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Abstract
The Arizona Toad (Anaxyrus microscaphus) is restricted to riverine corridors and adjacent uplands in the arid southwestern 
United States. As with numerous amphibians worldwide, populations are declining and face various known or suspected 
threats, from disease to habitat modification resulting from climate change. The Arizona Toad has been petitioned to be 
listed under the U.S. Endangered Species Act and was considered “warranted but precluded” citing the need for additional 
information – particularly regarding natural history (e.g., connectivity and dispersal ability). The objectives of this study 
were to characterize population structure and genetic diversity across the species’ range. We used reduced-representation 
genomic sequencing to genotype 3,601 single nucleotide polymorphisms in 99 Arizona Toads from ten drainages across its 
range. Multiple analytical methods revealed two distinct genetic groups bisected by the Colorado River; one in the northwest-
ern portion of the range in southwestern Utah and eastern Nevada and the other in the southeastern portion of the range in 
central and eastern Arizona and New Mexico. We also found subtle substructure within both groups, particularly in central 
Arizona where toads at lower elevations were less connected than those at higher elevations. The northern and southern 
parts of the Arizona Toad range are not well connected genetically and could be managed as separate units. Further, these 
data could be used to identify source populations for assisted migration or translocations to support small or potentially 
declining populations.
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Introduction

The Arizona Toad (Anaxyrus microscaphus) is one of sev-
eral bufonids of the arid southwestern United States but is 
the only toad species restricted to riverine corridors and 
adjacent uplands. Despite these restrictions, the Arizona 
Toad’s range encompasses a variety of biotic communities 
and elevations, extending diagonally from southeastern 
Nevada and southwestern Utah across central Arizona to 
southwestern New Mexico (Schwaner and Sullivan 2005). 
As with numerous amphibians worldwide (Scheele et al. 
2019), and many in the southwestern United States (e.g., 
Hossack et al. 2017, 2022; Howell et al. 2020; Savage 
et al. 2018), populations are facing multiple known or sus-
pected threats.

Ongoing threats to the Arizona Toad include effects 
of expected changes in hydrology and increased drought 
associated with climate change, as well as wildfire, dis-
ease, and invasive species (Ault et al. 2016; Bradford et al. 
2020; Ryan et al. 2014; U.S. Fish and Wildlife Service 
2015), challenges that are common to virtually all ripar-
ian species in the southwestern United States. In a broad 
meta-analysis of potential threats to 35 southwestern 
amphibians, Mims et al. (2020) identified invasive species, 
changing community composition, land-use, and altered 
hydrology as potential threats to native amphibians, but 
provided no information specific to the Arizona Toad. 
Changes in hydrology in particular could affect movement 
and subsequent gene flow in Arizona Toads as dispersal is 
thought to be limited by water and the presence of mesic 
habitat and sufficient rainfall (Schwaner and Sullivan 
2005). The pathogenic chytrid fungus (Batrachochytrium 
dendrobatidis, Bd), that negatively affects many amphibi-
ans, is present throughout the region (Beirne 2015; Christ-
man and Jennings 2018; Lannoo et al. 2011; Schlaepfer 
et al. 2007; Sigafus et al. 2014) and has been identified on 
Arizona Toads in New Mexico. Despite Bd continuing to 
contribute to declines in other western bufonids and ranids 
(e.g., Russell et al. 2019), we are unaware of evidence that 
Arizona Toad populations are affected by disease from this 
fungal pathogen (Ryan et al. 2014).

The construction of water impoundments over the past 
100 years has facilitated hybridization between Arizona 
Toads and native Woodhouse’s Toads (A. woodhousii), 
which may have contributed to the local decline of Ari-
zona Toads (Schwaner and Sullivan 2005; Sullivan 1993). 
Along the Bill Williams and Agua Fria rivers of Arizona, 
putative declines from this threat appear restricted to areas 
adjacent to newly established impoundments where the 
altered aquatic habitat is unfavorable to the Arizona Toad 
and allows contact between it and Woodhouse’s Toads 
(Schwaner and Sullivan 2009; Sullivan 1986; Sullivan 

et al. 2015). The Arizona Toad depends on shallow, peren-
nial river and stream reaches with sandy, open floodplain 
habitats. These requirements suggest a greater sensitivity 
to flow reductions or drying, due to drought or to anthro-
pogenic modifications. This sensitivity is unlike most 
other toads in the region that use a variety of natural and 
artificial water bodies (e.g., Woodhouse’s Toads, Schwaner 
and Sullivan 2005; Sullivan 1993).

The Arizona Toad was petitioned for federal protection 
under the U.S. Endangered Species Act in 2015 (U.S. Fish 
and Wildlife Service 2015), and was considered to be “war-
ranted but precluded” with a request for additional infor-
mation – specifically about the range, population trends 
and biology of the species (Federal Register: Endangered 
and Threatened Wildlife and Plants; 90-Day Findings on 
31 Petitions). The species is slated for assessment by the 
U.S. Fish and Wildlife Service (USFWS) in fiscal year 2026 
(https:// www. fws. gov/ media/ natio nal- listi ng- workp lan- fis-
cal- years- 2022- 2027) and although it is currently listed as 
a species of greatest conservation concern in the four states 
where it occurs (Arizona, Nevada, New Mexico, and Utah) 
(Arizona Game and Fish Department 2022; Bradford et al. 
2005; Nevada Department of Wildlife 2015; New Mexico 
Department of Game and Fish 2016; Utah Division of Wild-
life Resources 2015), it currently has no federal protection.

The Arizona Toad occurs throughout much of its his-
torical range in the southwestern United States (e.g., Blair 
1955; Price and Sullivan 1988; Schwaner and Sullivan 2005; 
Sullivan 1993, 1995; Fig. 1). Although there have been no 
formal, range-wide assessments of population status or 
threats, reductions in distribution or number of populations 
are suspected in New Mexico (Forzley et al. 2021; Ryan 
et al. 2015), Arizona (Schwaner and Sullivan 2005), and 
Nevada (Bradford et al. 2005). Recent studies have docu-
mented idiosyncratic breeding activity and breeding success. 
For example, between 2013 and 2018, consecutive years of 
unseasonal flooding or drought in New Mexico were associ-
ated with no breeding activity or loss of entire cohorts (Ryan 
et al. 2015, but see Forzley et al. 2021). Recently, between 
2020 and 2022, similar patterns were observed in Arizona 
(M. Ryan pers. obs.).

A central question underpinning all putative threats to the 
Arizona Toad is the degree of connectivity among popula-
tions across the species’ range. Animal dispersal has impor-
tant implications for population demography, metapopula-
tion dynamics, and species persistence as well as shaping 
genetic structure and patterns of diversity (Cosgrove et al. 
2018; Fedy et al. 2017; Garant et al. 2005; Row et al. 2010, 
2016; Tucker et al. 2018). Connectivity among populations 
of Arizona Toads is perhaps uniquely tied to components 
of biogeography (e.g., elevation and aridity) and may be 
negatively affected by any of the aforementioned threats. 
Information addressing connectivity among populations of 

https://www.fws.gov/media/national-listing-workplan-fiscal-years-2022-2027
https://www.fws.gov/media/national-listing-workplan-fiscal-years-2022-2027
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interest for conservation planning  is especially relevant to 
the USFWS’ species status assessment framework of resil-
iency, redundancy and representation (Smith et al. 2018). 
For instance, well-connected populations are typically con-
sidered more redundant than isolated populations, as high 
connectivity leads to genetic similarity among populations 
(i.e., populations are more genetically similar and redundant 
of one another). The ability to move easily among popula-
tions also buffers against a stochastic, catastrophic event as 
individuals are better able to recolonize after such an event. 
On the other hand, low connectivity can lead to genetically 
divergent populations which may harbor unique genetic 
variation associated with that specific location (e.g., local 
adaptation to temperature, habitat, or diet). This is relevant 

to USFWS’ representation concept as it involves ensur-
ing distinct, genetic groups are considered for protection 
because of the potential for those populations to be locally 
adapted and the idea that protecting all unique genetic vari-
ation may improve the species’ ability to adapt to changing 
environments. The degree of connectivity among Arizona 
Toad populations is unknown despite its importance for 
management and conservation. Molecular methods are par-
ticularly useful for estimating gene flow, and improvements 
in technology and laboratory methods over the last decade 
have facilitated such analyses (Beja-Pereira et al. 2009; Haig 
et al. 2011; Oyler-McCance et al. 2021).

The objectives of this study were to characterize popu-
lation structure and genetic diversity across this species’ 

Fig. 1  Location of Arizona Toad (Anaxyrus microscaphus) sam-
ples collected across the species’ range. Symbols represent samples 
belonging to the indicated drainages: orange diamond—Meadow Val-
ley Wash, orange square—Beaver Dam Wash, light orange circle—
Virgin River, light blue plus sign—Bill Williams River, light blue 
diamond—Verde River, light blue circle—Agua Fria River, blue X—
Salt River, blue triangle—Gila River, blue square—Mimbres River, 

blue circle—Rio Grande  (see Appendix  1 for sample details). The 
bold dotted line that coincides with the Grand Canyon separates the 
two genetically distinct groups. Within the southern group, more 
subtle genetic structure is present with separation (smaller dashed 
line) between eastern and western groups. AZ Arizona; NV Nevada, 
NM New Mexico, UT Utah



 Conservation Genetics

range. Given the variable topography and hydrological pat-
terns across the range of the Arizona Toad, we predicted that 
some parts of the range would be disconnected from others. 
Further, we predicted that some of these disconnects would 
be related to water availability and the aridity of the environ-
ment, which are associated with elevation (Schwaner and 
Sullivan 2005). Specifically, we predicted that low elevation 
sites in southern and central Arizona, that are much drier, 
would have less gene flow than sites at higher elevations in 
central and eastern Arizona and New Mexico.

Methods

Sampling methods

Tissues from Arizona Toads were collected opportunisti-
cally and during targeted surveys to assess the species’ range 
in Nevada (2020), Arizona (2018–2021), and New Mexico 
(2011–2019) (no targeted surveys were implemented in 
Utah). In Arizona, Nevada and New Mexico, samples were 
collected during surveys of historical localities and new, 
undocumented sites in appropriate riparian habitats within 
the Arizona Toad’s range (Forzley et al. 2021). Tissue sam-
ples (i.e., liver, toe clips, tadpoles) were obtained from either 
live animals that were subsequently released (some toe clips) 
or from freshly euthanized animals prior to preservation. 
Toe clips from live, adult toads were sampled by removing a 
portion of toe IV (i.e., longest toe) to just above the proximal 
tubercle to the toe pad with sterile scissors, placing each toe 
clip in 95% ethanol prior to releasing the animal at its point 
of capture. All adult voucher specimens were euthanized 
with either Benzocaine (administered as Oragel™ ) (Under-
wood and Anthony 2020, ASIH_HACC_FinalDraft.PDF 
(squarespace.com) or MS222 (ASIH_HACC_FinalDraft.
PDF (squarespace.com) and then preserved (McDiarmid 
1994). Livers were immediately placed in 95% ethanol 
(McDiarmid 1994; Beaupre et al. 2004). Tadpoles were 
euthanized in 95% ethanol (Simmons 2015). All tissues 
were stored frozen (minimum − 20 oC) until analysis. All 
specimens were catalogued at the Museum of Southwestern 
Biology (MSB) University of New Mexico.

Laboratory and analysis methods

Genomic DNA was extracted from all tissue samples using 
an ammonium acetate protocol (modified from the PURE-
GENE kit (Qiagen) to reduce reaction volume). Some 
samples could not be identified to species in the field, so 
we used the restriction-digest methods described in Lamb 
et al. (2000) to assign final taxonomic identities. We also 
sequenced the uncut polymerase chain reaction (PCR) prod-
ucts for portions of both cytochrome b (using primers from 

Lamb et al. 2000) and the 16 S rRNA regions (using primers 
from Bickham et al. 1996) following Oyler-McCance et al. 
(2013) and compared those sequences to the sequences avail-
able in GenBank. Only those samples identified as Arizona 
Toad were retained. We performed double digest restriction 
associated DNA (ddRAD) sequencing for 123 samples fol-
lowing the protocol outlined in Langin et al. (2018). Briefly, 
we used 1 µg of starting DNA (13 µL of 77ng/µL genomic 
DNA), used the enzymes Spe1 and Sau3A, and size selected 
for 300–500 bp. Library quality was checked on a BioAna-
lyzer High Sensitivity DNA Assay (Agilent Technologies) 
and quantified with a Qubit HS DNA Assay (Life Technolo-
gies). Libraries were sent to Genewiz LLC for sequencing 
on a NovaSeq (Illumina).

Locus clustering

Only the first read of each pair was used in this analysis 
because single nucleotide polymorphism (SNP) discov-
ery on the paired read would be redundant for the current 
purposes, since tightly linked, unphased SNPs add little 
additional information to genetic-structure analysis while 
increasing bioinformatic complexity and run times (Falush 
et al. 2003). Raw reads were evaluated with FastQC (https:// 
www. bioin forma tics. babra ham. ac. uk/ proje cts/ fastqc/) and 
bbduk (https:// jgi. doe. gov/ data- and- tools/ softw are- tools/ 
bbtoo ls/) to evaluate base call quality, the frequency of the 
expected Sau3A1 restriction site, and to check for exoge-
nous sequence. Reads were cleaned with bbduk (Bushnell B. 
BBMap: sourceforge.net/projects/bbmap/) by first trimming 
to a length modulus of 5 to remove artifactual extra bases of 
poor quality (Bushnell B. BBMap: sourceforge.net/projects/
bbmap/ no date), then trimming low-quality bases below a 
phred-scaled quality threshold of 10, and finally trimming 
exogenous sequences identified using kmer thresholds of 15 
(read interior) and 11 (read edge). Reads less than 140 bases 
in length after trimming were discarded.

For locus discovery only, we down-sampled to at most 
five million reads per sample to mitigate bias that could 
arise from variation in read number among samples. Reads 
were then clustered within each sample at 97% with vsearch 
(Rognes et al. 2016) with iddef set to 1, representing a rea-
sonable maximum within-individual variation per tag for 
downstream SNP discovery. Clusters were then denoised 
with the unoise algorithm implemented in vsearch specify-
ing a minimum size of 2. Clusters smaller than five were 
discarded at this stage for computational efficiency and 
retained clusters from each sample were then pooled and 
reclustered at 95%, representing a reasonable maximum of 
inter-individual variation for downstream SNP discovery. 
A final round of clustering was performed to identify and 
remove very similar sets of tags (i.e., keeping only singleton 
clusters at 85% identity).

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://jgi.doe.gov/data-and-tools/software-tools/bbtools/
https://jgi.doe.gov/data-and-tools/software-tools/bbtools/
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Evaluation of coverage distribution

Cleaned reads from each sample were mapped to the 
retained loci with bowtie2, specifying the “very-sensitive” 
and “end-to-end” parameter switches. Counts of reads 
mapping at a quality threshold of 20 were then obtained 
with SAMtools (Li et al. 2009), from which we plotted two 
empirical distributions of the loci: the average per-sample 
coverage and the coefficient of variation (CV) in cover-
age across samples. By inspection, we selected two sets of 
empirical coverage bounds. The first was between a mini-
mum coverage of six (below which heterozygous sites would 
be frequently missed) and a maximum coverage of 20 (above 
which the distribution inflected away from the mean, sug-
gesting repetitive sequences). The second was a CV between 
0.7 and 1.3, given that the expected value is approximately 
1 for Poisson-distributed counts (Anders and Huber 2010), 
and strong divergence from this expectation suggests copy-
number variation among samples. Approximately 102,000 
tags were retained after coverage filtering.

Variant calling

Variant calling was performed with the biallelic model of 
BCFtools (Li et al. 2009), following standard quality-control 
measures such as avoiding sites near indels, at edges of tags, 
and sites exhibiting base-call bias. Variants were required 
to have a reported quality score of 999 (the programmatic 
maximum), exhibit both heterozygous and homozygous gen-
otypes in the total sample, and have a minor allele frequency 
of at least 0.05. Sites with a base-quality bias P-value less 
than 0.1, and sites within 5 bases of either end of a tag were 
excluded. We then removed samples with missing data at 
more than 10% of the variant sites.

Genetic diversity and population structure

To characterize genetic diversity, we calculated expected 
and observed heterozygosity in GenAlEx ver 6.5 (Peakall 
and Smouse 2012). We used several methods to investigate 
population differentiation and structure. First, we conducted 
a principal coordinates analysis by individual in GenAlEx 
ver. 6.5 (Peakall and Smouse 2012). We also assessed pop-
ulation structure using the Bayesian clustering algorithm 
implemented in STRU CTU RE (Pritchard et al. 2000). We 
used a hierarchical approach, that first included all individu-
als in the analyses and later included subsets of samples that 
clustered together in prior analyses to identify finer-level 
clusters. All analyses used a model with no location prior, 
correlated allele frequencies and admixture. We ran STRU 
CTU RE 10 times for each value of K from 1 to 5 using 
300,000 Markov chain Monte-Carlo (MCMC) repetitions 
and a burn in of 150,000. We examined plots showing trends 

in estimates to ensure that they were stable following the 
burn in period. The best-supported value of the number of 
unique genetic groups (K) was determined using two meth-
ods implemented in STRU CTU RE HARVESTER (Earl and 
vonHoldt 2012). First, we plotted the mean and standard 
deviation of ln Pr(X|K) at each value of K and evaluated the 
point at which those values plateaued. Second, we calculated 
and plotted ΔK following Evanno et al. (2005). STRU CTU 
RE runs were summarized and visualized using CLUMPAK 
(Kopelman et al. 2015). Finally, we quantified the genetic 
differentiation among drainages by calculating pairwise dif-
ferentiation metrics among all pairs of drainages. We esti-
mated both Jost’s D (Jost 2008) and Nei’s  GST (Nei 1973, 
1978) in package mmod in R (Winter 2012).

We investigated the spatial distribution of population 
structure using the Estimated Effective Migration Surfaces 
(EEMS) program (Petkova et al. 2016). The EEMS program 
fits a model that estimates the spatial distribution of genetic 
similarity and then uses the rate of decay in genetic similar-
ity to identify areas that deviate from the null expectation of 
isolation by distance (IBD) to identify gene flow corridors 
(less decay than expected) and barriers (more decay than 
expected). We fit the model assuming 300 demes in 4 inde-
pendent chains for 5,000,000 MCMC iterations, discarding 
the first 2,000,000 iterations as a burn-in period, then sam-
pling every 3,000 iterations, and retaining 1,000 for infer-
ence. We checked convergence through inspection of the log 
posterior trace plots and calculation of the Gelman-Rubin 
diagnostic (Gelman and Rubin 1992).

We then formally tested the prediction that higher eleva-
tion populations in the eastern watersheds in the southern 
genetic group (Salt River, Gila, Mimbres, Rio Grande) had 
relatively higher effective migration than the lower eleva-
tion western watersheds (Bill Williams, Verde, Aqua Fria). 
We used sampling coordinates to extract elevation from 
the WorldClim data (Fick and Hijmans 2017) and effective 
migration rates from the rasterized EEMS output generated 
with the eems.plots R script. We tested for a difference of 
means between the elevation and effective migration of the 
high and low elevation sites with a two-sample t-test in R.

Data generated during this study are available as a U.S. 
Geological Survey data release (Cornman et al. 2023).

Results

We analyzed 123 samples from ten watersheds and 37 water-
bodies across the range of the Arizona Toad. After filter-
ing and removing samples with high levels of missing data, 
our data set consisted of 99 individuals genotyped at 3,601 
SNPs grouped by drainages (Table 1; Fig. 1). Analyzed 
samples were from New Mexico (MSB, n = 30); Arizona 
(Arizona Game and Fish, n = 13; BKS private collection, 
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n = 12); Nevada (Nevada Department of Natural Resources, 
n = 4; MSB, n = 20); and Utah (Utah Division of Wildlife 
Resources, n = 20) (Table 1, Appendix 1). Samples con-
sisted of 43 liver portions, 24 toe clips, and 32 tadpole tail 
clips. Liver samples and eight toe clips were acquired during 
specimen voucher preparation; 16 toe clips and 32 tadpole 
tail clips were collected in the field.

Heterozygosity values were generally similar among 
most drainages, yet samples from the Virgin River had the 
lowest observed heterozygosity (0.211) and the highest 
inbreeding coefficient (0.130) (Table 2). Principal coordi-
nates analysis revealed three groups (Fig. 2), with the first 
axis explaining 23.35% of the variation and the second 

explaining an additional 5.32%. The first axis separated the 
Meadow Valley, Beaver Dam, and Virgin River drainages 
from the remaining drainages, while the second axis split 
the Agua Fria, Bill Williams, and Verde River drainages 
from the remaining drainages in the south (Salt, Mimbres, 
Rio Grande, and Gila rivers).

In our initial STRU CTU RE analysis that included the 
full data set (n = 99), the most likely number of unique 
genetic groups (K) was 2 or 3 (Fig. 3). The two most com-
mon approaches for selecting the most appropriate K yielded 
different results. The point at which the mean ln Pr(X|K) 
began to plateau was at K = 3 (Fig. S1), whereas the ΔK 
indicated K = 2 (Fig. S2). Because there was a clear east/
west break among the samples (particularly at K = 2), we 
separated our full data set into two groups (Group 1, north: 
Virgin River, Beaver Dam, and Meadow Valley washes, and 
Group 2, south: Rio Grande, Mimbres, Gila, Salt, Verde, 
Agua Fria, and Bill Williams rivers) and reran STRU CTU 
RE for each of those two groups. Within Group 2, the point 
at which the mean ln Pr(X|K) began to plateau was K = 3 
and ΔK suggested that the most supported K was 2 (Figs S3 
and S4). The Rio Grande, Mimbres, and Gila river drainages 
formed one sub-group, the Verde, Agua Fria, and Bill Wil-
liams rivers formed another sub-group with the Salt River 
being an intermediate between them (Fig. 4). Within Group 
1, the point at which the mean ln Pr(X|K) began to plateau 
was K = 3 (Fig. S5), whereas the ΔK indicated K = 2 (Fig. 
S6). At K = 2, samples within the Virgin River drainage were 
split into two groups, while the Beaver Dam and Meadow 
Valley samples aligned with the western Virgin River sam-
ples (Fig. 5). At K = 3, the three groups are comprised of 
Meadow Valley, Beaver Dam/western Virgin River, and 
eastern Virgin River (Fig. 5).

Table 1  Genomic samples of Arizona toad (Anaxyrus microscaphus) 
by drainage and waterbodies

 For specific location and sample tissue type see Appendix 1

State Drainage Number of water-
bodies sampled 
(N)

Genomic 
samples 
(N)

Arizona Agua Fria River 2 5
Arizona Bill Williams River 2 7
Arizona Gila River 2 3
Arizona Salt River 4 5
Arizona Verde River 3 5
Nevada Beaver Dam Wash 2 3
Nevada Meadow Valley Wash 2 21
New Mexico Gila River 11 23
New Mexico Mimbres River 1 4
New Mexico Rio Grande 3 3
Utah Beaver Dam Wash 2 7
Utah Virgin River 5 13

Fig. 2  Principal coordinates analysis of Arizona Toad samples genotyped at 3,601 single nucleotide polymorphisms grouped by drainage
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The pairwise genetic distances were consistent with the 
patterns found in our other analyses of population struc-
ture (Table 3). The highest values of differentiation using 
both Jost’s D and Nei’s  GST occurred in comparisons that 
involved populations from both the northern and southern 
groups. These values were > 0.2 in both metrics, suggest-
ing substantial differentiation. Differentiation was lower 
in comparisons between drainages within the northern and 
southern groups.

Our estimates of effective migration generally agreed 
with patterns of population structure (Fig. 6a). The sam-
pling locations are divided into three main groups by a 

combination of IBD (white) and barriers to gene flow 
(lower than expected under IBD; red): group 1 = Meadow 
Valley, Beaver Dam, and Virgin River; group 2 = Bill Wil-
liams, Verde, and Agua Fria rivers; group 3 = Salt River, 
Gila, Mimbres, and Rio Grande rivers. The mean eleva-
tion was significantly higher (t18.91 = −5.72, p = 1.65e-
05; Fig. 6b) for the eastern watersheds (mean = 1,873.08, 
se = 44.99; Salt, Gila, Mimbres, Rio Grande rivers) in the 
southern genetic group, than for the western watersheds 
(mean = 972.35, se = 150.82; Bill Williams, Verde, Aqua 
Fria rivers). As predicted, the higher elevation sites had 

Table 2  Sample size and 
genetic diversity measures 
for Arizona toads (Anaxyrus 
microscaphus) for each of the 
10 drainages

N is sample size,  Ho is observed heterozygosity,  He is expected heterozygosity, F is inbreeding coefficient 
and SE are standard errors around estimates

N Ho SE He SE F SE

Northern Drainages
Meadow Valley Wash 21.000 0.234 0.004 0.239 0.003 0.028 0.005
Virgin River 13.000 0.211 0.003 0.248 0.003 0.130 0.006
Beaver Dam Wash 10.000 0.227 0.004 0.242 0.003 0.052 0.006
Southern Drainages
Rio Grande 3.000 0.251 0.005 0.243 0.003 − 0.057 0.009
Mimbres River 4.000 0.267 0.004 0.268 0.003 − 0.018 0.008
Gila River 26.000 0.283 0.003 0.312 0.003 0.090 0.004
Salt River 5.000 0.253 0.004 0.258 0.003 0.000 0.008
Verde River 5.000 0.234 0.004 0.270 0.003 0.102 0.008
Agua Fria River 5.000 0.266 0.004 0.281 0.003 0.029 0.008
Bill Williams River 7.000 0.280 0.004 0.274 0.003 − 0.032 0.006

Fig. 3  Estimated population genetic structure based on genetic varia-
tion at 3,601 single nucleotide polymorphisms as calculated in STRU 
CTU RE at K = 2 (top) and K = 3 (bottom). Samples are ordered 
from northwest (far left) to southeast (far right).  Each genetic group 

is represented by a unique color and each bar represents an individual 
Arizona Toad. The colors on the bars represent each individual’s esti-
mated membership in each of the unique genetic groups
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significantly higher mean effective migration than the 

lower elevation sites, as predicted (t25.39 = −2.76, p = 0.01; 
Fig. 6c).

Discussion

The most parsimonious interpretation of population structure 
across the range of the Arizona Toad indicates two geneti-
cally distinct groups. The first group includes populations 
in drainages in the northwest of the toad’s range in Utah 
and Nevada (i.e., Virgin River, Beaver Dam and Meadow 
Valley washes). The second group includes populations in 
drainages in the rest of the toad’s range in central and south-
eastern Arizona (i.e., Bill Williams, Agua Fria, Verde, and 
Salt rivers) and all populations in New Mexico. Within the 
second group we also found more subtle genetic differen-
tiation between central Arizona (Bill Williams, Verde, and 
Agua Fria rivers) and those drainages to the east (Salt, Gila, 
Mimbres, and Rio Grande rivers). In general, this finding 
suggests that across the range of the Arizona Toad, the dis-
tribution of genetic variation is not uniform, and the species 
may benefit from region-specific management. There are a 
number of explanations for the differences that we found.

Presently, the distribution of the Arizona Toad spans a 
variety of topographic features, including putative barriers 
to dispersal such as large rivers, mountains, and basins, with 
two major geographic breaks across the range. The first and 
largest barrier is between the watersheds of the Virgin River, 
and the Bill Williams River on opposite sides of the Grand 
Canyon. We found differentiation between Group 1 (i.e., 
populations in the western drainages of the lower Virgin 
River and its tributaries in southern Utah and Nevada), and 
Group 2 (i.e., populations in central and southeastern Ari-
zona and populations in New Mexico) which aligns with the 
first geographic break in the Arizona Toad’s range (Figs. 1, 2 
and 3). Group 1 is separated from Group 2 by the mainstem 
of the Colorado River and the absence of relatively mesic 
uplands (e.g., forest and woodland with adjacent riparian 
corridors) that likely limit movements between watersheds. 
Based on our STRU CTU RE analysis for Group 1 alone, 
there was subtle differentiation among the three drainages, 
with the Beaver Dam and western Virgin River samples 
being intermediate between the samples collected in the 
eastern Virgin River tributaries near Mt Carmel Junction and 
the Meadow Valley drainage (Fig. 5). In Group 2, farther to 
the south, the western drainages (Bill Williams, Agua Fria, 
and Verde rivers) were more subtly differentiated from the 
drainages to the east including the Salt River drainage that is 
not too distant geographically (Figs. 2, 4 and 6). The Colo-
rado River separates the mouths of the Gila and the Bill Wil-
liams rivers, but the headwaters of the Bill Williams River 
are closer to other riparian systems in central Arizona (e.g., 
Hassayampa and Agua Fria rivers) suggesting that under 

Fig. 4  Estimated population genetic structure of the southern group 
of Arizona Toads based on genetic variation at 3,601 single nucleo-
tide polymorphisms as calculated in STRU CTU RE at K = 2 (top) 
and K = 3 (bottom). Samples are ordered from west (far left) to east 
(far right). Each genetic group is represented by a unique color and 
each bar represents an individual Arizona Toad. The colors on the 
bars represent each individual’s estimated membership in each of the 
unique genetic groups

Fig. 5  Estimated population genetic structure of the northern group 
of Arizona Toads based on genetic variation at 3,601 single nucleo-
tide polymorphisms as calculated in STRU CTU RE at K = 2 (top) 
and K = 3 (bottom). Samples are ordered from west (far left) to east 
(far right). Each genetic group is represented by a unique color and 
each bar represents an individual Arizona Toad. The colors on the 
bars represent each individual’s estimated membership in each of the 
unique genetic groups
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some conditions (e.g., summer rains) gene exchange may 
occur between Arizona Toads from the Bill Williams popu-
lations and those in central Arizona. The second geographic 
break in the Arizona Toad range occurs at the continental 
divide between the Mimbres and Rio Grande watersheds 
(Fig. 1, within the New Mexico portion of Group 2), but our 
results do not indicate genetic differentiation among popula-
tions in these watersheds (Figs. 4 and 6).

There are two gaps within the distribution of the Ari-
zona Toad for which we lack samples, possibly affecting our 
results. Samples were unavailable from these areas because 

Arizona Toads were not found (i.e., inhospitable habitat) or 
we were unable to survey the habitat. The first sampling gap 
is on either side of the Colorado River east of Lake Mead, 
including the Grand Canyon. While Arizona Toads have 
been observed southeast of Lake Mead in the Music Moun-
tains (B. Sullivan, pers. obs.), much of this area is part of the 
Hualapai Reservation. Surveys off the reservation, however, 
have not found Arizona Toads. This gap corresponds to the 
first geographic break, and we suspect that rugged topog-
raphy and limited streams and springs in this area likely 
preclude widespread occurrence in this area. The second 

Table 3  Pairwise genetic distances between drainages for Arizona Toad using Jost’s D (below diagonal) and Nei’s  GST (above the diagonal)

Rio Grande Mimbres Gila Salt Verde Agua Fria Bill Williams Virgin Beaver Dam Meadow Valley

Rio Grande 0.024 0.016 0.080 0.132 0.129 0.148 0.254 0.255 0.269
Mimbres 0.021 0.012 0.068 0.120 0.115 0.134 0.234 0.238 0.251
Gila 0.014 0.011 0.056 0.108 0.107 0.124 0.226 0.227 0.241
Salt 0.072 0.062 0.052 0.105 0.102 0.122 0.233 0.234 0.248
Verde 0.131 0.121 0.109 0.099 0.027 0.053 0.197 0.197 0.210
Agua Fria 0.132 0.119 0.112 0.098 0.025 0.055 0.187 0.187 0.203
Bill Williams 0.147 0.135 0.125 0.115 0.048 0.051 0.207 0.206 0.219
Virgin 0.260 0.242 0.237 0.227 0.192 0.185 0.200 0.048 0.064
Beaver Dam 0.259 0.245 0.236 0.227 0.190 0.182 0.198 0.035 0.041
Meadow Valley 0.271 0.256 0.249 0.238 0.201 0.197 0.208 0.046 0.028

Fig. 6  Estimated Effective Migration Surface (EEMS) for Arizona 
Toad. a  The EEMS displays relative rates of effective migration: 
high = blue, low = red, white = consistent with isolation by distance. 
b  Within the southern genetic cluster, the western watersheds (Bill 

Williams, Verde, Aqua Fria rivers) were at lower mean elevation than 
the eastern watersheds (Salt River, Gila, Mimbres, Rio Grande riv-
ers). c The western watersheds also had lower mean effective migra-
tion than the eastern watersheds
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sampling gap is in east-central Arizona along the eastern 
Mogollon Rim and foothills. Much of this area belongs to 
the White Mountain Apache, San Apache, and Fort Apache 
Tribes and to our knowledge has not been surveyed recently 
for the Arizona Toad. Although we lacked genetic samples 
from this area there are some historic museum records (prior 
to 1991, but tissues were not available) suggesting that Ari-
zona Toads occur in this area, but the extent of occurrence 
and current status is unknown. The Salt River samples (west 
of this region) largely align with the Gila River samples 
(east of this region), suggesting gene flow through this area. 
Further, our effective migration surface (Fig. 6) suggests that 
this alignment is likely the result of isolation by distance 
(compared to the more stringent barriers to gene flow from 
Salt River west toward Agua Fria). Collaboration with Tribal 
Nations on future surveys will help to determine if Arizona 
Toads are present in these two regions, connecting popula-
tions to the east and west as predicted by our genetic data.

Data on genetic population structure in other bufonids of 
the southwestern United States are relatively scarce, with a 
few exceptions. The Great Plains Toad (Anaxyrus cognatus) 
breeds primarily in rain-formed pools during the summer. 
Jungels et al. (2010) and Chan and Zamudio (2009) docu-
mented a low level of genetic differentiation among breeding 
populations of this toad at distances of 1-100 km. These 
authors argued that high levels of connectivity (i.e., gene 
flow) occur because of homogeneity in the desert flats where 
these toads breed, uncertainty in breeding site locations 
across years, and the species’ adaptations to desert exist-
ence that allow them to move larger distances than one might 
expect for an anuran inhabiting arid habitats. A range-wide 
phylogeographic analysis of the Arroyo Toad (A. californi-
cus), a sister taxon of the Arizona Toad, found in Califor-
nia and Baja California, Mexico, found two well-supported 
clades for northern and southern populations, and a strong 
genetic connectivity within watersheds in both areas (Lovich 
2009). Based on previous work on movements and habitat 
use in Arroyo Toads, Lovich (2009) suggested that gene flow 
may be higher because toads are able to move between drain-
ages in the more mesic landscapes of the southern popula-
tions. This idea was corroborated by studies on movement 
patterns of Arroyo Toads in northern populations inhabiting 
more xeric environments (Atkinson et al. 2003; Barto 1999; 
Beaman et al. 1995; Brown and Fisher 2002; Campbell et al. 
1996; Griffin and Case 2001; Holland and Sisk 2000; Ram-
irez 2000; Sweet and Sullivan 2005; U. S. Fish and Wildlife 
Service 1999).

Information from A. cognatus and A. californicus suggest 
that movement among populations can occur, but is likely 
limited to the availability of relatively mesic habitat cor-
ridors or seasonal rainfall events that facilitate connectivity 
and allow dispersal. We found gene flow opportunities in 
the Arizona Toad to be lower (i.e., less connectivity) in the 

low elevation populations in west and central Arizona (Bill 
Williams, Agua Fria, and Verde rivers, Fig. 6b,c). Breeding 
sites in this area are less connected due to the harsh, dry 
conditions between ephemeral or intermittent streams in the 
Sonoran Desert Scrub habitat. Conversely, we showed that 
gene flow opportunities are higher (i.e., more connectivity) 
among high elevation populations in central and eastern Ari-
zona and New Mexico (i.e., Salt, Gila, Mimbres, and Rio 
Grande headwaters) where populations occur in more mesic 
forest biomes and experience increased summer rainfall dur-
ing their activity periods (Schwaner and Sullivan 2005). Our 
finding, that connectivity among populations of the Arizona 
Toad is facilitated by mesic conditions during summer rains 
at high elevations, is the reverse of the “valley-mountain” 
model proposed by Funk et al. (2005) to describe the struc-
ture of population genetics for Columbia Spotted Frog (Rana 
luteiventris) in the Pacific Northwest. The model was based 
on their analysis of genetic differentiation among Colum-
bia Spotted Frog populations at high and low elevations, 
and a literature review of other ranid frogs in the region. 
Funk et al. (2005) argued that high elevation ridges serve 
as barriers to gene flow for these riparian dwelling anurans 
between drainages, but at lower elevations, valley bottoms 
allow higher gene flow rendering populations genetically 
less divergent.

Differences in the abilities of non-desert dwelling frogs 
and desert-dwelling toads to tolerate low water environments 
may account for this hypothesis reversal. The difference in 
connectivity that we found between populations of the Ari-
zona Toad in western Arizona (i.e., Verde, Agua Fria and 
Bill Williams rivers) and those to the east (i.e., Salt, Gila, 
Mimbres rivers) supports the view that populations inhabit-
ing watersheds at high elevations with headwater streams 
in mesic forest biomes experience higher connectivity that 
may be lacking among drainages in more arid environments. 
However, additional investigation into dispersal in the Ari-
zona Toad, and especially limitations to dispersal, would 
be useful.

Our results can be used to prioritize surveys and habitat 
assessments in under-studied areas, such as upper headwater 
stream reaches, with the aim of determining the functional-
ity (e.g., availability of water) of these corridors in maintain-
ing connectivity among populations and determining if toads 
are present in these habitats. If higher connectedness among 
populations at higher elevations is a driving force in the popu-
lation structure of the Arizona Toad, the loss of headwater 
springs from a combination of regional drought, reduced 
snowpack, and severe fire may lead to population isolation. 
Loss of breeding habitats around headwaters may push the 
Arizona Toad further downslope toward more xeric habitats, 
thereby increasing dispersal distance, reducing the availability 
of mesic corridors, and decreasing connectivity. The genetic 
data presented here can inform conservation decisions and 
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strategies (e.g., whether management is needed and whether 
different strategies are required for different groups of the Ari-
zona Toad). These data may also aid in identifying areas for 
habitat restoration and in identifying source populations for 
assisted migration or translocation to support small or poten-
tially declining populations of this species. Considering our 
evidence of genetic differentiation between the north and south 
and the existing geographic barriers to dispersal, other threats 
are likely to have an increased impact on this species, espe-
cially climate change-associated threats of regional drought 
- including reduced snowpack, anthropogenic alterations to 
hydrologic flow, and increased wildfire intensity.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10592- 024- 01606-w.
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