCR migrants and LCR residents (Dzul 
et al., 2023).

It should be noted that 227 HBC from the LCR were released 
into WGC (∼420 km downstream of GCD) during 2018, 
including 23 fish that were sonic-​tagged to evaluate movement 
(K. Young, personal observation). This action occurred well 
after the documented increase in WGC HBC (Van Haverbeke 
et al., 2017), suggesting that the population expansion in WGC 
was almost exclusively through natural reproduction and mini-
mally aided by translocation efforts.

Field methods
To investigate HBC genetic patterns within Grand Canyon, 
we sampled tissue from 167 fish representing four focal groups 
in October 2020. We captured fish spread throughout sam-
pling sites (see Figure 1); we sampled in October because at 
that time, LCR migrants were in the Colorado River whereas 
LCR residents were in the LCR (Yackulic et al., 2014). All tis-
sues from all HBC groups were pelvic fin clips sampled with 
ethanol-​sterilized scissors and preserved in non​denatured 
95% ethanol. Resident HBC in the LCR (60 tissues; hereafter, 
“LCR-​RES”) were collected during long-​term USFWS moni-
toring of the LCR. The LCR-​RES fin clips were all collected 
about 10.0–13.5 km upstream from the confluence with the 
main stem to minimize the probability of including migrant 
individuals as part of the sample. Additionally, fin clips from 
fish that migrated into and out of the LCR (40 tissues; hereafter, 
“LCR-​MIG”) were collected from a fixed monitoring site in the 
Colorado River (∼1.9–7.2 km downstream of the LCR conflu-
ence). Fin clips from HBC in WGC (40 tissues) were collected 
from a fixed monitoring site (located ∼239.8–245.4 km down-
stream of the LCR confluence), and fin clips from HBC in HAV 
(27 tissues) were collected in the lowest 6 km of the creek. Fin 
clips collected from HAV included five HBC that were trans-
located from the LCR into HAV in 2014. Sampling methods 
varied across groups. Humpback Chub in Grand Canyon were 
captured using either baited hoop nets (for HAV; Healy et al., 
2020 ) or unbaited hoop nets (for LCR-​MIG, LCR-​RES, and 
WGC; Dzul et al., 2022; Van Haverbeke et al., 2013); in the 
main stem, electrofishing was also used (for LCR-​MIG and 
WGC; Dzul et al., 2022).

In addition, we obtained 25 fin clip tissues representing 
three out-groups, including 15 HBC from the upper Colorado 
River basin (the Desolation/Gray Canyon population [DGP]) 
and five fish from each of two closely related species, BTC 
and RTC. Out-groups allowed us to compare our results with 
those of previous studies (e.g., Douglas & Douglas, 2007) 
and to ensure that we were not mistaking genetic variation 
resulting from hybridization (e.g., Chafin et al., 2019) as HBC 
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genetic variation. Fin clips from BTC and DGP were frozen 
and provided by the Southwestern Native Aquatic Resources 
and Recovery Center (Dexter, New Mexico). There are no self-​
sustaining populations of BTC in the wild (USFWS, 2002b). 
The DGP tissues originated from sampling efforts conducted 
in the Green River during 2015. Fin clips from RTC were col-
lected from Bubbling Ponds Hatchery (Cornville, Arizona) in 
October 2020, representing fish that were originally collected 
from the Verde River in Arizona. The RTC fin clips were pre-
served in 95% non​denatured ethanol.

Extraction of DNA, library preparation, and data processing
Genomic DNA from the 192 fin clip samples was extracted 
using DNeasy 96 Blood and Tissue Kits (Qiagen, Germantown, 
Maryland) and individually barcoded and processed into one 
library using a modified restriction fragment-​based procedure 
(Peterson et al., 2012). Briefly, DNA was doubly digested with 
the restriction enzymes EcoRI and MspI, followed by ligation of 
Illumina adaptor sequences and combinatorial barcodes using 
forward and reverse indexing reads; barcodes were included 
in indices instead of in line with DNA fragments, resulting 
in reads that had more data. Ligation products were pooled 
and amplified using 18 cycles of PCR. A Pippin Prep system 

(Sage Science, Beverly, Massachusetts) was used to size select 
amplicons from 400 to 600 bp. The library was sequenced 
on a NovaSeq 6000 (Illumina, San Diego, California) at the 
University of Oregon’s Genomics and Cell Characterization 
Core Facility (Eugene, Oregon) to generate single-​end 118-​bp 
reads.

Raw data were demultiplexed and cleaned (i.e., to exclude 
raw reads containing more than four low-​quality sites and/
or adapter contamination) using “fastq-​multx” in the package 
ea-​utils (Aronesty, 2011) and “process_radtags” in STACKS 
version 2.6 (Catchen et al., 2013). The remaining processing 
was accomplished using STACKS and followed the r80 pro-
tocol detailed by Rochette and Catchen (2017). Specifically, 
parameters affecting assembly were assessed based on how 
parameter combinations affected r80 loci (i.e., those found in 
80% of samples or more); the optimal parameter set associ-
ated with the plateau of the number of r80 loci was selected 
(Paris et al., 2017; Rochette & Catchen, 2017). Values used 
in the final de novo assembly were as follows: The minimum 
depth of coverage to initiate a new stack (−m in ustacks) was 
3, the number of mismatches allowed between stacks (−M in 
ustacks) was 2, and the distance allowed between catalog loci 
(−n in cstacks) was 2.

Figure 1.  Map of locations of Gila spp. used in genetic analyses. Genetic groups included Bonytail (BTC) raised at the Southwestern 
Native Aquatic Resources and Recovery Center (Dexter, New Mexico); Roundtail Chub (RTC) obtained from Bubbling Ponds Hatchery 
(Cornville, Arizona) and originally from the Verde River, Arizona; and Humpback Chub (HBC) from the Desolation/Gray Canyon 
population (DGP), which were obtained from the Southwestern Native Aquatic Resources and Recovery Center but originally collected 
in the Green River, Utah. Within Grand Canyon, HBC groups corresponded to sampling sites in or near the Little Colorado River (LCR) 
and included LCR residents (LCR-​RES; obtained 10.0–13.5 km upstream of the Colorado River confluence), LCR migrants (LCR-​MIG; 
obtained from the Colorado River, ∼1.9–7.2 km downstream from the LCR confluence), Havasu Creek (HAV; obtained from the lower 
∼6 km of the creek), and western Grand Canyon (WGC; obtained ∼239.8–245.4 km downstream of the LCR confluence). (Figure credit: 
Erica Byerley, U.S. Geological Survey.)
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The “populations” program in STACKS was executed twice 
to generate the single-​nucleotide polymorphism (SNP) data 
sets used in analyses. The first run included all individuals 
and resulted in a data set used to calculate sampling site sum-
mary statistics, including observed heterozygosity (HOBS), 
expected heterozygosity (HEXP), nucleotide diversity (π), and 
inbreeding coefficient (FIS) and pairwise genetic differen-
tiation index (FST) values between sampling sites. Parameters 
included the minimum percentage of individuals across pop-
ulations required to process a locus (−R = 0.8), minimum 
minor allele frequency required to process a nucleotide site 
at a locus (−min_maf = 0.02), maximum observed heterozy-
gosity required to process a nucleotide site at a locus (−max_
obs_het = 0.7), minimum number of populations in which a 
locus must be present to process the locus (−p = 2), and the 
correction applied to FST values (−fst_correction = p_value). 
STACKS calculates pairwise population FST by averaging anal-
ysis of molecular variance-​corrected SNP FST values across all 
SNPs; SNPs that were significantly different from an FST of zero 
are identified using a Fisher’s exact test (Catchen et al., 2013; 
see also Excoffier et  al., 1992, and Weir, 1990). We further 
assessed whether pairwise population FST values significantly 
deviated from zero by calculating 95% CIs using “boot.ppfst()” 
(nboot = 1,000) from the R package Hierfstat (Goudet, 2005). 
However, we note that pairwise population FST values that do 
not overlap with zero do not necessarily imply significant popu-
lation differentiation (Frankham et al., 2002). In the second 
run, we included only Grand Canyon HBC to create a data set 
tailored for identifying outlier SNPs (see below). Parameters 
were the same as above except that we also required a mini-
mum percentage of individuals in a sampling site for a locus 
to be processed (−r = 0.7), which increased the probability 
that allelic variation was accurately captured within sites. The 
STACKS program minimizes paralogs through the –max_
obs_het parameter and by removing highly repetitive stacks in 
the ustacks program (Rochette & Catchen, 2017). Using the 
second data set containing only Grand Canyon HBC, we cal-
culated pairwise relatedness (ϕ) values for all individuals using 
the relatedness2 estimator in VCFtools (Danecek et al., 2011; 
Manichaikul et al., 2010). Pairwise ϕ values 0.354 > ϕ > 0.177 
indicate first-​degree relatives, such as full siblings and parent–
offspring pairs, while values 0.177 > ϕ >0.0884 suggest second-​
degree relatives, such as half-​siblings, grandparent–grandchild, 
and uncle/aunt–niece/nephew relationships.

Population structure among Grand Canyon HBC 
sampling sites

To address (1) whether WGC HBC maintain unique genetic 
variation and (2) whether differences among LCR behavioral 
traits may be leading to assortative mating and the generation 
of population structure, we used two approaches, including 
Bayesian clustering implemented in STRUCTURE version 
2.3.4 (Falush et al., 2003) and principal components analysis 
(PCA) in R version 4.0.5 (R Core Team, 2021). Each method 
relies on different assumptions to quantify differentiation 
among individuals that may result from divergence in isolation 
(question 1) or nonrandom mating (question 2). We executed 
20 independent runs in STRUCTURE for each set of genetic 
clusters (hereafter, “K-​values”) ranging from 1 to 9; each run 

utilized an admixture model with correlated allele frequen-
cies, where population membership was not assigned a pri-
ori, and consisted of 100,000 burn-​in iterations and 250,000 
Markov chain–Monte Carlo iterations. We used DISTRUCT 
(Rosenberg, 2004 ) to visualize results. Principal components 
analysis was conducted in R using “dudi.pca()” (center = T, 
scale = T) from the package ade4 (Dray & Dufour, 2007) on 
a scaled genind object created using “read.structure()” and 
“scaleGen()” from the package Adegenet (Jombart, 2008). 
We assessed the results of these analyses in tandem along with 
relatedness as indicated by pairwise FST to determine bio-
logically relevant, genetically defined groups instead of using 
model selection methods that can be misleading (i.e., Janes 
et al., 2017).

We repeated STRUCTURE and PCA on data sets including 
only neutral or outlier SNPs to understand whether individuals 
were differentiating in genetic variation that may be attributed 
to adaptive processes. We identified outlier SNPs in a data set 
that only included Grand Canyon HBC sampling sites by using 
pcadapt version 4.3.3 (Privé et al., 2020), a method that makes 
no a priori assumptions about selection pressure. The program 
pcadapt uses principal component (PC) loadings for identify-
ing outlier SNPs, where SNPs are weighted for each PC axis. 
As such, the method is meant to be less reliant on assumptions 
regarding the underlying demography, which is appropriate 
for our data set given the low genetic variation across Grand 
Canyon HBC individuals (see Results). We ran pcadapt with-
out correction for stratification, as preliminary tests indicated 
that setting K equal to 1 allowed the most inclusive (i.e., largest) 
set of SNPs to be identified. To classify outliers, we used thresh-
olds at which outlier SNPs are expected to be falsely identified 
as adaptive (q-​values) of 0.05 and 0.15 to construct stringent 
and relaxed outlier data sets. We utilized the same methods for 
executing STRUCTURE and PCA on each narrow and broad 
outlier (and corresponding neutral) data set.

R E S U LT S
Next-​generation sequencing data quality, processing, 

and data set construction
Illumina sequencing produced over 3.68 × 108 reads across 192 
individuals (average of 1.92 × 106 reads/individual). Eleven 
individuals were removed due to low coverage of usable pro-
cessed reads (Table 1). After the removal of low-​quality reads 
and adapter contamination, over 3.08 × 108 reads remained 
to identify homologous loci and SNPs in STACKS (Table 1). 
The data set including HBC and out-groups contained 20,360 
loci composed of 2,245,473 sites. After filtering criteria were 
applied, 11,691 variant sites (i.e., SNPs) remained for calculat-
ing sampling site summary statistics and pairwise FST values and 
performing PCA. The data set including only Grand Canyon 
HBC contained 20,566 loci composed of 2,268,173 sites. After 
application of filtering criteria to that data set, 12,140 variant 
sites remained for PCA and STRUCTURE analyses and for 
identifying outlier SNPs. Heterozygosity (HOBS and HEXP) and 
nucleotide diversity (π) were consistent across HBC sampling 
sites and lower within BTC and RTC. Values of FIS indicated 
that HEXP did not deviate from HOBS (values ± SE were close 
to or overlapping with zero; Table 2). Pairwise population 
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FST values calculated across loci were consistently low among 
Grand Canyon HBC comparisons (average = 0.008), indicat-
ing few allelic differences among these sampling sites; FST val-
ues were higher in comparisons with DGP (average = 0.038) 
and highest in comparisons with RTC (average = 0.113) and 
BTC (average = 0.205; Table 3). All pairwise FST values were 
significantly different from zero (p < 0.05), as their 95% CIs 
calculated by bootstrapping allelic variation within popula-
tion pairs did not overlap with zero. Our relatedness analysis 
suggested that of the sampled fish, seven pairs had first-​degree 
relationships (five pairs from HAV and two pairs from LCR-
RES) and 22 pairs had second-​degree relationships (14 pairs 
from HAV, six pairs from LCR-​RES, and two pairs from WGC; 
Figure 2).

Population structure and history
Population genetic analyses provided consistent support for 
little genetic structure within Grand Canyon HBC groups 
(LCR-​MIG, LCR-​R ES, HAV, and WGC). Analyses with 
STRUCTURE (excluding RTC and BTC) illustrated that 
the primary axis of genetic differentiation (i.e., K = 2) was 
between DGP and the Grand Canyon groups (blue and red, 
respectively, in Figure 3A). Analysis of K = 3 differentiated 
several individuals from HAV from the remaining Grand 
Canyon HBC (brown in Figure 3A), while analysis of K = 4 
identified a consistent genetic axis throughout Grand Canyon 

sampling sites (purple in Figure 3A). Principal components 
analysis on all individuals differentiated RTC, BTC, and HBC 
(i.e., DGP, LCR-​RES, LCR-​MIG, HAV, and WGC) on PC1 
and PC2, respectively; a subsequent PCA on HBC exclud-
ing the out-groups reiterated the STRUCTURE patterns in 
that DGP was separate from Grand Canyon sites (i.e., LCR-​
RES, LCR-​MIG, HAV, and WGC) on PC1 (similar to K = 2), 
while 16 HAV individuals were separate from the remaining 
Grand Canyon individuals on PC2 (similar to K = 3; Figure 
3B). Five of the 16 HAV individuals segregating on PC2 were 
translocated from LCR (see Methods), and the remaining 11 
segregants shared either first-​ or second-​degree relationships 
with the translocated individuals (Figure 2). These data, inter-
preted alongside pairwise FST values, support one genetically 
defined group when considering Grand Canyon HBC and two 
genetically defined groups when considering Grand Canyon 
HBC and the DGP sampling site (similar to the findings of 
Douglas & Douglas, 2007).

We utilized pcadapt to identify outlier SNPs within our 
Grand Canyon HBC genotype data set and to investigate 
whether adaptive variation may be masked by patterns across 
neutral SNPs. We identified 32 outlier SNPs when using a strin-
gent q-​value threshold (α = 0.05) and 66 outlier SNPs when 
using a relaxed q-​value threshold (α = 0.15). We performed 
STRUCTURE analyses and PCA on outlier and neutral data 
sets; across all analyses, we found that outlier SNPs did not 

Table 1.  Details of sampling sites and processing. Columns indicate the number of individuals per sampling site (#ind), sampling site 
coordinates (Latitude/Longitude), average number of reads per individual per sampling site after data processing (Processed reads), and 
average number of reads per individual per sampling site used to construct loci (Utilized reads). Values outside of parentheses in the #ind 
column indicate the number of individuals used for analyses if fewer than the total (see Results). Spatial locations correspond to either the 
hatchery location (for Bonytail and Roundtail Chub) or the Humpback Chub field collection site (all other groups).

Source and abbreviation #ind Latitude Longitude Processed reads (±SD) Utilized reads (±SD)

Western Grand Canyon (WGC) 35 (40) 35.916233 113.334649 1,840,060 ± 397,700 1,510,076 ± 88,200
Havasu Creek (HAV) 25 (27) 36.296067 112.736870 2,166,800 ± 143,743 1,898,254 ± 151,542
Little Colorado River migrants 

(LCR-​MIG)
38 (40) 36.169014 111.811668 2,080,051 ± 531,248 1,866,404 ± 78,332

Little Colorado River residents 
(LCR-​RES)

60 36.173867 111.708984 1,948,324 ± 208,067 1,761,002 ± 103,035

Desolation/Gray Canyon population 
(DGP)

15 39.296017 110.062061 1,486,205 ± 237,062 1,389,995 ± 93,655

Roundtail Chub (RTC) 3 (5) 34.474674 111.800951 1,262,591 ± 339,094 1,183,592 ± 78,540
Bonytail (BTC) 5 33.194344 104.350733 1,511,205 ± 211,355 1,390,165 ± 58,518

Table 2.  Genetic summary statistics calculated across single-​nucleotide polymorphisms (i.e., variant sites only) for Gila spp. sampling 
sites, including average sample size (number of individuals [#ind]) used to calculate statistics and associated variation (±SE) across loci, 
observed heterozygosity (HOBS), expected heterozygosity (HEXP), nucleotide diversity (π), and the inbreeding coefficient (FIS). Humpback 
Chub groups include western Grand Canyon (WGC), Havasu Creek (HAV), Little Colorado River migrants (LCR-​MIG), Little Colorado 
River residents (LCR-​RES), and the Desolation/Gray Canyon population (DGP). The FIS is not reported for Roundtail Chub (RTC) or 
Bonytail (BTC) because low sample sizes can generate spurious results.

Source #ind HOBS HEXP π FIS

WGC 31.1 0.230 ± 0.002 0.235 ± 0.001 0.239 ± 0.002 0.03 ± 0.02
HAV 22.9 0.224 ± 0.002 0.228 ± 0.002 0.233 ± 0.002 0.03 ± 0.02
LCR-​MIG 35.2 0.236 ± 0.002 0.239 ± 0.001 0.242 ± 0.001 0.02 ± 0.02
LCR-​RES 55.7 0.239 ± 0.002 0.244 ± 0.001 0.246 ± 0.001 0.03 ± 0.03
DGP 12.9 0.216 ± 0.002 0.216 ± 0.002 0.225 ± 0.002 0.03 ± 0.02
RTC 2.5 0.065 ± 0.002 0.049 ± 0.001 0.065 ± 0.002 NA
BTC 4.1 0.118 ± 0.002 0.098 ± 0.002 0.114 ± 0.002 NA
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segregate between sampling sites inconsistently with neutral 
SNPs, as would be predicted if rare adaptive variation influ-
enced behavioral traits (i.e., in LCR-​MIG versus LCR-​RES). 
In fact, patterns of differentiation across outlier SNPs mirrored 
the patterns across neutral SNPs (Figures S1–S4 [see online 
Supplementary Material]). Because 5 of the 16 fish segregat-
ing along PC1 were translocated from LCR into HAV and the 
remaining 11 fish were related to the translocated individuals 
(Figure 2), we hypothesize that the outlier SNPs represented 
unique neutral genetic variation carried into HAV when the fish 
were translocated. Similar analyses including only LCR-​RES 
and LCR-​MIG individuals did not produce different results 
(data not shown).

DI S C U S S IO N
Humpback Chub in Grand Canyon demonstrate spatial vari-
ability in vital rates (e.g., survival, growth, and movement; 
Dzul et al., 2023; Yackulic et al., 2014) and have experienced 
rapid changes in population size over the past century (Coggins 
& Walters, 2009; Dzul et al., 2022; Valdez & Ryel, 1995; Van 
Haverbeke et al., 2017). Although there is some uncertainty in 
the historic range of HBC, most records suggest that a contigu-
ous population occurred throughout Grand Canyon before the 
construction of GCD (USFWS, 2018; Valdez & Ryel, 1995), 
and this is supported by the results of our genetic analysis. We 
found no evidence of substantive genetic differentiation across 
Grand Canyon HBC, as evidenced by low values of FST in all 

Table 3.  Pairwise genetic differentiation index FST values calculated using the program STACKS. Comparisons within Humpback Chub 
groups include western Grand Canyon (WGC), Havasu Creek (HAV), Little Colorado River migrants (LCR-​MIG), Little Colorado River 
residents (LCR-​RES), and the Desolation/Gray Canyon population (DGP). All FST values are significantly different from zero (p < 0.05). 
Additional abbreviations are as follows: BTC = Bonytail and RTC = Roundtail Chub.

Group WGC HAV LCR-​MIG LCR-​RES DGP RTC

BTC 0.212 0.251 0.197 0.158 0.273 0.335
WGC 0.014 0.005 0.005 0.037 0.116
HAV 0.011 0.009 0.050 0.149
LCR-​MIG 0.002 0.034 0.106
LCR-​RES 0.031 0.082
DGP 0.168

Figure 2.  Box-​and-​whisker plots showing the distribution of pairwise relatedness (ϕ) values for Humpback Chub. Mean values are 
zero for each sampling site, indicating that most individuals were not related. Pairwise ϕ values 0.354 > ϕ > 0.177 indicate first-​degree 
relationships, while values 0.177 > ϕ > 0.0884 suggest second-​degree relationships. All pairwise ϕ values greater than 0.098 for Havasu 
Creek (HAV) represent individuals that segregated at a high principal component 2 value in Figure 3B (white triangles), including 
five individuals that were translocated from the Little Colorado River (LCR) to HAV. Abbreviations are as follows: LCR-​MIG = LCR 
migrants, LCR-​RES = LCR residents, and WGC = western Grand Canyon.
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pairwise comparisons of sampled groups. The cohesive gene 
pool of Grand Canyon HBC suggests high rates of gene flow 
throughout habitat and the lack of assortative mating within 
or among groups of fish. Furthermore, we find no evidence for 
unique genetic variation that may have resulted from hypothet-
ical warmwater refugia in WGC during the coldwater period.

Overall genetic differentiation was low across Grand Canyon 
HBC, but we observed slight differentiation in some HAV indi-
viduals (Figure 3). Interestingly, differentiated individuals 
included five LCR-​spawned HBC that were collected in 2013 as 
age-​0 fish and stocked into HAV the following year (i.e., stocked 
in 2014 as age-​1 fish). In addition, these fish shared close rela-
tionships with conspecifics at HAV (Figure 2), suggesting that 
they successfully reproduced after translocation. Although we 
cannot pinpoint the mechanism driving this differentiation, we 
note that (1) the location from which fish were sourced might 
have had slight genetic differences compared to the LCR fish 
sampled herein; and (2) differentiation is very low, with some 
genetic methods able to detect it (i.e., PCA and STRUCTURE) 
and others unable to do so (FST). Additional sampling within 
the LCR may provide clues as to where this variation originated.

Like HBC, numerous fishes and other vertebrates exhibit 
partial migration and alternative life history strategies 
(Chapman et al., 2011 ). An individual’s decision to migrate 
(or not) is often condition-​dependent (e.g., trade-off between 

individual growth rate and food availability; Brodersen et al., 
2008; Chapman et al., 2012) and sometimes indirectly influ-
enced by the individual’s genotype (Dodson et al., 2013). In 
the case of LCR-​spawning HBC, resident and migrant indi-
viduals likely spawn sympatrically but could potentially seg-
regate based on characteristics such as body size (Dzul et al., 
2023) or behavior, which could have a genetic basis. There 
is some evidence that meristic traits of HBC vary longitudi-
nally within the LCR (Kaeding & Zimmerman, 1983), which 
could be indicative of genetic differences. Numerous studies 
acknowledge that genetic variability, phenotypic plasticity, and 
environmental conditions/thresholds all interact to influence 
the migration decisions of individuals (Pulido, 2011; Sandlund 
& Jonsson, 2016; Skov et al., 2010) so that the genetic basis of 
migration decisions can be cryptic (Pulido, 2011). Despite 
these observed phenotypic differences among residents and 
migrants, they were similar genetically, which supports a pan-
mictic population. However, the lack of genetic distinctiveness 
of LCR migrants and residents does not preclude the possibility 
of a genetic basis to life history type.

The genetic similarity across LCR migrants and residents sug-
gests that the observed life history differences (Dzul et al., 2023) 
may be due to other factors, such as physiological responses to 
differing temperatures and food availabilities (Lee et al., 2013; 
Sandström et al., 1995) or phenotypically plastic responses to 

Figure 3.  Genetic structure (A) within Humpback Chub (HBC) and (B) among HBC, Roundtail Chub (RTC), and Bonytail (BTC). 
Plots for K-​values of 2–4 (panel A) illustrate the hierarchical partitioning of genetic structure. Humpback Chub that were translocated 
into Havasu Creek (HAV) are denoted with stars above their respective bars. Principal components analysis (PCA) plots (panel B) 
include all species (left) and only HBC (right). Abbreviations are as follows: DGP = Desolation/Gray Canyon population, LCR-​RES = 
Little Colorado River residents, LCR-​MIG = Little Colorado River migrants, and WGC = western Grand Canyon.
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environmental thresholds (Pulido, 2011; Skov et al., 2010). In 
particular, warmer water temperatures lead to faster growth of 
HBC (Dzul et al., 2016; Gorman & Van Hoosen, 2000), and 
numerous studies have documented reductions in adult life-
span associated with fast growth (Lee et al., 2013 ; Metcalfe 
& Monaghan, 2003; Weinstein et al., 2019). This temperature-​
induced variability in life histories can increase population 
resilience: The combination of short-​lived fast growers and long-​
lived slow growers results in a population that is able to recover 
rapidly after disturbances and to withstand long periods of poor 
reproduction or recruitment (Polačik et al., 2014; Taylor et al., 
2019). Physiological plasticity, or the ability of animals to shift 
physiological processes in response to temperature, may also be 
an important factor that allows for HBC to successfully inhabit 
diverse thermal habitats within river networks (Kingsolver & 
Huey 2008; Seebacher et al., 2014).

Our sampling design and analyses reinforce the genetic 
similarity among Grand Canyon HBC and may inform man-
agement in response to emerging threats. Although HBC have 
thrived in Grand Canyon over the past decade due to warm-
ing water temperatures, continued increases in water tempera-
tures due to drought (Dibble et al., 2021; Vernieu et al., 2005) 
will produce new threats. While warmer water temperatures 
may be beneficial for HBC (Robinson & Childs, 2001; Van 
Haverbeke et al., 2017), they may also facilitate the spread of 
nonnative piscivorous warmwater fishes (Dibble et al., 2021), 
particularly if water temperatures increase above 16°C in the 
Colorado River near the LCR confluence (Eppehimer et al., 
2024). Nonnative warmwater piscivores have decimated 
native fishes, including HBC, in the upper Colorado River 
basin (Johnson et al., 2008; Tyus & Saunders 2000). In 2022, 
the water temperature of releases from Lake Powell were 4°C 
warmer than at any other point in the past 50 years, as reser-
voir elevations declined to their lowest level in 50 years (U.S. 
Geological Survey [USGS], 2024). Many warmwater species 
found in Lake Powell were entrained and appeared to spawn in 
the Colorado River below GCD, including Smallmouth Bass 
Micropterus dolomieu (Eppehimer et al., 2024). Grand Canyon 
tributaries, such as the LCR and HAV, provide physical barriers 
(e.g., waterfalls) and environmental deterrents (e.g., floods and 
high levels of dissolved CO2; Stone et al., 2018) that may help 
to shelter HBC and other native fishes from piscivory by nonna-
tive fishes and may provide genetic refugia if nonnative warm-
water fishes spread and impact the main-​stem HBC population. 
If HBC need to be augmented due to threats, our data suggest 
that sources of fish are interchangeable within Grand Canyon, 
providing robust management options to maintain healthy and 
viable populations.
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