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ABSTRACT OF THE DISSERTATION

The Ecology, Evolution, and Management of Recent Non-Native Hybridization of the

Endangered California Tiger Salamander (Ambystoma californiense)

by

Robert David Cooper
Doctor of Philosophy in Ecology and Evolutionary Biology
University of California, Los Angeles, 2021
Professor H. Bradley Shaffer, Co-Chair

Professor Greg Grether, Co-Chair

The introduction of non-native species is a growing threat to biodiversity worldwide.
Hybridization between invasive and endangered species severely complicates the management
and conservation of threatened taxa. In these situations, it is necessary to understand the forces
that drive hybrid success on the landscape in order to employ the most efficient and effective
strategies to preserve native diversity. In this thesis, I present three studies that target specific
aspects of hybridization between the endangered California tiger salamander (Ambystoma
californiense) and the introduced barred tiger salamander (Ambystoma mavortium). In the first
chapter, I use a Critical Thermal Maximum (CTMax) assay to show that hybrid salamanders can
function at greater temperatures than either parental species. Complementary analysis of gene

expression uncovered extensive transgressive segregation in F1 hybrids, which may explain this



enhanced thermal ability. Increased temperature tolerance in hybrid salamanders may contribute
to their success in California. The final two chapters evaluate a potential method for reducing the
success of hybrid salamanders in the wild. Previous work has suggested that breeding pond
duration (hydroperiod) may confer fitness differences between hybrid and native salamanders. In
the second chapter I constructed an array of large, semi-natural experimental ponds to test the
effect of hydroperiod on larval survival and mass at metamorphosis. I demonstrate that both
hybrid and native larvae benefit from increased pond duration, though hybrids benefit
substantially more from each additional day of pond duration. While there were no hydroperiod
treatments where native larvae outperformed hybrids, shortened hydroperiods significantly
reduced hybrid advantage. In the third chapter, I use data from Chapter 2 to modify a recently
developed demographic model for CTS to estimate the effects that hydroperiod manipulation
might have on population persistence and hybrid success. Through demographic simulations, I
demonstrate that the short hydroperiod treatments do not support a stable CTS population, and
do not increase population resistance to hybrid colonization. It appears that healthy native
populations near their carrying capacity, supported by long hydroperiod ponds, represent the best
tool for deterring hybrid expansion. Conversely, reducing the hydroperiod of primarily non-
native ponds may reduce the success of hybrids, decreasing the proliferation of non-native
genotypes. Managing non-native hybrids is a difficult, but important conservation priority given
the increased performance of hybrids in both temperature tolerance and larval success.
Integrative strategies that include targeted hydroperiod management may represent the best

strategy for maintaining native CTS diversity in California.
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Abstract

Hybridization between native and non-native species is an ongoing global conserva-
tion threat. Hybrids that exhibit traits and tolerances that surpass parental values are
of particular concern, given their potential to outperform native species. Effective
management of hybrid populations requires an understanding of both physiological
performance and the underlying mechanisms that drive transgressive hybrid traits.
Here, we explore several aspects of the hybridization between the endangered
California tiger salamander (Ambystoma californiense; CTS) and the introduced barred
tiger salamander (Ambystoma mavortium; BTS). We assayed critical thermal maximum
(CTMax) to compare the ability of CTS, BTS and F1 hybrids to tolerate acute ther-
mal stress, and found that hybrids exhibit a wide range of CTMax values, with 33%
(4/12) able to tolerate temperatures greater than either parent. We then quantified
the genomic response, measured at the RNA transcript level, of each salamander, to
explore the mechanisms underlying thermal tolerance strategies. We found that CTS
and BTS have strikingly different values and tissue-specific patterns of overall gene
expression, with hybrids expressing intermediate values. F1 hybrids display abundant
and variable degrees of allele-specific expression (ASE), likely arising from extensive
compensatory evolution in gene regulatory mechanisms between CTS and BTS. We
found evidence that the proportion of genes with allelic imbalance in individual hy-
brids correlates with their CTMax, suggesting a link between ASE and expanded ther-
mal tolerance that may contribute to the success of hybrid salamanders in California.
Future climate change may further complicate management of CTS if hybrid salaman-

ders are better equipped to deal with rising temperatures.

KEYWORDS
amphibians, comparative physiology, conservation genetics, hybridization, transcriptomics

Molecular Ecology. 2021;30:987-1004.

wileyonlinelibrary.com/journal/mec © 2020 John Wiley & Sons Ltd
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INTRODUCTION

The introduction and establishment of invasive species represents
one of the most significant threats to vertebrate biodiversity
worldwide (Bellard et al., 2016). Non-native species pose immedi-
ate threats from competition and/or predation of native flora and
fauna (Gurevitch & Padilla, 2004). However, these non-native spe-
cies pose a more devastating and less well-understood threat when
they hybridize with native taxa. Globalization and increased human
movement have brought allopatric species into contact that have
not evolved intrinsic isolating mechanisms that reduce or eliminate
interspecific breeding (Mallet, 2005). Hybridization between diver-
gent species is sometimes halted at the F1 stage due to genomic
or behavioural incompatibilities. However, when hybridization pro-
duces viable offspring, the result is often genomic introgression. This
invasion of non-native genes into local populations typically results
in the decline of the native parental species as they are replaced
demographically by hybrids (Rhymer & Simberloff, 1996). This may
culminate in genomic extinction, where no pure native genotypes
persist (Allendorf et al., 2001; Ellstrand & Rieseberg, 2016). A recent
review of hybridization across multiple taxa concluded that about
half (69 of 143 studies) reported hybridization to be an extinction
threat (Todesco et al., 2016).

This ‘genetic swamping’ can be intensified by anthropogenically
induced environmental perturbations, including climate change
(Gomez et al., 2015). Successful invaders often have intrinsic abili-
ties that allow them to rapidly adapt to novel environments. Alien
species may also bring genes that are specifically adapted to local
landscapes where they are introduced, resulting in non-native ad-
mixture fortifying hybrid animals against future environmental
change (Hamilton & Miller, 2016; Kovach et al., 2016; Pfennig et al.,
2016; Rieseberg et al., 1999). This threat can be particularly severe
when hybrids possess traits or tolerances that surpass those of their

parental species.

1.1 | Transgressive hybrid phenotypes

Transgressive hybrid phenotypes are characterized by trait values
in hybrid offspring that are outside the bounds of either parental
species. Heterosis and transgressive segregation are two well-doc-
umented phenomena that can produce transgressive phenotypes.
Heterosis, or hybrid vigour, typically occurs in first-generation (F1)
hybrid crosses. Heterosis has been exploited to produce strains of
agricultural crops that exhibit superior traits, including increased
yield, vigour and disease resistance (Fu et al., 2014; Liu et al., 2020).
Despite the importance of heterosis in commercial agriculture,
its molecular basis is still widely debated (Comings & MacMurray,
2000; Schnable & Springer, 2013). Exaggerated traits in F1 hybrids
are often attributed to individual loci that convey a heterozygote
advantage and are not expected to achieve fixation in a popula-
tion (Hedrick, 2012). However, recent genomic studies have dem-
onstrated that epistasis and epigenetics may play a significant role

in producing transgressive hybrids through differential gene regula-
tion (Fujimoto et al., 2012; Landau et al., 2019; Miller et al., 2015),
small interfering RNAs (Groszmann et al., 2011; Shen et al., 2017),
and DNA methylation (Lauss et al., 2018; Shen et al., 2017). These
mechanisms may allow transgressive phenotypes to persist past the
F1 stage. In contrast, transgressive segregation occurs at, or after
the production of, second-generation hybrid crosses, when meio-
sis can produce recombinant genotypes. This phenomenon occurs
more frequently than previously assumed; 97% of plant and 78% of
animal hybrid studies report at least some transgressive phenotypes
(Rieseberg et al., 1999). These transgressive traits may be the result
of additive or non-additive interactions of loci from the two paren-
tal lineages and can become fixed in admixed populations (Dittrich-
Reed & Fitzpatrick, 2013).

Though often considered separately, heterosis and transgressive
segregation are linked processes that can produce transgressive
hybrid phenotypes. Both are predicted to produce more exagger-
ated phenotypes with increasingly divergent parental lineages
(Guindon et al., 2019; Stelkens & Seehausen, 2009). As recent ev-
idence continues to highlight the importance of epistasis and epi-
genetics in driving transgressive phenotypes at the F1 stage (Jiang
et al.,, 2017), it is likely that these mechanisms contribute to fixed
transgressive phenotypes in admixed populations. Furthermore, in
many agricultural studies, the extent of observed heterosis helps
predict the successful establishment of transgressive phenotypes in
subsequent generations (Chahota et al., 2007; Guindon et al., 2019;
Khan et al., 2016; Kumar et al., 2017; Sarawat et al., 1993). In the
case of wild non-native hybrids, it is similarly useful to analyse phe-
notypic traits in F1 hybrids to understand the potential advantages
and adaptations that may arise through transgressive segregation.
These traits may experience positive selection that establishes F1
individuals, a critical step in the early evolution of admixed popu-
lations. Furthermore, if the mechanisms that produce transgressive
phenotypes in the F1 stage are indeed heritable, then they may fa-
cilitate further hybrid crosses with a greater potential of establishing
permanent transgressive hybrid populations. In this study, we utilize
F1 hybrid phenotypes to understand the forces promoting hybrid-
ization between an endangered salamander and an introduced con-

gener in central California.

1.2 | Hybridization in the California tiger
salamander system

The California tiger salamander (‘CTS’, Ambystoma californiense) is
endemic to the grassland ecosystems of central California (Lannoo,
2005). The species is protected under both state law and federal
law (California Department of Fish Game, 2010; U.S. Fish & Wildlife
Service, 2004). One of the primary threats to CTS is the rapid in-
trogression of non-native alleles from the introduced barred tiger
salamander ('BTS'; Ambystoma mavortium). BTS were intentionally
introduced into the Salinas Valley (Monterey County, California,
USA) in the 1950s and 1960s for the fishing bait industry (Riley et al.,
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2003). These introduced BTS may be considered invasive species
since they are established, directly compete and hybridize with na-
tive CTS, and alter the biodiversity of threatened vernal pool eco-
systems (Johnson et al., 2011; Ryan et al., 2009; Searcy et al., 2016).
However, their greatest threat is to the genomic integrity of native
CTS through introgression.

Hybridization between CTS and BTS occurs readily, hybrids are
fertile, and introgression past the F1 stage is common (Johnson
et al., 2010). These non-native alleles reach high frequencies in na-
tive populations more rapidly than is expected based on models of
neutral diffusion (Fitzpatrick & Shaffer, 2007a), and ongoing land-
scape genomic analyses confirm that the hybrids are expanding
and are present in all three of the CTS distinct population segments
(McCartney-Melstad and Shaffer, unpublished data). Several studies
indicate the presence of transgressive phenotypes in these hybrid
salamanders, which may promote their success in the wild. Hybrids
were found to have increased larval survival compared with CTS
and BTS, affording them a direct fitness advantage (Fitzpatrick &
Shaffer, 2007b), and Searcy et al. (2016) concluded that hybrids do
not serve the same ecological function as native salamanders, result-
ing in less productive breeding ponds. This pattern is likely driven by
the enhanced growth rate of hybrid larvae, which enables them to
prey on larger aquatic organisms compared with native CTS (Ryan
et al., 2009; Searcy et al., 2016). This rapid growth rate also results in
larger hybrid salamanders at metamorphosis, which has been shown
to significantly improve lifetime fitness in CTS (Johnson et al., 2013;
Searcy et al., 2014). F1 hybrids also have superior locomotor capabil-
ities compared with either CTS or BTS (Johnson et al., 2010). Taken
together, these studies suggest that CTS x BTS hybrids interact with
environmental variation in novel ways, often with increased hybrid
fitness, likely facilitated by transgressive phenotypes.

1.3 | CTS and thermal stress

In this study, we focus on temperature stress given its critical role
in amphibian survival and its potential to promote salamanders with
enhanced thermal tolerance in the wild. The sparse rains and high
temperatures that characterize semi-arid grasslands are a challeng-
ing environment for pond-breeding amphibians, and members of
the tiger salamander complex have evolved adaptations to these
conditions, which enable them to occupy ecosystems that pre-
clude virtually all other salamanders in North America (Petranka,
1998; Stebbins, 2003). For CTS in particular, limited and highly
seasonal annual precipitation leads to shallow breeding ponds that
experience rapid, large temperature fluctuations, subjecting newly
emerged metamorphs and aquatic larvae to extreme heat (Holland
et al., 1990; Pounds, 2001). After metamorphosis, emerging CTS
take temporary refuge in nearby rodent burrows while they wait
for the necessary autumn rainfall to continue their upland migration
(Loredo et al., 1996; Searcy et al., 2013). These initial opportunis-
tic refugia must be adequate for new metamorphs to survive up to
6 months of extreme Central Valley heat since inadequate burrow

MOLECULAR ECOLOGY RV.V| LEYJ—

selection may expose salamanders to lethal temperatures. For the
rest of their lives, CTS must also select more permanent burrows to
survive extreme summer temperatures (Trenham et al., 2000). It is
therefore reasonable to hypothesize that hybrid tiger salamanders
with transgressive thermal tolerance may enjoy increased fitness in
this challenging landscape. To investigate the role of acute thermal
stress on CTS, BTS and hybrid salamanders, we used a critical ther-
mal maximum (CTMax) assay, where CTMax is defined as the upper
thermal limit of a species’ temperature tolerance, above which the
organism is unable to function.

1.4 | Identifying transgressive phenotypes

Here, we briefly outline a research programme that can be used to
identify transgressive hybrids at the phenotypic and regulatory lev-
els. First, we investigate the effects of acute thermal stress on CTS,
BTS, and hybrid crosses to identify potential differences in thermal
tolerance. Second, we quantify the tissue-specific gene expression
response at the individual level in all three groups. Differential gene
expression (DGE) enables us to compare the expression profiles of
CTS, BTS, and hybrids in response to identical thermal stress under
controlled conditions. Finally, we examine the regulation of gene ex-
pression to better understand transgressive or variable phenotypes
in F1 hybrids. Gene regulation is a complex process potentially in-
volving promoters located on the same DNA molecule near the gene
of interest (cis) and regulatory elements that are not physically linked
to the focal gene (trans). Analysis of gene expression in the parental
species and of parent-specific gene copies in the F1 hybrids allows
us to identify genes that are governed by cis-, trans- or any com-
bination of the two regulatory factors. We employ these methods
to assign regulatory modes to each gene of interest in hybrid tiger
salamanders, then make inferences about the evolutionary history
and mechanisms that are associated with transgressive hybrid phe-
notypes. From these three levels of analysis, we seek to answer the
following questions: (a) At the whole organism physiological level,
are there differences in thermal tolerance between CTS, BTS, and
hybrids? (b) Are there differences in gene expression between CTS,
BTS, and F1 hybrids exposed to acute thermal stress? (c) Can we
identify transgressive or variable phenotypes in the F1 hybrids? And
(d) if we find transgressive or variable phenotypes in F1 hybrids,

what genomic mechanisms are associated with their extreme traits?

2 | MATERIALS AND METHODS

2.1 | Study population and study design

We used tiger salamanders from a captive research colony housed at
the University of California, Los Angeles. These individuals were either
wild-caught or captive bred and were housed individually in a climate-
controlled room for at least 4 years, ensuring that individuals were
sexually mature and fully acclimated to an identical thermal regime.

3
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Wild-caught CTS were collected from either Great Valley Grasslands
State Park (Merced County, CA) or Jepson Prairie Preserve (Solano
County, CA), which are both within the central Distinct Population
Segment of CTS in the Central Valley of California and exhibit similar
climatic conditions (U.S. Fish & Wildlife Service, 2003). Previous work
has shown that CTS from these localities are genetically similar (Shaffer
et al., 2004). Pure BTS individuals were collected from Five Star Fish
Farms (Lake County, CA), an introduced population founded by sala-
manders from the initial introduction of BTS in California (Johnson
et al., 2011; Riley et al., 2003). Hybrid salamanders were created for
use in previous studies by crossing these CTS and BTS individuals in
the laboratory (Johnson et al., 2013). Salamanders were fed pinky mice
and/or crickets twice per week and housed following approved UCLA
animal care protocols (ARC #2013-011-11).

Salamanders of each genotype were randomly assigned to experi-
mental (heated) and control groups. This resulted in 10 CTS (5 control,
5 heat), 12 BTS (6 control, 6 heat), 25 F1-hybrids (13 control, 12 heat),
3 BTS backcross (1 control, 2 heat) and 1 CTS backcross (1 heat) for
the CTMax experiment. The F1 hybrids are the offspring of three in-
dependent crosses between unrelated CTS and BTS parents. Of these
three sib groups, the female parent was CTS in two F1 sib groups (n = 7
and 8) and BTS in one group (n = 10). Given the time (4 years) that
animals were maintained in the laboratory, errors in individual iden-
tification were possible. We confirmed sib group status with genomic
data using the program Colony (Jones & Wang, 2010; see Appendix
S1). We analysed potential differences between sib groups using one-
way ANOVAs and pooled family groups that were not significantly
and consistently different for downstream analyses. We also ran all
analyses using linear mixed models that included sib group and female
parental genotype as random effects (see Appendix S1). Despite the
limited sample size, backcross individuals were included as a separate
group in the physiological experiment since they may demonstrate
post-F1 transgressive segregation that is not possible in the F1 off-
spring. However, because we had so few individuals, they were not

included in downstream expression analyses.

2.2 | Physiology and CTMax

Critical thermal maximum (CTMax) has been used in many physi-
ological experiments on salamanders to describe a species’ toler-
ance of near-lethal temperatures (Burke & Pough, 1976; Spotila,
1972). CTMax has been shown to correlate well with other meas-
ures of thermal tolerance and is a useful tool in predicting popula-
tion persistence in response to changing climate (Aradjo et al., 2013;
Huey et al., 2012). We assessed CTMax using the loss of righting
response (LRR), a measure that has been used extensively in ecto-
therms (Delmas et al., 2007; Gvozdik, 2011; Sanabria et al., 2012)
including CTS (Johnson, Johnson, et al., 2010). LRR is a whole-animal
performance measure with direct ecological significance, given that
the inability to right itself represents a loss of function that prevents
the organism from escaping stressful conditions or fleeing from a
predator (Lutterschmidt & Hutchison, 1997).

To assay CTMayx, individuals were placed on a moist paper towel
substrate in an opaque plastic container under a 100-w ceramic in-
frared heat-emitting bulb (Zoo Med brand) (Layne & Claussen, 1982;
Young & Gifford, 2013). Salamanders were constantly misted during
the heating trials to avoid desiccation and were monitored for signs
of abnormal behaviour. Temperatures were constantly monitored
with an infrared temperature gun (Amprobe IR-720) positioned 7 cm
from the dorsum. After dorsal temperatures reached 30°C, indi-
viduals were assayed for loss of righting response (LRR). LRR was
achieved when an individual was unable to right itself after 30 s on
its back on a moist surface (Lutterschmidt & Hutchison, 1997; Young
& Gifford, 2013). At this time, temperature was recorded with an
IR temperature gun 1 cm from the dorsal and ventral surface of the
body. Control individuals were placed in the same plastic containers
in the same room as the CTMax trials and flipped on their back to
parallel the LRR assay, but were kept at constant room temperature
of 21°C.

Previous work has suggested that measurements taken using
non-contact infrared thermometers accurately estimate core
body temperature in amphibians, without the need of invasive
cloacal probing (Rowley & Alford, 2007; Tracy et al., 2010), though
some inconsistencies have been detected in reptiles (Carretero,
2012). We therefore calibrated our temperature measurements
using museum specimens to accurately estimate internal core
temperature from dorsal and ventral surface measurements. We
used eight ethanol-preserved specimens of CTS, BTS and hybrids
within the size range of our experimental animals as thermal mod-
els. Temperatures were recorded using IR temperature guns posi-
tioned 1 cm from the dorsal and ventral sides of each salamander.
A thin thermocouple probe was also inserted into the centre of
the body cavity to record actual internal temperature. We heated
each specimen for 1 h and recorded temperatures every 3 min
over this period. We then created linear models that estimate in-
ternal body temperature as a function of dorsal and ventral skin
temperatures. We identified the best model using the Akaike in-
formation criterion (AIC), where models with a AAIC > 3 were
considered superior. All analysis were conducted in r (v3.3.2; R
Core Team, 2013).

We analysed CTMax to address our primary question: Do hybrid
salamanders possess transgressive thermal tolerance abilities com-
pared with both parental lineages? We first compared the CTMax of
CTS and BTS. Since no difference was detected, we pooled CTS and
BTS into a parental group and compared the CTMax of the parents
with that of the hybrids. We used Welch's t tests to compare mean
CTMax values and F tests of the equality of variance to compare the
degree of variation in CTMax for each group using custom scripts in
R (v3.3.2; R Core Team, 2013).

2.3 | RNAab protocol

Immediately after reaching CTMax, or after 60 min for controls,
individuals were anaesthetized in a 5% benzocaine/water solution
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for 5 min and decapitated to ensure instant euthanasia, and brain
and muscle tissues were harvested. Entire brains and muscle tis-
sue from the rear left leg were taken and immediately placed
in RNAlater (Ambion) solution and stored at -20°C until RNA
extraction.

Tissues were homogenized using a bead shaker and extracted
using a modified Purelink RNA Mini Kit—TRIzol spin column pro-
tocol. Samples were individually marked with dual index iTru bar-
codes to allow for multiplexing (Glenn et al., 2019). Libraries were
prepared using Kapa mRNA Stranded Library Prep kits and standard
protocols. Libraries were pooled and split across six lanes of 100-bp
single-end reads on an lllumina HiSeq 4000 at the QB3 Genomics
Sequencing Laboratory in Berkeley, CA.

24 | Trimming and mapping

Raw sequences were trimmed for adapter sequence and low-quality
bases using Trimmomatic (Bolger et al., 2014). Overall quality was
assessed across all samples using FASTQC (Andrews, 2010). Reads
were mapped to the recently published Mexican Axolotl (Ambystoma
mexicanum) genome (Nowoshilow et al., 2018), a close phylogenetic
relative of CTS and BTS (Shaffer & McKnight, 1996, Shaffer and
McCartney-Melstad, unpublished). We mapped reads to the A. mexi-
canum genome using STAR (Dobin et al., 2013), which is designed to
map transcripts to a genome by efficiently accounting for gap junc-
tions created by intronic sequences. Mapped reads were counted for
differential expression analysis using HTSeq-count with exons as the
target feature (Anders et al., 2015). Reads that mapped to multiple
exons were discarded as ambiguous.

2.5 | Differential expression

Differential expression (DE) was calculated for muscle and brain
tissue separately using the r package DESeq2 (Love et al., 2014).
A recent comparison demonstrated fewer false discoveries and
more consistent identification of DE genes with DESeq2 com-
pared with similar software (Seyednasrollah et al., 2015). We used
the exon count output from HTSeq since DESeq2 has an inter-
nal method for normalizing expression data based on gene-wide
dispersion (Love et al., 2014). We removed transcripts with mean
counts less than 10 from the analysis to reduce the number of in-
dependent tests performed. We also removed backcross individu-
als from subsequent expression analyses given the limited sample
size of these groups. DESeq2 was then run with a model that in-
cluded one factor (~groups) with six levels (CTS.heat, CTS.control,
BTS.heat, BTS.control, F1.heat and F1.control). This allowed for
independent contrasts between levels, allowing us to determine
genes differentially expressed in response to temperature within
each genotype class (CTS, BTS, F1), as well as the overall response
to the temperature treatment for each tissue across the three
genotypes.
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2.6 | Allele-specific expression

We analysed allele-specific expression (ASE) to identify differences in
BTS/CTS allelic expression in F1 hybrids. We first called variant sites
following the Genome Analysis Tool Kit (GATK) best practices pipeline
(Auwera et al., 2013). We removed duplicate reads using picardtools,
then used the mapped reads to call individual genotypes and compared
across samples to find consistent single nucleotide polymorphisms
(SNPs). ASE analyses are sensitive to read mapping bias that may arise
from preferential mapping of the reference allele, a problem that is par-
ticularly severe if the reference genome is more closely related to one
of the genotypes in the study (Degner et al., 2009; Salavati et al., 2019;
Stevenson et al., 2013). Since the axolotl reference genome is more
closely related to BTS than to CTS (CTS is the outgroup to the entire
tiger salamander complex; see O'Neill et al., 2013; Shaffer & McKnight,
1996), we used the software wasp to remove this potential mapping bias
for downstream ASE analyses (van de Geijn et al., 2015). WASP identi-
fies reads that map to regions with one or more SNPs present, simulates
artificial reads with every possible alternate allele for that locus, remaps
the simulated read to the reference genome and discards reads that do
not map to the exact same location. This leaves a conservative set of
mapped reads that were used in all downstream ASE analyses.

We filtered variant sites using VCFtools to find alleles that were
fixed in the pure genotype samples (fixed different in CTS and
BTS), filtering out all other variants. We then kept only SNPs that
were also heterozygous in all F1 individuals. This process gener-
ated a conservative list of loci that are present in Fls and diagnos-
tic between CTS and BTS. We used this filtered SNP database in
the GATK tool ASEReadCounter to count the number of copies of
reference and alternate alleles at each locus (Auwera et al., 2013),
and assigned parental origin to each allele using the diagnostic BED
file using custom scripts in r (v3.3.2; R Core Team, 2013).

We used the software package Geneiaske to identify SNPs and genes
that exhibited significant allele-specific expression (Edsgird et al.,
2016). This software uses a beta-binomial distribution to compare the
counts of reference and alternate SNPs at heterozygous loci against
the null hypothesis that alternate allele counts (altCounts) = reference
allele counts (refCounts). The software computes a test statistic (s),
which is the log(odds ratio) of the counts of diagnostic alleles. This
test statistic is then summarized over all SNPs within a given fea-
ture (i.e. annotated gene) using Stouffer's method to determine fea-
ture-wide allelic imbalance. This gene-wide allelic imbalance is then
compared with a null distribution generated by taking k-samples from
the beta-binomial distribution and determining the likelihood of the
observed imbalance. This yields a probability that the observed al-
lelic ratios for a given gene are equal and that observed differences
in allelic contribution are originated by chance, resulting in a list of
genes that exhibit significant bias regardless of experimental treat-
ment (‘static ASE’). GeneiASE was also used to identify condition-de-
pendent ASE by comparing F1 allelic bias in the heat treatment with
the median allelic counts of the control group. Both of these analyses
yielded p-values for each gene in each individual. We adjusted p-val-
ues using the Benjamini-Hochberg method (FDR < 0.05; Benjamini
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& Hochberg, 2000) and applied a significance threshold of 0.001 to
reduce the likelihood of false positives. This yielded a conservative list

of genes with significant ASE in each individual.

Following Edsgard et al. (2016), we used Fisher's method to iden-
tify which genes consistently demonstrated significant ASE across
all control individuals for use in downstream gene regulation anal-
ysis. These resulting p-values were adjusted using the Benjamini-
Hochberg false discovery correction (FDR < 0.05; Benjamini &
Hochberg, 2000). Although geneiASE provides a robust framework
for determining genes with significant ASE, it does not report the di-
rection of the bias. We summed the number of CTS and BTS counts
for each gene and each sample identified by geneiASE, and took
the log, ratio of (BTS/CTS) to determine direction and magnitude
of ASE. We used analysis of variance (ANOVA) tests to compare the
number of genes with significant ASE between treatments (heat vs.
control) and tissue type (brain vs. muscle). We also compared the
relative magnitude of ASE for each gene between these groups using
the paired t tests. We used linear regression to identify relationships
between individuals' ASE and CTMax. All analyses were performed

using custom scripts in r (v3.3.2; R Core Team, 2013).

2.7 | Regulatory mechanisms

We identified the regulatory mechanisms underlying allelic imbal-
ance in F1 hybrids by comparing the relative expression of parental
genotypes with their relative expression in hybrid individuals. We cor-
rected for differences in library sequence depth by calculating counts
per million (CPM) for each gene and for each sample. To identify genes

with significant trans-regulatory factors, we followed the protocol of
McManus et al. (2010) by comparing ASE ratios in the F1 hybrids with
the ratio of BTS/CTS expression in the parental genotypes using Fisher's
exact test followed by the Benjamini-Hochberg correction for multiple
tests (Benjamini & Hochberg, 2000). We then attributed the following
regulatory mechanisms to each gene: ‘conserved’, ‘cis only’, ‘trans only’,
‘compensatory’ or a combination of cis and trans’ regulation (see Figure 1,
Table S1), following the general strategy of McManus et al. (2010). We
determined genes that were differentially expressed between CTS and
BTS using the output of DESeq2. We also determined genes in F1 off-
spring with unequal expression of parental alleles using the results of
Fishers’ method performed on the output of the static geneiASE analy-
sis. This approach provides the opportunity to test for individual-level
variation in ASE, which fits well with our sampling design (McManus et al.
(2010) used library pools of multiple individuals). We further divided the
category of ‘cis and trans’ into four groups to determine whether cis- and
trans- functioned in opposite or similar directions, and whether cis- or
trans- had a greater effect on expression (see Figure 1, Table S2) follow-
ing the protocol of Goncalves et al. (2012). All analyses were performed

using custom scripts in r (v3.3.2; R Core Team, 2013).

3 | RESULTS

3.1 | Physiology and CTMax

Our use of preserved specimens for internal body temperature
calibration demonstrated that linear models containing both dor-
sal and ventral temperatures were highly significant (p < 2.2e-16,

cis or trans
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FIGURE 1 Schematic illustrating the different regulatory modes that were assigned to each gene. Blue hatched box represents a focal
gene. Purple ovals are cis-regulatory factors, which are proximal to the gene of interest. Red squares represent trans-regulatory factors that
occur elsewhere in the genome, typically unlinked to the focal gene. The ‘cis and trans regulation’ group has both cis- and trans-factors acting
together in either the same or opposite directions (depicted by the ‘“+'and ‘~’) and with different relative magnitudes (relative size of the
arrows, bold text). The overall effect on expression is represented by the size of the blue hatched arrow and number of mRNA transcripts
above the focal gene. For complete description of regulatory mode assignment methods, see Tables S1 and S2 [Colour figure can be viewed

at wileyonlinelibrary.com]
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df = 139, adj R?=0.91) and that the removal of either dorsal or ven-
tral temperature resulted in models with lower explanatory value
(AAIC = 52.28, 23.21, respectively). We therefore estimated internal
body temperatures for each individual using the equation: Internal.
Temp = -5.16 + 0.37 * Dorsal.Temp + 0.75 * Ventral. Temp.

In the thermal stress experiment, we detected no difference in
CTMax (Welch ttest: t=0.22, df = 9.00, p = 0.832; Figure 2) between
CTS (33.77°C + 0.39; mean * SE, n = 5) and BTS (33.64°C + 0.43,
n = 6). Hybrids (34.24°C + 0.53, n = 15) had a greater mean CTMax
than the pooled parental group (33.70°C £ 0.28,n = 11; Welch t test:
t=-2.56,df=20.66, p = 0.018; Figure 2). F1 hybrids (35.15°C + 0.61,
n = 12) also had a greater mean CTMax then the pooled parental
group (Welch t test: t = -2.16, df = 15.4, p = 0.046) when only F1
hybrids were analysed, and backcross individuals were removed. We
detected no difference in CTMax among F1 sib groups or parental
genotype (see Appendix S1).

There was also no significant difference in the variance of CTMax
between CTS (SD = 0.87, n = 5) and BTS (SD = 1.1, n = 6; F test:
F=0.67,df =4,p=0.721). Hybrids (SD = 2.1, n = 15) did have greater
variance in CTMax compared with the combined parental group (F
test: F = 4.88, p = 0.008). When backcross hybrids were removed, F1
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hybrids still had greater variance than the parental group (SD = 0.93,
n = 11; F test: F = 5.11, df = 11, p = 0.016). Six of the 15 hybrids (4
F1's, 1 CTS backcross and 1 BTS backcross) displayed a greater ther-
mal tolerance than the highest recorded value in either CTS (N = 5)
or BTS (N = 6). Four F1 hybrids exhibited transgressive CTMax with
respect to BTS, with an average of 2.02°C greater tolerance than
the highest recorded value in BTS (35.61°C). Five F1 hybrids dis-
played transgressive CTMax with respect to CTS, with an average of
2.33°C greater thermal tolerance than the highest recorded value in
CTS (34.80°C). Despite the increased variance, the lower end of the
CTMax range did not differ between groups. Rather, the increased
variance was expressed purely as greater CTMax in hybrids.

3.2 | Differential expression

Differential expression analysis using DESeq2 for muscle tissue re-
vealed many genes that responded to acute heat stress. Pooling all
genotypes for an overall temperature treatment effect revealed 177
DE genes; 106 were upregulated, and 71 downregulated. When bro-
ken down by species, CTS had 359 DE genes (245 up, 114 down),

Critical Thermal Maximum (CTMax)

Estimated Internal Body Temperatures

40

38

36

Temperature (°C)

A
32

Genotype

CTS
BTS
CTSbc
BTSbc

Ooome

F1 CTS

BTS Backcross

Genotype

FIGURE 2 Observed values of critical thermal maximum (CTMax) by salamander genotype. Barplots display the mean (black horizontal
line) and interquartile range (coloured rectangle) for each group. Internal body temperatures were calculated using a linear model including
dorsal and ventral skin temperatures. CTS are pure California tiger salamanders, and BTS are pure barred tiger salamanders. F1 hybrids are
first-generation crosses between CTS and BTS parents. There are 3 additional backcross individuals that are included to represent later
generation crosses, though these individuals are not included in downstream analyses due to the limited sample size. These backcross
individuals are the result of crosses between F1 hybrids and either a BTS (‘BTSbc’, N = 2) or CTS (‘CTSbc’, N = 1) [Colour figure can be viewed

at wileyonlinelibrary.com]
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BTS had 16 DE genes (8 up, 8 down), and F1 hybrids had 79 DE genes
(50 up, 29 down; see Figure 3).

Differential expression in the brain tissue revealed fewer signif-
icant genes. Pooling across genotypes yielded 32 DE genes (24 up,
8 down). In CTS, there were 4 DE genes (3 up, 1 down); in BTS, 14
genes were DE (7 up, 7 down); and in hybrids, a total of 13 genes
were DE (8 up, 5 down; see Figure 3).

3.3 | Allele-specific expression

GeneiASE revealed many genes with biased parental expression pat-
ternsin F1 hybrids. The median ASE across individuals was 21.0% and
11.6% of expressed genes in muscle and brain tissue, respectively.
We did not detect an effect of sib group or parent genotype on the
percentage of genes that exhibit significant ASE (see Appendix S1).
We did identify a significant effect of sib group and parental geno-
type on the magnitude of ASE, though including these factors as
random effects does not qualitatively change results (see Appendix
S1). Expression in genes with ASE was slightly biased towards BTS
parental copies in both brain (log,(BTS/CTS) =0.036; Figure 4) and
muscle (log,(BTS/CTS) =0.070; Figure 4), representing a 2.5% and

Differential Expression
(@  Differential Expression: Brain

20

Gene Count

-10

CTS F1 BTS

(c)
CTS

F1

Gene Count

4.9% increase in the overall expression of BTS gene copies. There
were a greater number of genes with significant ASE in muscle than
in brain (ANOVA: df = 43,F = 26.4,p = 6.4e7%), and the magnitude of
ASE was also greater in the muscle than in the brain (paired t test by
gene: df = 1305, t = 3.27,p = 1.1e7).

We did not detect any significant difference in the percentage of
genes with ASE between hybrids in heat and control treatments in
either the muscle (ANOVA: df = 21, F = 3.44, p = 0.08), or the brain
(ANOVA: df = 20, F = 3.40, p = 0.08). The magnitude of BTS-biased
ASE was greater in the control group (log, (BTS/CTS) = 0.08) than in
the heat treatment (log, (BTS/CTS) = 0.06) in muscle tissue (paired
t test by gene: df = 3215,p = 5.21e™). The opposite pattern held for
brain where BTS-biased expression was greater in the heat-stressed
group (log, (BTS/CTS) = 0.04) than in the control group (log, (BTS/
CTS) = 0.03), although this difference was not significant (paired t
test by gene: df = 2659, t = -0.98, p = 0.33).

There was no significant relationship between per cent ASE
and CTMax in muscle (linear regression: df = 10, F = 0.17, p = 0.69),
or brain (linear regression: df = 8, F = 4.46e7, p = 0.99). Similarly,
there was no significant difference in the magnitude of ASE bias
with respect to CTMax in muscle (linear regression: df = 10, F = 0.17,
p = 0.69), or brain (linear regression: df = 9, F = 0.57, p = 0.47) tissue.

(b)  Differential Expression: Muscle
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FIGURE 3 Number of genes differentially expressed in response to acute thermal stress. Panels a and b depict the number of genes
upregulated (positive) and downregulated (negative) in brain (3a) and muscle tissue (3b) for each genotype. Figure c (brain) and d (muscle)
depicts the number of genes that were differentially expressed (DE) in response to temperature stress. Values included in overlapping circles
indicate genes that were DE in all overlapping groups [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Histograms of the direction and magnitude of allele-specific expression (ASE) across all loci that are diagnostic between

BTS and CTS for brain (top) and muscle (bottom) tissue. Median log, ratios of BTS/CTS allelic expression were taken for each gene in all F1
individuals. Red dashed line at zero (x = O) represents equal expression of BTS and CTS alleles. Black line depicts the observed median of all
ASE bias across genes in the brain (log,(BTS/CTS) = 0.036) and the muscle (log,(BTS/CTS) = 0.070), representing a 2.5% and 4.9% increase in
the overall expression of BTS gene copies. [Colour figure can be viewed at wileyonlinelibrary.com]

The median percentage of genes that exhibited an increase
in ASE with response to the heat treatment (condition-depen-
dent) were 0.9% and 0.3% for muscle and brain tissue, respec-
tively. There was significantly more condition-dependent ASE in
muscle than in brain (ANOVA: df = 45, F = 48.88, p = 1.05e79).
We found a strong positive correlation between per cent con-
dition-dependent ASE and CTMax in muscle (linear regression:
df = 10, F = 10.05, p = 0.01; Figure 5b), which explains a reason-
ably large fraction of the variance in CTMax (R? = 0.45, N = 12).
However, there was no significant relationship between condi-
tion-dependent ASE and CTMax in the brain (linear regression:
df =9,F=0.57,p = 0.47).

3.4 | Regulatory mechanisms

Gene expression in muscle tissue had greater cis-only (26.7%) than
trans-only (2.2%) regulatory differences. Muscle tissue also exhib-
ited a great deal of combined cis- and trans- divergence (71.1%),
which was dominated by compensatory mutations (82.0%). Of the
genes with both cis- and trans-regulatory divergence, most func-
tioned in opposing (16.0%) rather than complimentary directions
(2.0%). We found a similar pattern in brain tissue, where there were
more cis-only (14.3%) than trans-only (5.2%) differences in regula-
tion. Additionally, there was a larger number of genes that exhibited

a combination of cis- and trans-regulatory differences (80.5%), again
dominated by compensatory regulation (91.2%). In brain tissue,
genes regulated by both cis- and trans-factors predominantly func-
tioned in opposing directions (7.5%) compared with those acting in
the same direction (1.3%) (see Table 1 and Figure 6).

4 | DISCUSSION

4.1 | Physiological response (CTMax)

We did not detect a difference in CTMax between CTS
(33.77°C + 0.39) and BTS (33.64°C + 0.43). This equivalency may
result from the physiological constraints that high temperatures im-
pose (Huey & Bennett, 1987; Huey et al., 2012; Lutterschmidt, 1997;
Markle, 2015; Youssef et al., 2008). A recent meta-analysis con-
cluded that critical thermal limits are often constrained compared
with other physiological tolerances at a global scale (Sunday et al.,
2011). However, thermodynamic models have demonstrated that
conserved phenotypes, such as thermal tolerance, may mask signifi-
cant variation in their underlying genetic mechanisms (Lépez-Maury
et al., 2008). These mechanistic differences that evolve in isolation
may result in unique, but roughly equivalent, strategies for tolerat-
ing stressful temperatures. If such independent lineages come back
into contact and hybridize, their unique mechanisms can combine to
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Association Between Condition-Dependent ASE and CTMax
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FIGURE 5 Correlation between each F1 individual's condition-dependent allele-specific expression (ASE) and thermal tolerance.
Condition-dependent ASE consists of genes that experience a shift in their allelic imbalance when exposed to acute thermal stress.

The left figure shows the positive trend between an F1 individual's degree of temperature-dependent ASE bias in muscle tissue and its
ability to tolerate acute thermal stress. The right figure shows a similar trend (although non-significant) between F1 individuals’ degree of
temperature-dependent ASE and thermal tolerance in the brain tissue [Colour figure can be viewed at wileyonlinelibrary.com]

produce phenotypes that exceed either parental species (ex: Alter
et al.,, 2017; Bidani et al., 2007; Perry et al., 2001).

F1 hybrid tiger salamanders had a greater mean thermal tolerance
(35.15°C £ 0.61) than the combined parental group (33.69°C + 0.29).
Furthermore, we observed four (out of 12 total) F1-hybrid individu-
als that maintained full functionality at temperatures greater than
the maximum observed in a roughly equal sample of CTS and BTS
combined, suggesting that 33% of individuals exhibited transgres-
sive thermal tolerance capacity. This 2.02°C mean increase in ther-
mal tolerance of the four transgressive F1 hybrids is biologically
meaningful given the hot arid conditions that these salamanders
endure in breeding ponds and during summer aestivation. This in-
creased tolerance may play an important role in the differential sur-
vival of hybrid salamanders that has been well documented in the
wild and that will almost certainly intensify given current projections
of climate change in CTS habitat (Searcy & Shaffer, 2016). Monterey
County, which contains the majority of the CTSxBTS hybrid swarm,
is expected to experience an overall increase in annual average max-
imum air temperature of 6.3°C from 2020 to 2100 under the RCP
8.5 scenario (CanESM2 model; Pierce et al., 2018). Given this projec-
tion, hybrid salamanders that possess enhanced thermal tolerance
may achieve even greater fitness advantages, threatening the per-
sistence of native CTS.

Our results complement previous studies that also document
superior CTS x BTS hybrid phenotypes. Johnson et al. (2010) found
that F1 hybrids had increased locomotor performance compared
with either CTS or BTS and that endurance was heavily influenced

by temperature. Those authors were unable to detect a significant
interaction between genotype and temperature, suggesting that
their effects on locomotor performance were roughly equivalent.
However, in the light of our present results, variation in performance
among F1 hybrid individuals may have been present, but not iden-
tified, in their work. Combining the results of these two studies, it
appears that F1 hybrids may enjoy increased dispersal abilities since
they can tolerate greater temperatures and have increased mobility

at these elevated temperatures.

4.2 | Differential gene expression

Differential expression (DE) analysis revealed substantial differ-
ences in gene expression between CTS and BTS in response to acute
thermal stress. In muscle tissue, we observed a greater expressional
response to heat stress in CTS (359 genes) than in BTS (16 genes).
The reverse is true in the brain tissue, although the overall response
level was an order of magnitude lower (CTS had only 4 DE genes,
and BTS had 14). Additionally, we found an inverted pattern across
tissue types, where CTS exhibited a greater expression response
in muscle, while BTS showed a greater response in brain. Previous
studies have also used patterns of gene expression to identify alter-
native mechanisms and pathways that species use to survive thermal
stress. In non-model species, the majority of these experiments have
focused on marine systems (see, for example, Marine snail: Gleason
& Burton, 2015; Fishes: Logan & Buckley, 2015; Abalone: Shiel et al.,
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TABLE 1 Regulatory mechanisms

Brain Muscle
Counts Percent Counts Percent
All Genes 7310 100.0% 4130 100.0%
Considered
Conserved 3811 52.1% 676 16.4%
Ambiguous 1519 20.8% 882 21.4%
Differential 1980 27.1% 2572 62.3%
Regulation
Genes with 1980 100.0% 2572 100.0%
Differential
Regulation
cis.only 284 14.3% 687 26.7%
trans.only 102 5.2% 57 2.2%
cis.and.trans 1594 80.5% 1828 71.1%
opposite.CIS. 90 5.6% 181 9.9%
trans
opposite. 30 1.9% 112 6.1%
cis.TRANS
same.CIS.trans 14 0.9% 18 1.0%
same. 7 0.4% 18 1.0%
cis.TRANS
compensatory 1453 91.2% 1499 82.0%

Counts and percentage of genes that demonstrate significant
regulatory divergence between BTS and CTS. Genes with significant
differential regulation are broken down into three groups: genes

with only -cis, only -trans and genes with a combination of -cis and
-trans regulation. This group of -cis and -trans is further divided by
the direction and magnitude of the change in expression. Regulatory
divergence may operate in the ‘opposite’ or ‘same’ direction, and the
mechanism with the greatest effect on expression is displayed in
bold. See Figure 1 for further explanation of these categories. A more
detailed explanation of these assignments is given in the supplemental
material (Table S1 and S2).

2015; Trout: Tan et al., 2016; Salmon: Tomalty et al., 2015), although
terrestrial species have also recently received some attention (liz-
ards: Campbell-Staton et al., 2020; chicken: Srikanth et al., 2019).
These studies have identified genes that are differentially expressed
in response to heat stress and genes that are uniquely expressed in
species or populations with improved heat tolerance. Together, they
demonstrate that species often differ in the mechanisms underly-
ing thermal tolerance. Our work contributes an amphibian system
to this body of work and emphasizes that differences in tissue-spe-
cific gene expression can and do evolve even among closely related

congeners.

4.3 | Transgression and variation in hybrids

Hybrid salamanders exhibited a greater range of thermal tolerances
than the combined parental group. The variation in thermal tolerance
of F1 hybrids underscores the complexity of mechanisms driving this
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apparent heterosis. Variation in both CTMax and patterns of ASE
among F1 hybrids may be the result of variation in the parental lines.
Although we were unable to detect a significant effect of sib group
or parental genotype on CTMax or per cent ASE, we did observe
an effect on the magnitude of ASE in both the muscle and brain.
However, the inclusion of these factors as random effects in did not
change any of the qualitative results reported here. It is possible that
this family effect does represent an important component of genetic
variation, but our limited sample size (three sibling groups) means
that we do not have the statistical power to examine it in any mean-
ingful detail. Both variation in segregating loci within species and
maternal effects (e.g. Chan et al., 2020) are important targets for
future studies using targeted and replicated hybrid crosses.

The F1 hybrids in our study exhibited relatively high levels of
static ASE, with 21.0% of genes in the muscle and 11.6% in the
brain demonstrating biased expression. These values are higher
than ASE levels found in studies on intraspecific crosses (Edsgard
et al., 2016; Kang et al., 2016), but are comparable to other studies
on interspecific hybridization (Keane et al., 2011; Zhang & Borevitz,
2009), and hybridization between inbred lines (Zhuo et al., 2017).
This highlights the relatively high level of regulatory evolution that
has occurred between CTS and BTS since the species diverged
3-5 Ma (Shaffer et al., 2004). In addition to static ASE, we also ex-
amined ASE that changed in response to thermal stress. We found
that 1.4% of genes in muscle and 0.3% in brain altered their ex-
pression of parental gene copies in response to thermal stress, sug-
gesting that there may be a mechanistic link between the CTMax
phenotype and altered allelic imbalance in response to tempera-
ture stress.

We further investigated the relationship between ASE and thermal
tolerance by modelling CTMax as a function of each individual's de-
gree of ASE. We found similar positive correlations between tempera-
ture-dependent ASE and CTMax in muscle and brain tissues (Figure 5),
though the relationship is only significant for muscle. This may support
the intriguing idea that thermal tolerance is affected by an individual's
degree of bias in allelic expression. We also observed more overall con-
dition-dependent ASE in the muscle compared with the brain, which
may underscore the importance of gene expression in this tissue for
tolerating acute thermal stress in these warm-temperature-adapted
amphibians. Interactions between allele-specific expression and phe-
notypic traits have been documented in other species as well, though
the causal relationship remains poorly understood (Aguilar-Rangel
et al., 2017; Cotroneo et al., 2006; He et al., 2006; Keane et al., 2011).
Given our current study design, we cannot demonstrate a causal rela-
tionship between allelic imbalance and CTMax. However, our results
provide an interesting correlation between two complex phenotypes,
which warrant further investigation. In particular, future studies could
leverage eQTL (expression quantitative trait loci) experiments to iden-
tify specific genes that may afford greater thermal tolerance in hybrids.
This would help establish the mechanistic basis, should it exist, be-
tween ASE and the CTMax phenotype. Regardless, these patterns of
ASE demonstrate unbalanced regulation of parental gene copies in F1
hybrids. Given this result, we examined the cis- and trans-mechanisms
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FIGURE 6 Scatter plots showing the relative expression of CTS and BTS genes in pure parental species and of parent-specific gene
copies in F1 hybrids. Vertical axis is the log, ratio of BTS/CTS-derived gene copies that are simultaneously expressed in F1 hybrids, averaged
across all individuals. Horizontal axis is the log, ratio of BTS/CTS expression of a specific gene averaged across pure parental individuals.
Comparison of these two expression ratios enables us to assign modes of regulation to each gene. Figure 6a and 6c identifies genes that

are governed by cis-, trans- or a combination of the two (‘cis and trans’). Figure é6b and éd expands on the category ‘cis and trans’, identifying
genes that are more influenced by cis- or trans-regulation (indicated in bold), and genes where cis-regulation and trans-regulation act in the
‘same’ or ‘opposite’ directions. See Figure 1 and Tables S1 and S2 for further description of the regulatory mode assignment. [Colour figure

can be viewed at wileyonlinelibrary.com]

that regulate gene expression to better understand the patterns of
ASE in hybrid salamanders.

44 | Genomic mechanisms

Analysis of allele-specific expression (ASE) revealed extensive
evolutionary divergence in the regulation of gene expression be-
tween these two closely related salamander species. Comparing
the level of expression of each gene in CTS and BTS with the two
parental copies of that gene in F1 hybrids allows us to infer changes
in the regulatory mechanisms that govern the expression of that

gene between the two parental lineages. Gene expression in both
muscle and brain tissue demonstrated more changes in cis- than
trans-regulation. This enrichment of cis-regulatory factors is in
line with previous model system studies in Arabidopsis (Cubillos
et al., 2014; Gan et al., 2011), yeast (Kita et al., 2017), and mouse
(Goncalves et al., 2012). Studies on variation in human gene regula-
tion confirmed that most allele-specific variation is dominated by
cis-regulatory elements located near the gene of interest (Pickrell
et al., 2010; Tehranchi et al., 2019). This modification of gene
expression through cis-mutations is thought to play a significant
role in the evolution of complex phenotypes (Wray, 2007). In par-
ticular, cis-regulatory evolution may enable species to ‘fine-tune’
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their physiological response to dynamic processes, such as thermal
stress, with more precision than by relying on coding sequence mu-
tations. A study on Arabidopsis identified an excess of cis-regulatory
mutations that have conferred adaptations to stressful conditions,
including cold stress and dehydration (He et al., 2016). Similarly,
a recent review highlighted the role of cis-regulatory evolution in
plants that are adapted to a range of stressful environmental condi-
tions (Jain et al., 2018). Together, this literature demonstrates the
importance of cis-regulatory evolution in adaptation to physiologi-
cally stressful conditions. The present study also identifies exten-
sive cis-regulatory differences between CTS and BTS, which likely
underscores a similar divergence in expression response to acute
thermal stress during allopatric evolution.

Transgressive hybrid gene expression and associated phenotypes
may result from extensive compensatory regulation. Compensatory
regulation was detected at high levels in both brain (91.2%) and mus-
cle (82.0%) tissues. These are comprised of genes that exhibit sig-
nificant ASE in hybrids, yet similar overall expression between CTS
and BTS. Additionally, regulation where cis- and trans- were both de-
tected but functioned in opposite directions (another form of incom-
plete compensation) was detected in both brain (7.5%) and muscle
(16.0%). Both of these regulatory mechanisms can lead to expres-
sion patterns in hybrids that exceed the range of either parent. This
phenomenon has been documented in many model species including
Drosophila (Michalak & Noor, 2003; Ranz et al., 2004), Arabidopsis
(Comai et al., 2003; Wang et al., 2004; Yang et al., 2017) and maize
(Auger et al., 2005), all of which show transgressive gene expression
patterns in hybrids. This process is thought to occur when mutations
in trans-acting elements have not only a net benefit to an organism
(and therefore are selected for) but also a detrimental, pleiotropic
effect via other coregulated genes. These negative effects are then
reduced through subsequent mutations (likely cis-) that shift the
expression of these other genes back to their original optimum (re-
viewed in: Signor & Nuzhdin, 2018). This mechanism maintains the
benefit from the original trans-mutation, while reducing its negative
pleiotropic effects. This may explain why genes exhibit equivalent
levels of expression in CTS and BTS, yet have different values in the
F1 hybrids. If the expression-level traits that we document here are
heritable, then selection on increased CTMax may lead to hybrid sal-
amanders with enhanced thermal tolerances in the wild. Although
no studies specifically examine salamander systems, two studies on
humans found that 59% of surveyed genes have heritable expres-
sion patterns (Wheeler et al., 2016) and that 15% of the variation
in gene expression is heritable across multiple tissue types (Price
et al.,, 2011). Furthermore, a recent study in sea turtles found that
the variability in heat-shock protein expression was heritable, en-
abling selection to act on this trait and potentially increase thermal
tolerance in the population (Tedeschi et al., 2016). Although these
studies are not directly comparable to tiger salamanders, they do
establish a mechanism of heritability in gene expression that may
function in diverse taxa. Future work examining the CTMax of wild
hybrid salamanders that have undergone multiple generations of
selection is needed to establish whether this pattern of increased
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thermal tolerance, or at least variation in CTMax, exists after several

dozen generations of selection in nature.

4.5 | Climate change and hybrid persistence

These results suggest that hybrids may be more capable than native
CTS of adapting to future climate change. This may have implications
for management, depending on the viability of native CTS in the face
of warming temperatures. If native CTS populations decline due to
temperature stress, then hybrids may become the only viable option
for tiger salamander persistence in the hotter regions of the spe-
cies’ range. Despite the disruptive effect of hybrids, extirpation of
salamanders from these vernal pool ecosystems has an even greater
negative impact (Searcy et al., 2016). It is therefore not advisable
to eradicate hybrid salamanders if there are no native CTS left to
occupy those habitats. Given this, it may be reasonable to protect
hybrids, while simultaneously attempting to restore breeding pool
environments to more natural, vernal pool conditions that select
for predominantly native traits (e.g. Fitzpatrick & Shaffer, 2007b;
Wayne & Shaffer, 2016). This is particularly relevant given recent
predictions of large shifts in temperature-dependent habitat suit-
ability by 2070 throughout the CTS range (Searcy & Shaffer, 2016).
This study predicts that the only suitable habitat for CTS will be in
the central California coastal region where the current hybrid zone is
well established and expanding (Searcy & Shaffer, 2016). If increased
thermal tolerance is indeed evolving in the hybrid zone and contin-
ues to do so as climate warms, then hybrid genotypes may comprise
a kind of genetic rescue for CTS as the only viable solution to keep
their basic ecological role intact in their native range. If so, it may be
time to consider protection for thermally tolerant hybrids as the best
option to retain ecologically similar, but not identical, CTS on their

remaining natural landscapes.

5 | CONCLUSION

Our study demonstrates how an apparently conserved phenotype
shared between two closely related species may conceal mecha-
nistic differences that have accumulated since the species diverged
from a common ancestor. New genomic tools, combined with the
increased availability of reference genomes for even the most recal-
citrant non-model systems such as salamanders, are enabling analy-
ses into complex regulatory mechanisms in species that can be of
both eco-evolutionary interest and conservation concern. We have
identified thermal tolerance as a potential factor influencing hybrid
tiger salamander success. We found substantial variation in hybrid
CTMax, with many individuals tolerating hotter temperatures than
either parental species, coupled with differential gene expression
between CTS, BTS and hybrids suggesting mechanistic differences
in response to thermal stress. This apparent transgressive thermal
tolerance may be key to the increased fitness that hybrid salaman-
ders enjoy in nature (Fitzpatrick et al., 2009).
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Chapter 2

Title:

Hydroperiod management may reduce, but not eliminate, non-native hybrid advantage over the

endangered California tiger salamander (4dmbystoma californiense).

Abstract:

The introduction of invasive species is one of the greatest threats to biodiversity
worldwide. Reclusive life histories and cryptic species differentiation makes identifying non-
native species difficult and may render eradication of non-native taxa inviable for some systems.
This intractability is compounded when invasive species hybridize with native species,
confounding the ability to identify pure natives while threatening them with genomic extinction.
Under these circumstances, it is necessary to evaluate alternative management strategies that
may increase selection for native genotypes to limit or reverse the spread of non-native alleles
through the population. Here I evaluate the efficacy of hydroperiod management for improving
the fitness of the endangered California tiger salamander (“CTS”, Ambystoma californiense),
which is besieged by non-native introgression from the introduced barred tiger salamander
(“BTS”, Ambystoma mavortium). Fourteen large (30-foot diameter), naturalistic ponds were
constructed in sifu with a range of hydroperiods and stocked with larval salamanders to evaluate
larval survival and mass at metamorphosis for hybrid and native larvae. Longer hydroperiod
ponds appear to favor certain larval source ponds and family groups, reducing the diversity of
surviving larvae through potential group or kin level selection. I confirm that longer pond

duration exponentially increases the mass and survival of both hybrids and natives. There were

19



no hydroperiod treatments in which native CTS outperformed hybrids in survival or mass,
however shorter hydroperiods did significantly reduce hybrid advantage. Using the software
BayEnv, I identified 58 genes that may experience hydroperiod-mediated selection. These genes
were functionally enriched for ontology terms dealing with growth and metabolism, likely driven
by the rapid growth necessary to develop in short hydroperiod ponds. Together these results
provide insight into the ecological and molecular consequences of hydroperiod management. It
appears that shortening pond hydroperiod will not select for native genotypes, however it may
reduce hybrid advantage sufficiently to slow the spread of non-native genes, which may be an

important component of hybrid management.

Introduction:

The introduction and establishment of invasive taxa represents one of the most severe and
challenging conservation concerns today (Gurevitch & Padilla 2004). Anthropogenic forces have
redistributed organisms into novel environments worldwide. Though most introduced
populations do not persist, the few that do can cause immeasurable harm to local ecosystems
(Alexander et al. 2014). Although these impacts can be seen at any trophic level, it is
exceptionally pronounced in apex predators (David et al. 2017). Apex predators often play a
major role in ecosystem function through top-down control, limiting or releasing the population
sizes of lower trophic levels (Ritchie & Johnson 2009). Minor shifts in prey preference or
changes in the total biomass consumed can produce cascading effects on the rest of the
ecosystem (Rogers et al. 2017; Feit et al. 2020). Therefore, invasive apex predators may
disproportionately disrupt ecosystem balance, and irrevocably alter native communities. For this

reason, government agencies and land managers have relied on wholesale eradications to remove
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invasive species (Lampert & Liebhold 2021). This can be an incredibly laborious task, involving
millions of dollars and monumental human effort to manually eradicate unwanted species
(Panetta 2015). Though this strategy is sometimes effective (Hulme 2020), it is not always the
optimal choice (Lampert et al. 2014; Liebhold & Kean 2019). Some species are incredibly
difficult to find or identify, making eradication ineffective. Furthermore, some invasive species
may closely resemble native taxa, making eradication by non-experts a potentially detrimental
endeavor (Morais & Reichard 2018), especially if the native is rare or endangered.

In addition to these complications, hybridization between native and non-native species
can present new logistic and ethical issues that must be considered. Non-native/native species
hybridization occurs more frequently as humans bring into contact taxa that have been
geographically isolated for millennia (Mallet 2005). Here I define non-native hybridization as
successful interbreeding between a native and non-native species in the wild. These related
species may lack the genetic or behavioral mechanisms that prevent successful reproduction.
Although hybridization is thought of as rare, new studies are demonstrating the rapid increase in
non-native hybridization and the existential threat this poses to native biodiversity (Allendorf et
al. 2001; Todesco et al. 2016). These invasions occur on a genomic level, and are therefore
difficult to identify and prevent. Non-native hybrids are often difficult to distinguish from “pure
native” individuals, making eradication imprecise, which can negatively impact the native
population (Fitzpatrick et al. 2015). If left unchecked, hybridization may progress to such a point
that few pure native individuals are left on the landscape (Allendorf et al. 2010), leaving limited
opportunity for recolonization after hybrid eradication. Furthermore, if hybrids constitute a large

fraction of the current population and are eradicated, the disruption to the native ecosystem may
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outweigh the impact of hybrid individuals. In these circumstances, it is critical to investigate
alternative methods for non-native control, before resorting to potentially harmful eradication.

Here I evaluate one potential method to control non-native hybridization in the California
tiger salamander. The California tiger salamander (Admbystoma californiense; hereafter “CTS”) is
a moderately large amphibian that is endemic to California (Stebbins 2003). As aquatic larvae,
CTS are important apex predators that help shape vernal pool communities (Ryan et al. 2009a;
Searcy et al. 2016; Messerman et al. 2021). This endangered species is protected at both the
Federal and State level due to population declines throughout its range (U.S. Fish and Wildlife
Service 2004; California Department of Fish Game 2010). These declines are predominantly due
to habitat loss, as much of its native range has been converted to agricultural fields and
residential developments (Davidson et al. 2002a). However, one of the most challenging issues
impeding CTS recovery is hybridization with introduced populations of the non-native barred
tiger salamander (4mbystoma mavortium, hereafter “BTS”). This congener was intentionally
introduced from its native range in northern Texas into the Salinas Valley (Monterey County,
California) between 1950 and 1960, where it was raised and sold as fishing bait (Riley et al.
2003a). CTS and BTS readily hybridize and in the time since this introduction, the range of BTS
and BTS-CTS hybrids has expanded, filling much of the Salinas Valley with a hybrid swarm
(Figure 2.1).

Several studies suggest that hybrids enjoy superior fitness throughout the hybrid zone.
Fitzpatrick et al. (2007a) modeled the dynamics of hybrid zone expansion and found that non-
native alleles reach fixation much faster than is expected based on model of neutral diffusion.
Other studies document hybrid superiority in thermal tolerance (Cooper & Shaffer 2021),

locomotor performance ( Johnson et al., 2010), and water-quality tolerance (Ryan et al. 2013).
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This evidence suggests that eventually hybrid salamanders may completely replace native CTS
in this region, resulting in genome-level extinction (Mallet 2005). Established non-native
populations in the two other distinct population segments (“DPS”) of CTS in Sonoma and Santa
Barbara Counties (Johnson et al. 2011) also suggests that the issue of hybridization may affect
the entire CTS range, and further emphasizes the need for effective management strategies.
CTS-BTS hybrids (hereafter “hybrids”) have a disruptive effect on the vernal pool
communities that they inhabit through trophic cascades. Although adult CTS are terrestrial, their
larval stage is aquatic, developing in temporary breeding ponds. These larvae are predacious and
grow to become the apex predator in vernal pool environments (Holomuzki et al. 1994). These
voracious larvae consume large quantities of vertebrate and invertebrate prey to fuel their rapid
growth and development (Whiteman et al. 1996), exerting strong top-down effects in the vernal
pool trophic web. Using small artificial approximations of temporary ponds (300 gallon semi-
natural “mesocosms”), two published studies have shown that hybrid tiger salamanders alter the
community assemblage in vernal pool ecosystems. Ryan et al. (2009) demonstrated that hybrids
drastically reduce the abundance of Pacific chorus frogs (Hyliola regilla), and the California
newt (Taricha torosa) compared to pure native CTS larvae. The same study also concluded that
increased hybrid predation would impact other endangered amphibians such as California red-
legged frogs (Rana draytonii), and the Santa Cruz long-toed salamander (Ambystoma
macrodactylum croceum), though these species were not included in the study. Searcy et al.
(2016) expanded on this result by examining shifts in the entire vernal pool community,
including six taxa that were consistently observed in naturally occurring CTS ponds. The authors
concluded that hybrids have a disruptive effect on the trophic community and therefore do not

function as ecological surrogates for native CTS. The negative impacts of hybrid tiger

23



salamanders on CTS and other sensitive vernal pool taxa emphasizes the need for managers to
find a way to combat this pervasive conservation issue.

Effective management of hybrids is complicated by the life history of these species.
Given the negative effects of hybrids on the landscape, eradication would appear to be an ideal
solution. However, CTS and hybrids are reclusive, spending the majority of their adult lives
hidden underground in rodent burrows, emerging only an average of two times in their life to
breed (Trenham et al. 2000b; Trenham 2001; Trenham & Shaffer 2005a). This reclusiveness
coupled with their 10 to 12 year life span, makes eradication extremely difficult, requiring one to
capture individuals over a span of 10-15 years to ensure all hybrids are removed. Even if this
effort was initiated, it is impossible to know the genotype of a given tiger salamander without
conducting expensive genomic analyses that take 4-6 months to complete (McCartney-Melstad
et al. 2016; Cooper & Shaffer 2021). It is therefore likely that field technicians would
erroneously remove endangered native CTS, or fail to remove hybrids, making successful
eradication unlikely. Furthermore, the average migration distance of post-metamorphic and adult
CTS is 556m, with 5% of salamanders dispersing more than 1.8km (Searcy et al. 2013). This
dispersal capability significantly increases the area that must be managed to ensure that all
hybrid migrants are removed. It is therefore prudent to investigate other, more effective
management strategies to reduce the success of non-native hybrids on the landscape.

An alternative management strategy could be to modify or restore the natural habitat to
remove the apparent hybrid advantage (Wayne & Shaffer 2016). Fitzpatrick and Shaffer (2007a)
found a strong positive correlation between non-native allele frequency and artificial ponds with
unnaturally long periods of inundation (the amount of time a pond holds water, “hydroperiod”).

This observation fits with our understanding of the evolutionary pressures that native CTS
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experienced. CTS split from their most recent common ancestor with BTS several million years
ago (Shaffer & McKnight 1996), and in this time it has been subjected to the climatic conditions
of California. Sparse rain and high summer temperatures dictated CTS survival, which favors
rapid development in their natal ponds to complete metamorphosis before ponds dry. Failure to
escape would result in mass larval mortality, representing a strong selective force (McMenamin
et al. 2008). In contrast, BTS likely experience less desiccation pressure in their native range,
which receives an additional 5-10 inches of annual precipitation (“1981-2010 Normals”;
www.ncdc.noaa.gov/). The resulting longer hydroperiods enable BTS to remain in ponds longer
and exploit those prey-rich environments to achieve a greater size at metamorphosis, a
significant determinant of lifetime fitness in tiger salamanders (Searcy et al., 2015; Semlitsch et
al., 1988). Historically, this pattern would result in relatively greater fitness for native CTS in
California. However, human modification of the landscape has drastically altered this
environmental paradigm. A large proportion of the native CTS range has been converted to
agriculture and ranching, both requiring substantial water to irrigate crops and hydrate cattle into
the hot, rain-free summer months (King 1998). Landowners circumvented the ephemerality of
California’s water regime by either excavating naturally occurring vernal pools to be deeper, or
damming natural waterways (Zacharias & Zamparas 2010). This results in larger ponds that have
a much longer hydroperiod than an unmodified pond in the same location. I believe that this
extensive landscape modification has favored hybrids that are able to disproportionally benefit
from the artificially longer pond hydroperiod. Johnson et al. (2013) tested this hypothesis using
mesocosms that dried at different rates to simulate a range of hydroperiod regimes. In that study,
hybrids enjoyed greater survival and mass at metamorphosis in the long duration mesocosms, as

expected. Native CTS appeared to fare better than hybrids in the short duration ponds, although

25



this result was less dramatic. This appears to confirm the prediction that hybrids have an
advantage in artificially long pond hydroperiods. Although this result is promising, it was
conducted in an artificial environment without the normal compliment of vernal pool inhabitants.
Here I seek to understand the effects of pond hydroperiod on non-native tiger salamander
success in the field. I constructed large, naturalistic ponds at the edge of the hybrid zone to test
whether longer hydroperiod ponds favor hybrid genotypes in situ. I inoculated each pond with
controlled proportions of native and hybrid larvae, then evaluated their relative success when
they completed metamorphosis and emerged from the ponds. First, I compared the relative
survival of larvae from different source populations and familial groups to identify potential
selection resulting from the hydroperiod treatment. Second, I used survival and mass at
metamorphosis to quantify individual success and fitness, testing the prediction that longer
hydroperiod favors hybrid over native individuals. Lastly, I scanned for loci that exhibited
evidence of strong selection resulting from the hydroperiod gradient. With these data, I evaluate
the potential benefits of managing pond hydroperiod in the field to minimize the success of non-

native genotypes across the landscape.

Methods:

Pond Construction

To test the effects of hydroperiod variation on the success of non-native hybrid
genotypes, I constructed 14 naturalistic ponds on the Fort Ord National Monument in Monterey
County (CA, USA) during September and October 2018. I designed 7 ponds in each of two sizes,
large (Diameter = 9.1m, Max Depth = 69cm) and small (Diameter = 7.9m, Max Depth = 60cm),

both with 15% slope. These two pond sizes were used to coarsely differentiate pond hydroperiod
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based on calculations using average evapotranspiration and precipitation for the site following
established protocols (Biebighauser 2011). Therefore, pond size is not directly considered in
downstream analyses, since the hydroperiod treatment is more precise, and highly correlated
with pond size. I constructed 4 additional small ponds to function as reservoirs of water. Ponds
filled naturally with rainfall, and throughout the experiment I used a large pump to add (from the
reservoir ponds) or remove water in each pond to achieve a range of hydroperiods from 80 to

115 days. The hydroperiod range was 85 to 115 days in 2019 and due to less overall precipitation
in 2020 the range was shifted five days earlier, spanning 80 to 110 days. Within each year there
were 7 hydroperiod levels (7 experimental ponds) where ponds dried at an interval of
approximately 5 days. Across years this yielded 8 hydroperiod levels due to the 5-day shift in
2020. The range of hydroperiods were selected based on results from the mesocosm hydroperiod
study (Johnson et al. 2013), which demonstrated a significant shift in native/non-native fitness
between 90 and 120 days. I used established methods to install drift fencing with pitfall traps
around each pond and around each pond complex to collect post-metamorphic salamanders as
they exited the ponds (Searcy et al., 2014; Trenham & Shaffer, 2005b). In brief, drift fences were
constructed using partially buried, 0.3m tall shade cloth that completely encircles each pond
approximately 1m from the edge of the constructed basin. An additional line of drift fencing
surrounded the entire site to ensure no hybrid salamanders escaped. Pitfall traps consisted of 1-
gallon buckets buried so that they were flush with the surface of the ground and spaced every 10
meters on both sides of the drift fence. Bucket lids were modified by attaching wooden feet to
the top of the lid so that the lid could be positioned over the open trap to provide shade and cover
to prevent desiccation. These lids could be flipped over and used to close the traps when not in

use.
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Once ponds filled with natural precipitation, I inoculated experimental ponds with
plankton from nearby natural ponds in November 2018 when they first filled with rainfall. After
this initial inoculation, ponds were naturally colonized by other vertebrate and invertebrate prey.
Although there was likely natural variation in prey density between ponds, the close proximity of
ponds (less than approximately 10 feet apart), and the randomized distribution of hydroperiod
treatments throughout the site reduced the risk of consistent bias. Furthermore, surveys of macro-
invertebrate and vertebrate communities confirmed the presence of prey at relatively equal

abundance across all experimental ponds (Cooper et al. unpublished data).

CTS and Hybrid Larvae:

I collected pure CTS and hybrid larvae from source ponds around the Salinas Valley.
Source ponds were selected based on observed larval abundance and previously measured non-
native allele frequencies (McCartney-Melstad et al. unpublished data). I attempted to select
ponds that would provide a wide range of native and non-native genotypes to increase the
genetic variation in the experimental ponds. However, options were limited by the unpredictable
breeding patters of CTS. Ultimately, I selected five ponds in year 1 (2019) and five different
ponds in year 2 (2020) for a total of 10 unique source ponds in the study (Figure 2.1). Previous
experience indicated that larvae must be approximately 15 mm snout-vent length (SVL) to be
large enough to be caught and moved without being harmed.

Each collection year, I collected ~ 15 mm SVL individuals randomly using a 3m wide,
1/8-inch (3.18 mm) mesh seine. Upon capture, I sorted individuals into large and small size
classes. Larvae were immediately transported to the experimental ponds in their natural pond

water, allowed to acclimate to the experimental pond conditions for 1 hour during which time
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they were able to freely swim out of the transportation bucket into the pond. All ponds within a
specific larval treatment received the same number of larvae of each size class from each source
pond. This balanced distribution maximized the probability that each pond started with
equivalent allele frequencies. At the same time that larvae were introduced into experimental
ponds, I collected a representative sample of 40-60 larvae comprised of the same proportion of
large and small size classes. These larvae were immediately stored in 95% ethanol and used in
subsequent genomic analyses to assign source pond information to the larvae that survived to
metamorphosis. Although sampling the true founder individuals would have been ideal, this
method was not feasible for several reasons. First, the size of the tissue sample required for the
target-capture protocol is too large to excise from the founder larvae without causing serious
injury or death (McCartney-Melstad et al. 2016). Second, tissue sampling injuries would have
disproportionately disadvantaged smaller larvae, potentially favoring large larvae. Third,
sequencing each of the 2,730 larvae included in this study was prohibited by financial
constraints, necessitating a representative sampling design. Therefore, sequencing a randomly
drawn sample from the pool of founders, balanced across the observed size distribution,
represents the most rigorous method available.

Each experimental pond received a specific ratio of native to hybrid larvae. This larval
treatment consisted of three levels across the two-year experiment, low-hybrid (60 native and 60
hybrids), medium-hybrid (15 native and 60 hybrids) and all-hybrid (0 native, 120 hybrids). Year
1 included one low- and one high-hybrid treatments, year 2 included two medium-hybrid
treatments. An all-native treatment was not included in the study to reduce the impact on an
already imperiled wild CTS population. Each larval treatment level had 7 ponds that spanned the

range of hydroperiods (80-115 days). The low- and high-hybrid treatments received 120 total
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larvae, which is approximately 6.7 larvae per cubic meter of maximum pond volume. This

density was chosen to replicate the previous hydroperiod mesocosm study (Johnson et al. 2013)
which used 6.6 larvae/m’. The medium-hybrid treatment received fewer total larvae across all

experimental ponds (75 larvae, or approximately 4.2 larvae/m?) due to exceptionally low
breeding in wild source ponds. Given the low numbers of breeding tiger salamanders during both
sampling years, the total number of larvae used in the experiment was reduced to minimize the
impact on the native CTS. I account for these differences by introducing larval treatment as a
random effect in all applicable analyses. The larval densities used in this experiment are within
the range of natural CTS densities, which a previous study estimated to be between 3.5 and 7.0
larvae/m? (Searcy et al. 2016).

Larvae developed until they completed metamorphosis and naturally migrated out of the
ponds. These post-metamorphic salamanders (hereafter “metamorphs”) were intercepted by the
drift fence surrounding each pond and directed into a pitfall trap bucket. When traps were active
(open) they were checked each morning prior to local sunrise. At the time of capture, I collected
1) time and date; 2) bucket location; 3) total length (mm); 4) snout-to-vent length (mm); 5) Mass
(g); and 6) genetic tissue (1 cm of tail tip). Length was measured to the nearest millimeter using
a standard ruler. Mass was measured using a digital scale (0.01g precision). Genetic tissue was
collected from the tip of the tail using surgical scissors and stored in a 2mL vial of 95% ethyl
alcohol. All metamorphs were euthanized using a 5g/L solution of tricaine methanesulfonate

(“MS-222”, Leary et al. 2013) and preserved in the UCLA HBS museum.

Molecular Methods:
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Genomic DNA was extracted from larval and metamorph tissue using a modified salt
extraction protocol (Sambrook & Russel 2001). DNA was diluted to 100 ng/uL (10,000 ng total)
and sheared to approximately 500 bp using a BioRuptor (Diagenode, Denville, NJ). I performed
a double-sided size selection using SPRI beads (Bronner et al. 2013) to obtain an average
fragment size of 400 bp, and recovered approximately 1,000ng of DNA to use in library
preparations. I used Kapa LTP library preparation kits (Kapa Biosystems, Wilmington, MA) to
perform standard Illumina library preparations (end repair, A-tailing, and adapter ligation).
Sample libraries were then dual-indexed using 8-bp indices that were incorporated using PCR
(adapters from Travis Glenn, University of Georgia). Following library preparation, 16 sample-
libraries were pooled together (4,000 ng total in 7uLL in 10mM Tris-HCI, pH 8) for sequence
capture reactions, targeting 5,237 genes with a CTS-specific protocol (McCartney-Melstad et al.
2016). I followed a modified MYBAITS protocol (version 2.3.1) with our own species-specific
repetitive DNA blocker cot-1 (30,000 ng in Sul in 10mM Tris-HCI, pH 8) for use in the capture
reactions. Libraries were hybridized to probes for 30 hours, subjected to three high-stringency
wash steps, and PCR-amplified to enriched for target DNA. Each pool was split each into 4
replicate reactions to help reduce PCR bias (Barnard et al. 1998), and capture pools were then
combined into two final pools (2019 and 2020 samples). Each pool was sequenced on a single
[llumina NovaSeq S4 150-bp paired-end lane at the Vincent J. Coates Genomics Sequencing

Laboratory at UC Berkeley.

Bioinformatics:
Adapter sequences and low quality bases were trimmed from raw sequences using

TRIMMOMATIC version 0.35 (Bolger et al. 2014). I used BWA-MEM version 0.7.16a to map
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trimmed reads to the recently published Mexican Axolotl (Ambystoma mexicanum) genome
(Nowoshilow et al. 2018; Smith et al. 2019), which is a close relative of CTS and BTS (Shaffer
& McKnight 1996; Everson et al. 2021)). I then followed the GATK (version 4.0) best practices
pipeline (Auwera et al. 2013) for calling variants across all samples. First, [llumina adapters and
duplicate reads were marked using PICARD. I used GATK to recalibrate base map-quality scores in
known variant sites using a variant database from previous CTS studies (McCartney-Melstad et
al., 2016; McCartney-Melstad et al. unpublished data). I used GATK HAPLOTYPECALLER to call
haplotypes over genomic regions that matched our 5,237-gene target regions (option “-L” with a
BED file of target regions with a 300bp buffer). These individual GVCF files were then
combined into one multi-sample GVCF using GATK COMBINEGVCEFsS. I then called genotypes
using GATK GENOTYPEGVCEFS. I used GATK VARIANTFILTRATION to remove loci in the VCF that
failed any of the following conditions: QualityByDepth (QD) < 2, MappingQuality (MQ) < 40,
FisherStrand (FS) > 60, MQRankSum < -12.5, ReadPosRankSum < -8.0, QUAL < 30 (For
description see URL: https://gatk.broadinstitute.org/hc/en-us/articles/360035890471-Hard-
filtering-germline-short-variants). I used VCFTOOLS (Danecek et al. 2011) to remove individual
genotype calls with quality less than 20 (“--minGQ 20”) and depth less than 8 (“-~-minDP 8”). |
also used VCFTOOLS to filter loci that met the following conditions: were not bi-allelic (“--min-
alleles 2 --max-alleles 2””), were missing data across more than 50% of individuals (“--max-
missing 0.5”), had a minor allele frequency less than 10% (“--maf 0.1”). For some downstream
analyses I used the “prune” plugin in BCFTOOLS (Danecek et al. 2021) to filter loci that were
physically linked with an r? greater than 0.8 within a 1000bp sliding window (“-m 0.80 -w

1000”).

Hybrid Index Score:
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The Hybrid Index Score (“HIS”; Johnson et al. 2010b) was estimated for each source
pond larva and each surviving metamorph with sufficient read depth. To calculate the HIS I used
a reference panel comprised of 150 confirmed native CTS that span the entire known range and
30 non-native BTS individuals from the same source population in Texas that was introduced to
California. These reference individuals were used to find diagnostic loci that were fixed-different
between the two species (Cooper & Shaffer 2021). To identify diagnostic loci, I generated VCF
files for the pure CTS and pure BTS separately, then filtered these files using VCFTOOLS (“--max-
maf 0.001 —max-alleles 2”) to identify loci that were monomorphic in each group. I then used
custom R scripts to find loci that were fixed for different alleles in the CTS and BTS reference
groups. This yielded a list of diagnostic loci with information about the species-specific origin of
each allele. This list of loci was used to subset the main sample VCF such that only diagnostic
loci were included. Loci were then filtered using a strict 95% threshold for linkage
disequilibrium using the “prune” plugin in BCFTOOLS (Danecek et al. 2021) with a 1000bp
sliding window (“-m 0.95 -w 1000”). This reduced the likelihood of counting two physically
linked diagnostic loci, which would not represent independent data. For each individual, I then
calculated the HIS as the proportion of BTS derived divided by the total number of non-missing

alleles scored in that individual.

Assigning Source Populations:

To test for the effect of larval source pond on survival, I assigned metamorphs to their
original source pond using Discriminant Analysis of Principal Component (DAPC) methods.
First, for each year of the experiment I used the representative sample of source pond larvae to

construct a DAPC using the package ADEGENET in R version 4.0.4 (R. Core Team 2013). This
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model determines which principal component axes (eigenvectors) of genetic variation best
discriminate between the pre-assigned source populations. If two or more populations were not
easily distinguishable in the first DAPC, I ran additional subset DAPC models with only the
overlapping populations and metamorphs. I then used these DAPC models to predict the pond of
origin of all metamorphs that emerged from the experimental ponds. Any individuals that could

not be assigned to a single source pond were dropped from the analysis.

Assigning Family Groups:

The most likely sibling cohorts were identified from the source pond and metamorph
groups using the program Colony 2 (Jones & Wang 2010). Colony 2 was run separately for each
source pond, comprised of source pond exemplars and the metamorphs assigned to the source
pond using DAPC. Adult salamanders that were incidentally caught during the larvae collection
phase were included as potential parents in each source pond. I analyzed the “BestCluster”
output files from Colony to determine probable family groups within each pond group using

custom R scripts, and used these cohort assignments for downstream analyses.

Differential Group Survival:

I investigated the possibility that hydroperiod drives differential survival among source
ponds or family groups. A Chi-Squared statistic (“y2”; defined as the sum of (observed-
expected)?/ expected) was calculated for each experimental pond to quantify the degree of
dissimilarity between the input versus output group distribution. I performed this analysis for
source pond and family group distributions. For each, I used the known input proportions as

“expected” values. I calculated “observed” proportions in the metamorphs from the
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computational assignments to either family group (colony) or source pond (DAPC). Then Linear
Mixed Model (LMM) regression was performed using the LME4 version 1.1-26 package in R to
test whether larval survival through metamorphosis was associated with source ponds or
families. This model included the log-transformed y? statistic as the response variable with

hydroperiod as the predictor and larval treatment as a random effect.

Larval Treatment:

The proportion of larvae that survived in each pond was compared across the three larval
treatments (low-hybrid, medium-hybrid and all-hybrid larval combinations). The means of these
three groups were compared using a generalized linear model (GLM) with proportion of all
larvae that survived as the dependent variable and larval period and hydroperiod as the

independent variables.

Larval Survival:

To investigate the effect of hydroperiod on survival I compared the proportion of hybrid
and native individuals that survived from each pond, estimated as the number of metamorphs
that emerged divided by the number of larvae that were added. The overall proportion (all
individuals; all-larvae-in:all-metamorphs-out), the CTS proportion (HIS < 0.10; CTS-larvae-
in:CTS-metamorphs-out), and the Hybrid proportion (HIS > 0.1; Hybrid-larvae-in:Hybrid-
metamorphs-out) were calculated for each experimental pond. This pond-specific proportion was
used as the response variable in a quasibinomial logistic GLM with hydroperiod as the
independent variable. The significance of this was evaluated using a likelihood ratio test (LRT)

to compare the model with hydroperiod to a simpler nested model that does not include
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hydroperiod. The interaction between genotype and hydroperiod was then visualized by
subtracting the GLM marginal effects at the mean for natives from the model predictions for
hybrids. This yielded a single curve that describes the additional survival probability of hybrid
genotypes for each hydroperiod, and used this relationship to evaluate the hybrid advantage

across the hydroperiod treatments.

Metamorph Size:

Linear mixed models (LMMs) were used in R to investigate the effect of hydroperiod and
HIS on metamorph mass. I built two models, a linear model with HIS and hydroperiod, and a
quadratic model with HIS, hydroperiod, and hydroperiod-squared (hydroperiod?), and compared
the fit of the two models using a likelihood ratio test. Similarly, the effect of hydroperiod and
HIS on metamorph SVL was tested using a LMM with larval treatment as a random effect. A
LRT was then used to compare this model to the simpler model which includes only HIS. To
evaluate the effect of hydroperiod on metamorph mass and number together, I calculated a
standardized “total mass” that is corrected by the number of input larvae. This “mass per input
larvae’ enables the comparison of hybrid and native success across the three larval treatment
groups, representing the total mass of genotype-specific metamorphs that would result from the
same reproductive effort (i.e., a single clutch from one female). This standardized measure of
total mass was included as the response variable in an LMM with hydroperiod as the only

predictor and larval treatment as a random effect.

Loci Under Selection:
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The program BayEnv (Coop et al. 2010) was used to scan the sequenced target regions
for loci that experienced differential selection across the hydroperiod treatments. I analyzed
metamorphs from each of the three larval treatment groups separately, using hydroperiod as a
continuous predictor. BayEnv calculated a Bayes Factor for each locus after controlling for the
underlying variance-covariance that results from uneven sample sizes and shared population
history (Glinther & Coop 2013). These Bayes factors are used in Bayesian model selection and
can be interpreted similarly to the frequentist likelihood ratio (Berger & Pericchi 2015).
Following Jeffery’s scale of evidence for Bayes factors, I selected loci with a Bayes factor of 10
or greater, which suggests “very strong” evidence for selection (Kass & Raftery 1995). I then
analyzed the raw allele frequencies of these significant loci to determine the direction of
selection. I built generalized linear models with the frequency of reference alleles (# reference /
(# reference + # alternate)) as the dependent variable and hydroperiod as the independent
predictor. I extracted the model coefficients to determine the direction (+/-) and magnitude
(absolute value) of the shift in allele frequency. I also used the frequency of reference and
alternate alleles in the reference panel of 150 pure CTS and 30 pure non-native BTS to identify
alleles that were predominantly associated with CTS or BTS. I tested for differences in the
number of loci that experienced a CTS versus BTS biased shift in allele frequencies using a 1-
sample proportions test. Finally, I constructed a linear mixed model to test the relative strength
of the allele frequency shift in CTS versus BTS associated alleles. This model included the
absolute value of the marginal effect of allele frequency shift as the response variable and the
genotype of the preferred allele as the predictor, with larval treatment as the random effect.

Functional enrichment among genes that experienced hydroperiod-mediated selection

was analyzed using the web server “g:Profiler” (Raudvere et al. 2019) to identify gene ontology
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terms that were overrepresented in the BayEnv list. This list of genes was compared to the
closest model organism, the African clawed-frog (Xenopus tropicalis) in addition to the best
studied system, humans (Homo sapiens). 1 report the gene ontology terms that had a p-value of

less than 0.05 after applying the software’s custom “g:SCS” correction for multiple tests.

Results:

Pond and Metamorph Results:

The experimental ponds successfully held water long enough to achieve the desired range
of hydroperiods (Figure 2.2). In 2019 ponds held water for 85 to 115 days (5-day intervals) and
in 2020 ponds held water between 80 and 110 days (5-day intervals). Across years 249 living
tiger salamanders were recovered. Twenty-one were found in the dried pond basin and had failed
to complete metamorphosis; these animals were sampled, but excluded from all analyses, since
they would have died from heat and desiccation that same day in the wild. The remaining 228
successful metamorphs constitute an across-year survival rate of 8.4% out of the 2,730 larvae
that were included in the experiment (Figure 2.2). Survival rates were similar in 2019 (149
metamorphs out of the 1680 total larvae; 8.9% survival rate) and 2020 (76 metamorphs out of

1,050 initial larvae; 7.2% survival rate).

Sequencing Results:

A total of 485 (median = 58) representative larvae were collected from the 10 source
ponds used in the experiment. All source pond larvae and 249 metamorphs were sequenced for a
total of 734 individuals. Of these, 27 source pond larvae and 1 metamorph were dropped from

HIS analysis due to insufficient depth of sequencing resulting from failed library preparation or
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ineffective target-capture. Overall, I generated 1,732 billion bases pairs of sequence data across
5.74 billion read pairs. I identified 255,350 loci that contained single nucleotide polymorphisms
(SNP), which yielded a total of 5,919 SNPs after filtering, of which 1,788 SNPs were diagnostic

between CTS and BTS.

Source Pond HIS:

Non-native alleles were detected in all larval source ponds that had previously been
identified as hybrid (McCartney-Melstad unpublished data; Shaffer et al. 2020). However, within
the hybrid ponds the larvae consistently had a greater degree of non-native ancestry than
expected (Figure 2.3). The average HIS across hybrid source ponds was 0.90 £+ 0.065 (median +
SD). While this does not capture the range of HIS that we had anticipated, it does accurately
represent the current HIS dynamic in the hybrid zone. That is, the current frequency of non-
native allele frequencies present in wild hybrid ponds was accurately represented in the
experimental ponds, yielding results relevant to the current hybrid swarm. The average HIS of
native source ponds was 0.07 £ 0.016. This small degree of HIS is likely due to sample
missingness or incomplete lineage sorting compared to the reference panel. Therefore,
individuals with HIS < 0.10 were considered native and individuals with HIS > 0.10 were hybrid

for downstream analyses.

Larval Treatment:
There was no significant difference in the proportion of larvae that survived across the

three larval treatment groups (LRT: F = 0.387, df = 2, p = 0.683). Since there was no detectable
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difference in larval survival across larval treatment groups, these levels were combined for
subsequent analyses. However, larval treatment was included as a random effect in all relevant
mixed models to account for differences in the number of larvae and source pond composition of

the treatment groups.

Differential Group Survival:

The model comparing the dissimilarity of group distribution using y? was significant at
both source pond and family group level. I found a significant increase in source pond
dissimilarity (x?) as hydroperiod increases (LMM: estimate = 0.03, CI = (0.006, 0.063), p =
0.02, Figure 2.4A), with larval treatment included as a random effect. This increase in
dissimilarity suggests that the surviving larvae in longer duration ponds are not evenly
distributed across the initial groups that were added to each pond. This non-random distribution
of survivors may indicate group-level selection that becomes more pronounced in long duration
ponds. I found a similar, but weaker, change in the distribution of individuals across family
groups (LMM: estimate = 0.029, CI = (0.002, 0.056), p = 0.047; Figure 2.4B). A graphical
representation of this non-random survivorship can be viewed in Figure 2.5. In this heatmap, the
initial frequency of larvae across groups can be seen in panels A and C, while the distribution of

survivors can be seen in panels B and D.

Larval Survival:
The proportion of hybrid larvae that survived in each pond significantly increased with
longer hydroperiods (GLM: estimate = 0.068, CI = (0.038,0.099), p = 2.16x10*; Figure 2.6A)

and this model was favored over the model that excluded hydroperiod (LRT: F = 20.8, df =26, p
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= 1.15x10%). Native larval survival did not significantly increase with hydroperiod when all
points were considered (GLM: estimate = 0.092, CI = (0.006, 0.198), p = 0.070; Figure 2.6B).
However, when an extreme outlier pond was removed the relationship was significant (GLM:
estimate = 0.088, CI = (0.030, 0.154), p=0.011; Figure 2.6C). The outlier pond (“2020_F”) had a
105-day hydroperiod and exhibited an extraordinarily high degree of native survival. Though this
pond may represent an interesting biological phenomenon that favors native salamanders, I do
not have sufficient data to confirm this hypothesis. The model with the outlier removed was
favored over the model that did not include hydroperiod (LRT: F =9.31, df = 18, p=0.007). The
difference between model predictions for hybrid and native larval survival was positive and
increased non-linearly with hydroperiod (Figure 2.6D), though the interaction term between
hydroperiod and genotype was not significant (GLM: estimate = 0.024, CI =(-0.057, 0.113), p =
0.575). These results suggest that hybrids maintain a survival advantage over native CTS across

all levels of hydroperiod included in this study.

Metamorph Size:

Overall, metamorph mass was greater in 2020 than in 2019 (LMM: estimate = 4.75, CI =
(3.69, 5.84), p = 2x107!%), which was likely a result of the lower initial larval densities used in
2020 due to limited breeding in wild source ponds. Metamorph mass was significantly correlated
with HIS (LMM: estimate = 7.68, CI= (6.09, 9.24), p = 2x107!6; Figure 2.7A), hydroperiod
(LMM: estimate = 1.30, CI= (0.352,2.27), p = 0.0086; Figure 2.8) and hydroperiod? (LMM:
estimate = -0.006, CI=(-0.011, -0.002), p = 0.010; Figure 2.8), which was included in the same
model to account for non-linearity in mass. This model with the quadratic hydroperiod parameter

was favored over a simpler model with only HIS and hydroperiod (LRT: dAIC = 4.86, y? =
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6.86, p = 0.009). I show the relationship between metamorph mass and HIS (Figure 2.7) and
hydroperiod + hydroperiod?(Figure 2.8) separately to improve interpretability.

Metamorph SVL also significantly increased with HIS (LMM: estimate = 1.66, CI =
(1.38, 1.94), p = 2.0x107'%; Figure 2.7B). The model that included both HIS and hydroperiod was
not significantly different from this simpler model which only included HIS (LRT: dAIC =
0.22, 2 =2.23, p=0.136), and is therefore not preferred.

There was a significant increase in the standardized metamorph mass with respect to
hydroperiod (LMM: estimate = 0.062, CI = (0.027, 0.093), p = 9.1x10#; Figure 2.9A), and this
model was favored over a model that did not include hydroperiod as a predictor (LRT: dAIC =
9.24, x? =11.2, p = 8.0x10%). With all data included, the effect of hydroperiod on native mass
per larvae was positive, but not significant (LLM: estimate = 0.033, CI = (-0.013, 0.078), p =
0.175; Figure 2.9B) and this model was not favored over a simple intercept model (LRT: dAIC =
0.097, 2 =2.09, p = 0.148). However, when a single extreme outlier was removed, the
relationship was significant (LMM: estimate = 0.014, CI = (0.004, 0.027), p = 0.02; Figure
2.9C), suggesting that the near-significant effect of hydroperiod on native larvae is probably
biologically significant. This outlier pond was the same outlier from the larval survival analysis
(“2020_F”). This model was favored over a model without the hydroperiod parameter (LRT:

dAIC = 4.45, % = 6.45,p = 0.011).

Loci Under Selection:
Across larval treatments, 86 loci exhibited significant allele frequency shifts resulting
from the hydroperiod treatment. I found 22 loci (9 BTS- and 13 CTS-biased shifts in allele

frequency) in the “half-hybrid” treatment, 34 loci (12 BTS and 22 CTYS) in the “mostly-hybrid”
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treatment, and 30 loci (17 BTS and 13 CTS) in the “all-hybrid” treatment that had a Bayes factor
greater than 10. A single locus (gene = “SRFBP1”’) was significant in more than one larval
treatment. There was no difference between CTS- versus BT S-biased shifts in allele frequency
(Prop Test: p =0.33, prop = 0.56, CI = (0.45, 0.66)). Overall, loci that exhibited a CTS-biased
shift in allele frequencies had a greater magnitude of effect than BTS-biased loci (LMER:
estimate = 3.40x103, CI = (1.4x1073, 5.2x107?), p = 5.1x10%). However, it is possible that this
result reflects the unequal ratio of CTS to BTS associated alleles in the experiment.

There were no enriched gene ontology (“GO”) terms in the list of loci under selection
when compared with the Xenopus tropicalis annotation library. There was, however, a single
significant GO term (“hsa-mir-10b-5p”) when compared to the human annotation repository

(corrected p = 3.71x1072).

Discussion:

In this study, I used a large-scale field ecological experiment to evaluate the potential to
use shortened breeding pond hydroperiod as a promising strategy for reducing the success of
BTS/CTS-hybrids in California. Previous research on this system has demonstrated that hybrids
on average have a fitness advantage over native tiger salamanders, and field populations achieve
overall greater non-native allele frequencies in perennial ponds with artificially long
hydroperiods. I created 14 semi-natural ponds that mimic natural pond dynamics and tested the
effect of pond duration on native and non-native fitness, measured as survival to, and size at,
metamorphosis. I also examined the effect of hydroperiod on within-pond cohort shifts in Hybrid
Index Scores (HIS) and allele frequencies. My experiments show that hybrid salamanders have

greater fitness across the entire range of experimental hydroperiods, and that the disparity
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between hybrid and native salamander success increases with longer pond duration. I found no
conditions where native fitness was greater than that of hybrids. However, there is a significant
decrease in hybrid advantage in shorter hydroperiods, which may sufficiently slow the spread of

non-native alleles to be considered as a management strategy.

Differential Group Survival:

Across the hydroperiod treatment, differential survival shifted the distribution of
successful individuals away from the initial proportions of larval source pond and family groups
(Figure 2.4). It appears that only a few source ponds/family groups grow to dominate the
experimental pond survivors in long treatments (Figure 2.5). This could result from a number of
different forces, including kin selection. This theory has been extensively tested in a subspecies
of the barred tiger salamander, Ambystoma mavortium nebulosum in Arizona. Pfennig et al.
(1994) discovered that cannibalistic morphs of these tiger salamanders preferentially consumed
unrelated larvae, even suggesting that cannibals could distinguish between different levels of
relatedness (i.e. sibling vs cousin). Pfennig et al. (1999) later confirmed that this pattern of
selective cannibalism was likely driven by kin selection by testing and rejecting several other
competing hypotheses. Although the exact mechanism of this kin selection appears variable
during different life stages (Mott et al. 2019), it may explain the reduction in source pond and
family diversity as hydroperiod increases. Following the classic Wilbur-Collins model of
amphibian larval growth (Wilbur & Collins 1973), some larvae will rapidly achieve a greater
body size than other individuals in the pond. If there is a source pond or family group component
to which individuals achieve this greater size, then preferential cannibalism for unrelated

individuals may drive the success of certain groups in my experimental ponds. Increased pond
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duration would allow these larvae to reach an even greater size, improving their feeding
performance, facilitating cannibalism of larger conspecifics (Reilly et al. 1992). The extra time
spent in the ponds would also allow for more opportunity to consume other CTS larvae. In
addition, the reduced abundance of food in the late season would also likely increase cannibalism
(Anderson et al. 2013). This type of cannibalism may further reduce the success of native CTS if
larger BTS hybrids preferentially consume natives in their natal breeding ponds. This dynamic is
likely exacerbated by the fact that cannibalism is rare in purely native CTS populations (Ryan et
al. 2009a), which suggests that this large predation pressure would favor non-native hybrids.
Despite this effect, I did not see a significant difference in the survival of native CTS in the
different hybrid density treatments, although the limited sample size reduces the power of this

analysis.

Larval Survival:

Hybrid salamanders appear to enjoy greater survival in ponds with longer hydroperiods.
This pattern was evident when analyzing data at the pond level, where the proportion of
individuals that survived increased with longer hydroperiod. Based on the model predictions,
hybrid survival increased from 3.2% in an 85-day hydroperiod, to 20% survival in 115 days
(Figure 2.6A). This increase is both statistically significant and biologically important, given the
average larval survival rate of 8.4% observed in this study. In native CTS, when one extreme
outlier was included, the relationship was similar to the hybrids (1.3% and 17% survival at 85
and 115 days) although this was not significant (Figure 2.6B), however, this pattern was
significant when the outlier was removed. When considering the model omitting the outlier

pond, CTS experienced about 0.8% survival at an 85-day hydroperiod and 11% at 115 days, a
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nearly 14-fold increase (Figure 2.6C). In both models pure CTS consistently exhibit lower
survival probability than hybrids. In all hydroperiods, the difference in model predictions (hybrid
— native survival; Figure 2.6D) is always positive, which further confirms that hybrids
consistently enjoy greater survival than native CTS across different pond durations, which agrees
with previous experimental work. Fitzpatrick & Shaffer (2007b) found that selection for
heterozygous individuals culminated in greater survival for hybrid CTS larvae in wild
populations. This enhanced hybrid fitness derived from increased heterozygosity may explain
why hybrid individuals enjoy greater survival across all hydroperiod treatments. The slope of the
hybrid model difference curve increases exponentially, suggesting that hybrids enjoy an
increasing advantage in survival with the longer hydroperiods. For example, hybrids enjoy a
2.4% greater survival probability than native CTS at 85 days which grows to 10% at 115 days
(Figure 2.6D). This confirms the results from Johnson et al. (2013) which found hybrid survival
to be approximately twice that of CTS in longer hydroperiods. This consistent pattern explains
why hybrids enjoy an increasing survival advantage in ponds with longer durations. This finding
also explains previous field studies that observe greater non-native allele frequencies in
artificially enhanced, perennial ponds (Fitzpatrick & Shaffer 2007b; Fitzpatrick et al. 2009).
Together these results suggest that longer hydroperiods disproportionately increase the fitness

advantage of hybrids in the field, facilitating their rapid and persistent expansion.

Metamorph Size:
Metamorph mass was significantly correlated with HIS and hydroperiod. Metamorphs
with greater non-native ancestry are more massive than native CTS (Figure 2.7A). The predicted

mass of a native CTS at metamorphosis across experiments was 6.5g, while the predicted mass
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of a highly non-native hybrid (HIS = 0.90) was 11.2g. This 1.7-fold increase in mass based on
non-native ancestry likely plays a tremendous role in the apparent fitness advantage of adult
hybrids in the wild. Previous work has highlighted the critical role of mass at metamorphosis in
the survival and lifetime fitness of native CTS (Searcy et al. 2014b). Assuming that this pattern
applies to non-native hybrids as well as native CTS, this genotype-linked size difference could
be driving selection for and possible fixation of non-native alleles in the hybrid zone.

Mass at metamorphosis was also correlated with pond hydroperiod, though not in a
simple monotonic relationship (Figure 2.8A). The significant quadratic term (hydroperiod?) in
the preferred model accounted for the apparent drop in metamorph mass in the longest
hydroperiod ponds (Figure 2.8) It is likely that this inflection occurs due to the increase in the
number of metamorphs that survived, coupled with a potential decrease in prey availability in
long duration ponds. These late-stage larvae likely experience increased competition limiting
their growth. Previous work on a related congener, Ambystoma talpoideum, found that increased
pond duration did not have a consistent effect on individual mass at metamorphosis (Semlitsch
1987; Semlitsch & Wilbur 1988). However, longer hydroperiod ponds did produce more
individuals that successfully completed metamorphosis. It is therefore possible that 4.
talpoideum exhibited a non-linear relationship between mass and hydroperiod, similar to that
reported here, driven by the increase in metamorph survival in long duration ponds. This increase
in survival would result in more larval competitors and therefore less prey for each individual. I
therefore explored the combined effect of increased metamorph survival and mass using a
standardized measure of metamorph biomass.

When I compared total metamorph mass that emerged from each pond (after correcting

for the number of larvae that were added) I found that longer hydroperiods produced more
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metamorph biomass overall. This pattern was quite strong in hybrids, with a linear slope of 0.06
grams per day of hydroperiod increase (Figure 2.9A). These differences can be estimated from
the predicted number of grams of metamorph produced for each additional larvae added using a
simplified linear model without random effects. This amounts to a standard mass of 0.25g/larva
at an 85-day hydroperiod which increases to about 2g/larva at 115 days. This large, 8-fold
increase in total hybrid mass can significantly alter the community ecology, since it yields a
much greater biomass of hybrid salamander for the same reproductive investment. Native CTS
again had a more complicated relationship. With all data points considered, there was no
significant relationship with mass, however this was driven by an extreme outlier (Figure 2.9B).
Removing the outlier yielded a consistent positive relationship between hydroperiod and total
metamorph mass with a slope of 0.01. From the model, Native CTS are predicted to produce
essentially zero metamorph mass at an 85-day hydroperiod, which increases to 0.5g/larva at 115
days (Figure 2.9C). Similar to other results in this study, hybrids consistently outperform native
CTS in terms of total biomass; however, hybrid larvae benefit 6x more from each additional day
of hydroperiod than native CTS. Although shorter hydroperiod may not specifically select for
native CTS, it may reduce hybrid advantage enough to slow the spread of non-native genes,
compared to populations with unmanaged pond hydroperiods. The efficacy of this management

strategy will be examined in future work (Cooper et al. Ch3).

Outlier pond:
There was a single pond (“2020 F”) from 2020 that was identified as a statistical outlier
in both the survival and metamorph mass analyses. Although this pond had only a moderately

long hydroperiod of 105 days, it yielded a greater native survival rate and produced more
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massive metamorphs than ponds in similar conditions. However, this pattern was only true in
2020, not in 2019, suggesting that it is not a consistent characteristic of the pond. One possible
explanation is that a greater abundance of prey species naturally colonized this pond in 2020.
Enhanced resource abundance could explain the increase in survival and mass observed from the
pond (Searcy et al. 2015; Takatsu & Kishida 2020). While all ponds were densely clustered, this
pond was relatively close to an ephemeral creek at the southern end of the site, though many
ponds across hydroperiod treatments shared this proximity. It is possible that more vertebrate and
invertebrate prey chose to lay their eggs in this pond, resulting in a greater prey resource for the
developing larvae. It may be that high prey densities could reduce the disparity between hybrid
and native survival and mass at metamorphosis seen in the main results. Although this may be an
interesting biological phenomenon, I do not have sufficient data to evaluate this hypothesis.
Future studies should investigate the effects of varied prey density on hybrid and native larval

fitness.

Loci Under Selection:

My analyses identified many loci that experienced shifts in allele frequencies that
correlated with hydroperiod. These loci may have conferred an adaptive benefit to the larvae
enabling some individuals to survive in extreme hydroperiod treatments. Survival in short
hydroperiod ponds is predicated on rapid growth, so that larvae can complete development and
transform into terrestrial metamorphs before succumbing to desiccation-related mortality.
Alternatively, survival in long hydroperiod ponds may be driven by the ability to escape
predation and competition from conspecifics. It is therefore plausible that these opposing factors

drive selection for different alleles across the hydroperiod gradient. I found 86 candidate genes
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that may have undergone such selection through the course of this experiment. While I follow
the BayEnv software’s recommended Bayes Factor cutoff of 10, there are likely some false
positives in this list of 86 genes. Though this software does not provide g-values or FDR
estimates, previous comparisons of similar program found BayEnv to have the greatest power
and least error in most modeled scenarios (Villemereuil et al. 2014).

Few studies have investigated loci under hydroperiod-mediated selection in amphibian
systems. However, some studies have looked broadly at environmentally-driven selection in wild
populations. A recent study on the nine moor frog (Rana arvalis) in Sweden identified 153 loci
that exhibited a significant correlation with breeding-time (Rodin-Morch et al. 2021), though it is
important to note that this metric only captures the window of time that adults breed in pools
rather than my focus of time to metamorphosis. Of these loci, only 53 mapped to annotated genes
and proteins. Though none of these reported genes were identified in my results, this study did
find several genes related to development and growth, which were also highlighted in the present
study as well. Similarly, a study on an Australian frog identified 413 loci under environmentally
driven selection, likely driven by rainfall and evaporation (Cummins et al. 2019), though the
single annotated gene reported in this study (protein kinase C) was also not identified in my
results. Although there is little overlap in the loci under selection across studies, this may result
from the relatively poor representation of annotated amphibian genes, coupled with the difficulty
of isolating and sequencing complex amphibian genomes (Treangen & Salzberg 2012;
McCartney-Melstad et al. 2016). New sequencing technology coupled with expanding genomic
resources for difficult amphibian systems should improve the repeatability of these analyses in
years to come (Storfer et al. 2009). Future studies should analyze loci under selection in wild

ponds that consistently experience a range of hydroperiods (e.g., consistently short hydroperiod
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ponds, consistently long, etc.) in order to evaluate the repeatability of loci highlighted in this
study.

The 86 outlier genes are functionally enriched for a single Gene Ontology term, “hsa-mir-
10b-5p”. This term corresponds to a micro RNA (“miRNA”) that regulates the expression of a
diverse group of genes that stimulate growth. Specifically, this group has been linked to the
regulation of lipid metabolism (Zheng et al. 2010). Previous studies on amphibian
metamorphosis have shown that lipid metabolism is dynamic; it is initially low to increase fat
stores, then metabolism increases to fuel metamorphosis (Sheridan & Kao 1998). In a congener,
Ambystoma opacum, the accumulation of these fat stores significantly increases post-
metamorphic survival (Scott et al. 2007). It may be that variants of the “mir-10b” gene-family
confer increased survival in short or long hydroperiod treatments, resulting in consistent
selection across larval treatments.

This family of miRNAs have also been shown to promote vascular endothelial growth
during the development of blood vessels (Hassel et al. 2012). This function may be critical in
drying ponds since oxygen content is often low (Sacerdote & King 2009). It may be critical to
promote substantial vasculature in the gills to facilitate the rapid growth required to escape a
drying pond. A recent study in the congener Ambystoma velasci highlights numerous genes that
are differentially expressed during metamorphosis that are responsible for increased
vascularization (Palacios-Martinez et al. 2020).

The protein coding gene Serum Response Factor Binding Protein 1 (“SRFB1”) was
significantly correlated with hydroperiod in more than one larval treatment, suggesting a greater
importance for this gene in mediating survival in short vs. long duration ponds. Studies on mice

suggest that SRFBI is a translational regulator that plays a significant role in cardiac aging and
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mitochondrial function (Zhang et al. 2004). Expression of this gene has been shown to reduce
mitochondrial size and oxygen consumption (Zhang et al. 2016). If this functions in a similar
manner in tiger salamanders, it may play a role in modulating the rate of metabolism in different
hydroperiod regimes. For example, SRFB1 variants may elevate metabolism in short
hydroperiod ponds to ensure adequate growth and development so that larvae may complete
metamorphosis before the ponds dry. Conversely, it may be important to reduce the rate of
metabolism in long duration ponds if most of the larval vertebrate and invertebrate prey have
transformed and left the aquatic habitat. It is important to note that the explicit function of this
gene in the CTS system is unknown, therefore future studies should investigate the significance
of this gene in salamander metabolism and development through empirical studies including

knockout (Wu et al. 2018) or quantitative trait loci experiments (Beavis 1998).

Conclusion:

In this study, I have identified several components of tiger salamander fitness that are
affected by pond duration. I found that hybrids have a significant advantage over native CTS
with respect to both size and survival, and that both increase dramatically as pond hydroperiod
becomes longer. It may therefore be prudent to manage pond hydroperiod to remove a large
degree of non-native advantage in ponds within the hybrid zone. This management action may
minimize the difference in fitness enough to slow the spread of non-native alleles across the
landscape. However, it is likely necessary to combine hydroperiod restoration with other
management strategies to ensure the survival of pure native genotypes in the wild.

In Chapter 3, I will assess the impact that hydroperiod management could have on hybrid

demographic success and its impact on non-native allele frequencies in hybrid populations.
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Using the most recent advances in CTS demographic modeling, I will quantify these key
parameters to help managers determine the exact cost and benefit of enacting such measures,
while evaluating their potential to slow the spread of non-native genes across the landscape.
CTS serve an important ecological role as apex predators in vernal pool communities.
Disruption of this role can, and does (Searcy et al., 2016) have cascading effects on the trophic
system, significantly affecting other endemic species. It is therefore critical to implement active
measures to prevent further hybridization or extirpation of the species. There are no easy
solutions to control the spread of non-native alleles on the landscape; however, managing pond
hydroperiod, particularly for key ponds within the hybrid zone, may represent a relatively
inexpensive strategy to reduce the relative fitness of hybrid individuals, and therefore slow the

spread of non-native alleles.
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Chapter 2 Figures

Hybrid Source Pond 2020
Hybrid Source Pond 2019
Native Source Pond 2020
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Figure 2.1: Map of California (on left) with the California tiger salamander range highlighted in
red. Map insert (on right) shows an expanded view of the Salinas Valley (Monterey County, CA)
with points indicating the location of larval source ponds and experimental ponds. Triangles
represent hybrid source ponds and circles represent native source ponds. Green points denote
larvae that were collected in year 2019 and purple were from 2020. The blue star indicates the
location of the constructed ponds used in the hydroperiod experiment. These ponds are located
on the southern edge of the Fort Ord National Monument (Monterey County, CA).
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Figure 2.2: The total number of successful metamorphs captured in 2019 and 2020 across
hydroperiods.
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Figure 2.3: This figure demonstrates the Hybrid Index Score (“HIS”) of each of the source ponds
from which larvae were collected. HIS is scaled from 0 (completely native CTS) to 1
(completely non-native BTS). Green bars are source ponds from 2019 and purple bars are from

2020.
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Figure 2.4: This figure shows the relationship between hydroperiod and survivor group
distribution. The response is y? which represents the departure from the starting larval group
proportions, calculated as the sum of (observed-expected)?/ expected). Points were jittered on
the x-axis to show overlapping values. The panels show the increase in source pond (A) and
family group (B) dissimilarity as pond hydroperiod increases. These results suggest that the
larvae that survive in longer duration ponds are not evenly distributed across the groups that
were added to each pond. This non-random distribution of survivors may indicate group-level
selection that becomes more pronounced in long duration ponds.
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Figure 2.5: This figure shows heatmaps of the number of larvae from each source pond that were
added to the experimental ponds (left plots, A and C) and the number of surviving metamorphs
that emerged from the ponds (right plots, B and D). This demonstrates the strong dissimilarity
between the starting and ending proportions. There is not a single source pond that performs
exceptionally well across ponds. However, there appears to be an unequal distribution of
surviving metamorphs. It appears that 1-2 source ponds make up the majority of all metamorphs
that emerge from an experimental pond, suggesting a strong source pond/family group effect.
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Figure 2.6: These figures show the relationship between larval survival and hydroperiod. Models
are fit using a quasi-binomial error distribution in a Generalized Linear Model. The points each
represent a single pond and are colored based on the year which was included as a random effect
in the model. Model coefficients and p-values are included in the plot. The panels show the
model fit for hybrids (A), natives with all data points considered (B), natives with the extreme
outlier removed (C). Panel D shows the difference (green line, thickness arbitrary) between the
marginal effects of the hybrid (red line) and native (blue line) relationships (hybrid — native).
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Effect of HIS on Mass
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Figure 2.7: The effect of Hybrid Index Score (“HIS”’) on metamorph mass (A) and Snout-to-Vent
Length (“SVL”; B). These figures show the fit of the linear model fit. Points represent a single
individual colored by year which was included as the random effect in the linear mixed model.
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Figure 2.8: Relationship between Mass and Hydroperiod for All (A), Hybrid (B) and Native (C)
metamorphs that emerged from the experimental ponds. Each point is a metamorph colored by
the larval treatment group, which was included as a random effect in the linear mixed model. The
model included a quadratic term, hydroperiod?, which accounts for the decrease in mass in long
hydroperiod treatments.
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Figure 2.9: This figure shows the relationship between standardized total metamorph mass and
hydroperiod. Standardized total mass incorporates both the mass and the number of metamorphs
that emerged from each pond. This value is calculated as the sum of all metamorph mass that
emerged from a pond, divided by the number of larvae that were added to the pond. This total
mass represents the total mass of metamorphs that would be produced from a similar
reproductive effort, and is therefore comparable across larval treatments. The panels show the
linear fit for hybrids (A), natives with all data points considered (B), natives with the extreme
outlier removed (C), and both hybrids and natives plotted together (D). Each point represents the
sum of metamorph mass of a specific genotype for a given pond. Points are colored by larval
treatment which is included as a random effect in the linear mixed model.
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Chapter 3

Title:

Applying individual-based demographic simulations to evaluate hydroperiod management as a
strategy to reduce non-native hybridization in the California tiger salamander system

(Ambystoma californiense).

Abstract:

The introduction of invasive species presents one of the most challenging threats to
native biodiversity. This threat is compounded when hybridization occurs between threatened
native species and an introduced relative, complicating efforts for species recovery. Non-native
hybridization between the endangered California tiger salamander (“CTS”, Ambystoma
californiense) and the introduced barred tiger salamander (“BTS”, Ambystoma mavortium)
presents a difficult problem for conservation practitioners. Reclusive life history and cryptic
hybridization make eradication programs difficult to implement. This study seeks to evaluate
hydroperiod management as a tool to conserve native CTS populations impacted by
hybridization with introduced BTS. Adapting the most extensive and accurate Integral Projection
Model (“IPM”; Searcy et al. in press) for CTS to an individual-based model enables unparalleled
accuracy in evaluating alternative management solutions. Using data from a large-scale field
ecological study, I parameterized functions that use breeding pond hydroperiod and individual-
specific non-native ancestry to estimate larval survival and mass at metamorphosis. From this
adapted IPM model I estimate the intrinsic population growth rate (1), density-dependent

carrying capacity (K), and 100-year population viability (PVA) for a range of demographic
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scenarios of varying hydroperiod and hybrid frequency. Together these results are used to assess
the validity of hydroperiod management to reduce the success of hybrid tiger salamanders in the
field. I suggest the following strategy for reducing non-native tiger salamander success on the
landscape. First, native populations around the periphery of the hybrid zone should be managed
intensively to bolster them against hybrid immigration. This may include managing ponds to
ensure an adequately long hydroperiod in most years to support a robust population. Second,
ponds within the hybrid zone should be managed to reduce pond hydroperiods, which will limit
population sizes and discourage hybrid dispersers. This strategy may represent a convenient tool
to reduce the success of largely-non-native ponds without a costly eradication program, while
maintaining the natural function of the vernal pool ecosystem. Finally, research into methods that
enable rapid detection and targeted removal of hybrid individuals from key population may still

be required.

Introduction:

Species conservation requires a thorough understanding of the underlying demographic
processes that govern threatened populations. Adaptation of quantitative models, such as
demographic models, can significantly improve conservation actions (Garcia-Diaz et al. 2019).
Such models can be used to compare alternative management strategies for taxa that would
otherwise be impossible to compare (Chapron et al. 2003; Wiens et al. 2017; Brooks 2020).
Though the accuracy of these models have sometimes been questioned (Beissinger & Westphal
1998; Coulson et al. 2001; Ellner et al. 2002), other studies have demonstrated the accuracy and

usefulness of these models for predicting population extinctions and comparing the relative
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extinction risk of different ecological scenarios (Brook et al. 2000). When properly
parameterized and specifically applied, population models can be vital tools for making informed
management decisions (Chaudhary & Oli 2020).

The recent development of Integral Projection Models (IPM) has greatly improved the
accuracy and predictive power of demographic models (Easterling et al. 2000). IPMs eliminate
the need to divide populations into discrete stage classes with constant demographic parameters
for each group. Instead, IPMs predict demographic parameters as a function of a critical
phenotypic character, like body mass, that allows one to incorporate individual variation in the
model. Since their introduction, these models have gained considerable attention due to their
increased explanatory power (Jongejans et al. 2011) and adaptability to accurately describe
complex life histories (Ellner & Rees 2006). IPMs can be used to estimate demographic
parameters similar to a standard matrix model (Easterling et al. 2000), including: 1) Population
growth rate (1) without density dependence (e.g. Canessa et al., 2018; Lown et al., 2020); 2)
Sensitivity/Elasticity analyses of small changes in vital rate (reproduction and survival) functions
on population growth (Canessa et al. 2018; Lown et al. 2020); and 3) Demographic simulations
incorporating density dependent population growth with environmental stochasticity to project
population dynamics (Rees & Ellner 2009). Demographic simulations built around high quality
IPMs are extremely valuable for identifying and quantifying threats to specific populations.
These simulations can model multiple ecological or management scenarios, providing insight
into the dangers and benefits that each may afford. These simulations may include population
viability analyses (PVA), which incorporate environmental variability into demographic models
to assess the stability of populations (Beissinger & McCullough 2002; Lacy 2019). The ability to

assess alternative scenarios and quantitatively evaluate their effects on focal populations allows
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for clear and direct management recommendations that are necessary for effective conservation
(Garcia-Diaz et al. 2019).

In this study, I adapt a recently developed IPM for the endangered California tiger
salamander (Ambystoma californiense; hereafter, “CTS”) to evaluate specific ecological
scenarios that may guide management of the species. The CTS is a federally and state-protected
species that inhabits grassland ecosystems in central California, and is endemic to the state.
Individuals spend the majority of their lives in underground in rodent burrows, from which they
emerge during winter rain events both to feed and breed in temporary rain-filled vernal pools and
ponds (Trenham & Shaffer 2005a). CTS lay eggs that hatch into fully aquatic larvae that require
at least 90 days to grow and complete metamorphosis (Johnson et al. 2013). Ponds that fail to
hold water for approximately 90 days often result in mass larval mortality. A number of threats
both contribute to the decline and impede the recovery of this salamander, including invasive
species (Fisher and Shaffer 1996), habitat loss (particularly agricultural conversion) and climate
change (Davidson et al. 2002b). However one of the most complex issues impeding the recovery
of this species is hybridization with an introduced congener, the barred tiger salamander
(Ambystoma mavortium; hereafter “BTS”; Riley et al. 2003b; Fitzpatrick et al. 2010). After its
intentional introduction approximately 50 years ago into the Salinas Valley (Monterey County,
CA), non-native BTS have established and expanded their range through hybridization. Hybrids
are fertile, and appear to enjoy greater fitness than either CTS or BTS parental genotypes
(Fitzpatrick & Shaffer 2007d; Johnson & Johnson 2010; Cooper & Shaffer 2021). This hybrid
advantage threatens to erase the unique diversity inherent in native CTS populations through
genomic extinction. Furthermore, hybrid salamanders have been shown to alter California central

valley vernal pool communities (Ryan et al. 2009b; Searcy et al. 2016), threatening the
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persistence of these unique ecosystems and the many endangered species that they contain . A
critical conservation need is to develop and evaluate management solutions that reduce the
success of non-native hybrids in the field.

Hybrid success appears to be related to pond hydrology. Frequently, ponds that are used
for agriculture or livestock have been modified to extend the amount of time that ponds hold
water (“hydroperiod”) beyond their natural ephemeral state. Previous work has demonstrated that
non-native allele frequencies increase in ponds with artificially long hydroperiods (Fitzpatrick &
Shaffer 2007a). Subsequently, a controlled mesocosm study investigated the effect of
hydroperiod on larval survival and mass at metamorphosis (Johnson et al. 2013), two
demographic parameters essential to CTS ecology (Searcy et al. 2014b, 2014c¢). This study found
that longer hydroperiods strongly favor non-native genotypes, while shorted hydroperiods
favored native genotypes, although to a much more limited degree. While promising, Johnson et
al. (2013) used a controlled experimental design at low density with unlimited food resources.
Before hydroperiod modification can be considered as a viable strategy for reducing relative
hybrid fitness, it must be tested under natural ecological conditions.

My recent work employed 14 large (30-foot diameter) constructed ponds, situated at the
edge of the CTS hybrid zone, to evaluate this apparent pattern in the most natural setting possible
(Cooper et al. Ch2). The results of this multi-year experiment yielded mixed results: while long
hydroperiods disproportionately favor non-native hybrids, short hydroperiods do not appear to
favor native CTS. The short hydroperiod treatments reduced, but did not eliminate, the relative
advantage of hybrids, and resulted in lower survival and mass at metamorphosis for all

genotypes.
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The present study seeks to answer three vital questions to definitively evaluate
hydroperiod management as a conservation tool in the hybrid CTS/BTS system: 1) Can short
hydroperiods (e.g., 80 to 95 days) support stable CTS populations? 2) Can short hydroperiods
sufficiently reduce hybrid success to reduce non-native allele frequencies, or at least slow their
spread? And 3) Can short hydroperiod increase population-level resistance to hybrid invasions?
Adapting the most extensive and accurate IPM (Searcy et al. in press) for CTS enables
unparalleled accuracy in evaluating these critical conservation questions. I take this approach one
step further by modifying the IPM to incorporate individual-level estimates of larval survival and
mass at metamorphosis derived from a previous large-scale hydroperiod experiment (Cooper et
al. Chapter 2). This previous study quantified the success of hybrid and native salamanders in
experimental ponds under natural conditions, across a range of experimental hydroperiods using
an array of 30-foot diameter ponds. From this experiment, I parameterized functions that include
breeding pond hydroperiod and an individual’s non-native ancestry (Hybrid Index Score;
hereafter “HIS”; Johnson et al. 2010) to estimate larval survival and mass at metamorphosis in a
new, forward-in-time demographic model. From this modified IPM model, I estimate the
intrinsic population growth rate, density-dependent carrying capacity, and 100-year population
viability for 54 demographic scenarios spanning a wide range of hydroperiods and hybrid
frequencies. I use these results to assess the potential to use hydroperiod management to reduce

the success of hybrid tiger salamanders in the field.

Methods:
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Integral Projection Model (IPM) Adaptation:

I adapted the CTS demographic model constructed by Searcy et al. (in press). This model
combined multiple long term ecological studies on CTS (Trenham et al. 2000a; Searcy et al.
2014c) to construct an IPM for CTS. The authors evaluated the accuracy of the IPM by
comparing model estimates with empirical demographic data. They then use PVAs to quantify
the amount of upland habitat that is required to sustain a CTS population in the wild. This model
has two distinct stage classes: metamorph and juvenile/adult. Metamorphs begin the season as an
aquatic egg, which hatches into an aquatic larva, grows, and then undergoes metamorphosis and
transitions to terrestrial life all in the first year. After this first year, all individuals transition to
the juvenile/adult class, where they eventually mature into reproductive adults. All of the
demographic functions in this model are fit based on an individual’s mass, the importance of
which has been well documented in CTS (Searcy et al. 2014b, 2014c). Specifically, the IPM uses
mass from the previous year to predict the new mass of the present year using a growth function.
It then uses this estimated mass to project annual survival, maturity and fecundity for each size-
class. These functions are fit using long term mark-recapture data collected from two 10-year
drift fence/pitfall trap studies in Solano and Monterey Counties, California.

The original IPM bins each individual by mass into 122 discrete groups. The model then
uses two distinct kernels to construct the transition matrix. The first kernel is the product of
survival and growth, representing the change in size of an individual if it survived to the next
year. A second fecundity kernel, calculated as the sum of the size-based products of growth,
survival, and fecundity, estimates the number of offspring an individual would produce given
their change in size if they survived to the next year. These two kernels are applied to each stage-

class of the model, using separate equations for metamorphs and juvenile/adults. This model uses
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probability densities for each of the traits and vital rates, and individual variation is not identified
in the model. For example, there may be 50 individuals in the 20g mass bin, so rather than
predicting a new mass for each of the 50 individuals using the growth function, the model uses a
probability density of new masses for the entire group simultaneously. A new distribution of
masses is created, with no connection between yearly values at the individual level. While this
model is incredibly useful and efficient for population level analyses, it does not allow individual
traits to transition across years and therefore affect the demographic simulation.

I modified this approach, constructing an individual-based model that incorporates
individual variation and projects shifts in these traits over time. Specifically, I am interested in
the effects of hydroperiod and HIS on CTS demography. I include these parameters by
augmenting the functions that predict mass and larval survival. From my previous hydroperiod
experiment (Cooper et al. Chapter 2), I fit log-linear models that use hydroperiod and HIS to
predict metamorph mass and larval survival-to-metamorphosis. These functions are applied to
both density-independent and density-dependent versions of the demographic model. This
individual-based implementation of the IPM includes all demographic functions taken directly
from Searcy et al. (in press) unless otherwise stated. I accomplish this by modifying the
demographic functions to accept single values for mass and return a single prediction, rather than
a probability density. Each new value is assigned to that specific individual, replacing the
previous value. At a basic level, this meant replacing the r-function “dnorm” (which generates a
probability density from an input distribution) with “rnorm” (which draws a random number
from the probability distribution). I also restructured the survival, maturity, and breeding
probability functions. In the original model these represented probabilities of an event occurring

(i.e., 0.2 probability of individuals in this size-bin dying). In my model, I used these probabilities
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to draw a binary response for each individual using the “rbinom” function (i.e., 0 = the individual
died or 1 = the individual lived). I expect that these changes to the IPM will produce more
stochasticity in small populations, but that this individual-based stochasticity more accurately

represents natural conditions and population variation.

Demographic Scenarios:

Each simulation included a wide range of demographic scenarios with specific
conservation applications. I evaluated nine levels of the “hydroperiod” treatment, from 80 to 120
days in 5-day intervals (e.g., 80, 85, 90, etc.). These levels were chosen to replicate the previous
hydroperiod study which is used to parameterize key model functions (Cooper et al. Ch2). The
“proportion of hybrids” treatment consisted of populations with a specific ratio of hybrid/native
individuals. I included 6 levels of hybrid proportions spanning 0 to 1 by 0.2 (0, 0.2, 0.4, ...). For
example, a population of 100 individuals with 0.2 proportion of hybrids initially contains 20
hybrids and 80 natives which mate at random. A hybrid proportion of 0 or 1 indicates all native
or all hybrid populations, respectively. Each hybrid individual was simulated with an HIS of 0.75
and each native individual with a HIS of 0.05. This non-zero value for native HIS reflects the
average native HIS recorded in the previous hydroperiod study, due to uncertainty in the HIS
calculation (Cooper et al. Ch2). This resulted in a total of 54 simulations per demographic model

(9 hydroperiod levels x 6 hybrid-prevalence levels).

Density-Independent Model and Population Growth Rate (1):
Density-independent models are useful for comparing intrinsic growth rates across

demographic scenarios. The intrinsic growth rate, or lambda (4), describes population growth
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under “ideal” or low-density scenarios, when density dependent factors are not operating. If
lambda is less than 1, the population decreases, if lambda is greater than 1 the population
increases; populations with greater lambda grow more rapidly and are thus able to recover more
rapidly from events that reduce population size.

The general model framework is outlined in Table 3.1. This simulation was run for 15 years,
allowing enough time for the population to experience exponential growth, without requiring
excessive computational time which likewise grows exponentially. Each year the number of
juveniles/adults (Nt) is recorded. Lambda is estimated as the slope of the log-transformed Nt
with respect to time from years 5 to 15. Years 1-5 include transient dynamics that reflect the
starting conditions and not true population growth and are therefore not considered. The slope is
determined using the linear model function “Im” in the R statistical language (R. Core Team
2013). This model is iterated 100 times to fully sample the variation inherent in the stochastic

functions.

Density-Dependent Model and Carrying Capacity:

The density-dependent model is the same as the density-independent model, but includes
several population-limiting modifications. The original CTS IPM by Searcy et al. (in press)
incorporates the effect of egg density on two vital rates: larval survival and metamorph mass,
both of which were estimated from field and mesocosm studies. Here egg density, which was
inferred from field data (Trenham et al. 2000a), serves as a proxy for larval density. The first
model included log-transformed egg density and log-transformed larval survival which exhibited
a negative linear relationship: as egg density increases, larval survival decreases. I adapt this

model to this present simulation by centering the function on the larval survival probability that

72



is predicted using my hydroperiod and HIS-based model. Therefore, larval survival predicted
from the hydroperiod and HIS functions represents survival at average egg density. I then use the
slope determined from Searcy et al. (in press) to account for the increase in larval survival at low
densities and decrease in survival at high densities.

The second density-dependent model from Searcy et al. (in press) was defined as the
negative linear relationship between log-transformed egg density and log-transformed mass at
metamorphosis. This relationship was adapted for the present study by similarly re-centering the
predicted metamorph mass on the value determined from the HIS and hydroperiod dependent
model. Thus, average egg density observed in the field would produce metamorph mass equal to
the model predictions and increases or decreases in density would result in smaller or larger
individuals, respectively.

These density-dependent simulations yield the estimated carrying capacity on which the
population converges. The carrying capacity (K) can be estimated as the average population size
(Nt) once births and deaths reach an equilibrium, which was visually confirmed in pilot
simulations. I ran 100 iterations of the density-dependent model to sample the variation in
estimates of K that result from the stochastic demographic functions, and report K as the median
adult population size from years 50 — 100 across the 100 model iterations. The effects of
hydroperiod and the initial proportion of hybrids on K were estimated using log-linear

regression.

Population Viability Analysis (PVA):
Environmental stochasticity was incorporated into the model to assess the long-term

viability of each demographic scenario in the model. It is well established that the amount of
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rainfall in a given year drastically affects the magnitude of CTS breeding and recruitment. Low
rainfall years result in fewer adults emerging from aestivation to breed (Trenham et al. 2000a),
and reduces offspring survival through metamorphosis. Therefore, extended droughts may lead
to significant population reduction and possibly extinction.

I adapted two functions from Searcy et al. (in press) to account for this environmental
effect on population vital rates. First, I used the cumulative precipitation from December through
January to scale the number of females that emerged to breed. I used the generalized linear
model from Searcy et al. (in press) that estimates the number of breeding females from the
December — January precipitation, the period when most females emerge to breed (Searcy &
Shaffer 2011). Second, I used the cumulative precipitation from October through June to scale
larval survival probability. Searcy et al. (in press) used empirical data to fit a three-component,
piecewise linear model that predicts the proportion of successful metamorphs given the October
— June precipitation. This model includes two inflection points, the lower point defines a level of
rainfall (404.5mm) below which there is complete reproductive failure. This point likely reflects
the minimum rainfall required for the breeding pond to support the necessary hydrology for CTS
to complete their larval development. The upper inflection point corresponds to the amount of
rainfall (674.5mm) above which all larvae are predicted to survive, after density-dependent larval
survival is taken into account. Between these two points, the model predicts a linear increase in
larval survival from the lower inflection point (survival = 0) to the upper inflection point
(survival = 1). It is important to note that these values were calculated for native CTS
populations, and may differ slightly for hybrids. I discuss this limitation in the discussion

section.

74



Historical climate data were incorporated into the model to evaluate relative population
viability given environmental stochasticity. I implemented the same 96-year precipitation records
from the Vacaville and Nut-Tree Airport Weather Stations as Searcy et al. (in press) to simulate
annual rainfall conditions. I randomly sampled these rainfall data, with replacement, for each
year of the simulation. It is important to note that future climate may have a negative impact on
population persistence, and should be considered when evaluating absolute persistence
probability. However, in this study I am comparing different demographic scenarios and their
relative effects on population persistence. For this reason, I chose to use historical data since it
has a finer resolution and encompasses true annual variability. Each model iteration ran for 100
years, at which time the population size (N100) was recorded. Populations that dropped below
the 3-individual quasi-extinction threshold used in Searcy et al (in press) were considered
extinct. The population HIS was also recorded to track changes in the frequency of non-native
alleles. Each demographic scenario was iterated 100 times (100 iterations x 100 years per
iteration) to explore the variation produced by the historical environmental stochasticity.

Several statistical models were used to assess the relative effect of hydroperiod and the
initial proportion of hybrids on population viability. A log-normalized linear model was
constructed to explain the population size at the end of the PVA simulation, which was estimated
for each iteration as the median population size from year 80 to 100. The probability of
population persistence was modeled using a generalized linear model with a binomial error
distribution. The change in stable population size in the PVA framework was modeled as the
proportion of the carrying capacity estimated for each demographic scenario. This fraction was
modeled using a generalized linear model with a quasibinomial error distribution. The number of

years that elapsed before populations went extinct was recorded for each population that did not
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persist. The number of years to extinction was included as a response variable in a linear model

with hydroperiod and the initial proportion of hybrids as independent variables

Single-Hybrid Invasion:

Another critical aspect of hybrid zone dynamics concerns the initial invasion of hybrids
into a native population at the expanding edge of the hybrid zone. I simulated this scenario as a
single hybrid adult migrating into a population of all native CTS. Each single-hybrid invasion
scenario was initiated with either: 1) the population at the scenario-specific carrying capacity (K)
determined from the density-dependent simulations; or 2) at a standardized population size of
2000 individuals (1000 adults and 1000 metamorphs). I ran these simulations in the same manner
as the other PVA analyses and recorded the number of populations that went extinct, became
hybrid or remained pure native. Each simulation was iterated 600 times to capture the variability
between simulations. At the end of each 100-year simulation, I considered any population with a
final HIS above the starting native HIS (>0.05) to be a “hybrid” population. I used generalized
linear models with a binomial error distribution to test whether pond hydroperiod affects the
vulnerability of a population to hybrid invasion. The final proportion of hybrid/native adults at
year 100 was calculated for each simulation, and linear models were used to assess whether
longer hydroperiods decreased the likelihood of retaining native adults in the population. The
final HIS of each hybrid population was then estimated as the median HIS from years 80 to 100,
after it had reached a stable equilibrium. I used linear models to assess whether hydroperiod
significantly affected the equilibrium HIS value. The number of years required for the population

to reach the HIS equilibrium was also calculated. I fit a linear model to test if hydroperiod was
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correlated with this time to equilibrium. Together, these metrics enable the comparison of

population susceptibility to non-native immigration.

Statistical Methods:

All statistical analyses were conducted in the statistical language R (R. Core Team 2013). For all
statistical models I report the slope (£), 95% confidence interval, and p-value for each predictor
variable. All log-linear dependent variables (y) in this study were transformed by adding the
smallest value observed for y to each value of y before taking the natural log, to avoid undefined
values produced by zeros. Model slopes for log-linear models are reported without
exponentiating. I report the percent increase in y with each unit increase in x using the

equation:(e* — 1) X 100%. I then scale dependent variables using the “arm” package in R

(Gelman et al. 2016), to compare their relative effect on y using the equation: %

Results:

All results and model statistics are summarized in Table 3.2.

Population Growth Rate (1):

The basic density independent model enabled estimates of the intrinsic, per-capita
population growth rate (4). Across 100 model iterations of 54 different demographic scenarios A
ranged widely, from 0.886 to 1.936. Lambda was significantly correlated with both hydroperiod
(log-lm: B = 7.62x1073, Confidence Interval = (7.56x1073, 7.67x107%), p < 2x10°'%; Figure 3.1A)

and the proportion of hybrids (log-Im: B =0.111, CI =(0.109, 0.113), p < 2x10°'%; Figure 3.1B).
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Exponentiating these independent variables reveals that a 1-day increase in pond hydroperiod
duration results in a 0.76% increase in A, and a one unit increase in hybrid proportion (0 to 1, or
all native to all hybrid) increases 4 by 117%. Scaling the input variables before exponentiating
reveals that hydroperiod (B = 1.22) has a 1.13x greater effect on A than the proportion of hybrids
(B =1.08). The scenarios that produced a A of less than one, signifying an unsustainable
population, were mostly distributed in the short hydroperiods: 484/600 (81%) in the 80-day,
144/600 (24%) in the 85-day and only 5/600 (0.8%) in the 90-day scenarios. These unstable
populations were most frequent in populations with a lower proportion of hybrids, ranging from
205/900 (23%) in the full native populations to only 17/900 (1.9%) in the full hybrid
populations. The greatest value for A across all iterations was 1.936 from a completely hybrid
population with a 120-day hydroperiod pond, this demographic scenario had an average 1 of
1.72 + 3.4x1073 (median = standard error). The lowest value for A (0.886) was in a full native
population with an 80-day hydroperiod pond, which had an average A of 0.91 £+ 9.0x10** (med

+ SE).

Carrying Capacity (K):

The density dependent model yielded different adult carrying capacity (K) estimates for
each combination of hydroperiod and proportion hybrid initial conditions. Both hydroperiod
(log-lm: B = 0.131, confidence interval = (0.130, 0.133), p < 2x10°'%; Figure 3.2A and B) and the
proportion of hybrids (log-Im: B = 1.65, CI = (1.59, 1.71), p < 2x107!%; Figure 3.2C and D)
significantly affected the estimate for K. Exponentiating the slope estimates from this model
shows that a 1-day increase in hydroperiod results in a 14% increase in K. A one unit increase in

hybrid proportion results in a 422% increase in K. When the predictors are scaled and then
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exponentiated, hydroperiod (B = 29.6) had a 9.6x greater effect on K than the proportion of
hybrids ( = 3.1). Estimates of K ranged from 0 to 6,953 adults (Figure 3.2). There were 198
simulations that resulted in population collapse (i.e., K=0). The majority of these simulations
were in the 80-day hydroperiod (182/600 or 30%), with a few in the 85-day scenario (16/600 or
2.7%; Figure 3.2). The distribution of failed populations was more evenly spread across the
proportion of hybrids with 114/900 (13%) in full native populations to 2/900 (0.7%) in the 80%
hybrid scenarios; none of the full hybrid population simulations went to 0 (Figure 3.2). The
demographic scenario that resulted in the greatest K (6,953 adults) was the 120-day hydroperiod,
all-hybrid simulation which had an average K of 6709 + 7.3 adults (median + SE). Conversely,
the all-native population with an 80-day hydroperiod had the lowest estimate, with an average K

of 0 + 0.1 adults.

Population Viability Analysis:

The population size at the end of the 100-year PVA was positively correlated with
hydroperiod (log-Im: p = 0.178, CI = (0.176, 0.180), p <2x10°'®; Figure 3.3A and B) and the
initial proportion of hybrids (log-Im: B = 1.70, CI= (1.61, 1.80), p <2x10°'%; Figure 3.3C and D).
Exponentiating the model predictors shows that the population size increases by 19.5% with each
additional day of pond duration. A one unit increase in the starting proportion of hybrids resulted
in a 450% increase in stable population size. When the model is re-evaluated using
exponentiated and scaled predictors, hydroperiod (B = 99.0) is estimated to have a 31x greater
effect on population size than the starting proportion of hybrids ( = 3.2).

The addition of environmental stochasticity into the demographic model negatively impacted

population size and persistence. Across all simulations, the population size at the end of the PVA
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was 36.2% + 2% (median + SE) of the carrying capacity estimated for each specific scenario
(Figure 3.4). Longer hydroperiods significantly increased the population’s percent of K (GLM-
quasibinomial: B = 0.044, CI = (0.032, 0.058), p = 2.37x10%; Figure 3.4A), however the
proportion of hybrids in the population did not (glm-quasibinomial: § = 0.41, CI =(-0.07, 0.89),
p =0.10; Figure 3.4B).

The probability of a population persisting to the end of the 100-year simulation is positively
associated with hydroperiod (GLM-logit: p = 0.73, CI = (0.67, 0.80), p <2x107!6; Figure 3.5A
and B) and the initial proportion of hybrids (GLM-logit: B = 6.20, CI = (5.53, 6.91), p <2x107'6 ;
Figure 3.5C and D). When the predictors are scaled, a unit increase in hydroperiod ( = 18.87)
has a 4.4x greater effect on the probability of persistence than the proportion of hybrids (B =
4.23). The number of years a population persists before dropping below the quasi-extinction
threshold (3 adults) is also positively correlated with hydroperiod (Im: B = 4.51, CI = (4.23,
4.79), p <2x107'%; Figure 3.6A) and the starting proportion of hybrids (Im: p = 39.78, CI =
(36.69, 42.88), p <2x107!%; Figure 3.6B). When the independent variables are scaled, hydroperiod
(B=116.5) has a 4.3x greater effect on the time to extinction than the proportion of hybrids ( =

27.2).

Single-Hybrid Invasion:

The simulations of a single hybrid adult migrating into native populations yielded
information about the resiliency of populations to hybrid invasion. In the simulations that began
at carrying capacity, the majority of the short hydroperiod populations went extinct: 600/600
(100%) of the 80-day, 598/600 (99%) of the 85-day, 423/600 (71%) of the 90-day went extinct

over 100 years (Figure 3.7A). There were similar rates of extinction when all populations began
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at 2,000 individuals (1,000 adults and 1,000 metamorphs): 600/600 at 80-days, 597/600 at 85-
days, 423/600 at 90-days resulted in population extinction (Figure 3.7B). Across the simulations
that persisted, there was no detectable effect of hydroperiod on the number of populations that
retained non-native genes when populations started at K (GLM-logit: f = -0.009, CI = (-0.019,
0.002), p = 0.098). However, when populations began at 2000 individuals there was a strong
effect of hydroperiod (GLM-logit: B = 0.043, CI = (0.034, 0.053), p <2x107!6), where longer
pond duration increased the probability of successful hybrid establishment. In most populations
where hybrids persisted (median HIS > native HIS), every surviving adult was a hybrid to some
degree. However, a few populations retained a small number of native adults: for populations at
K there were 34 (0.6%) populations that retained native adults at the end of the 100-year
simulation (1 in 100, 3 in 105, 6 in 110, 14 in 115, and 10 in 120-day hydroperiods), which
marginally increased with longer hydroperiods (Im: = 0.58, CI = (-0.02, 1.2), p = 0.05).
Similarly, for populations starting at 2000 individuals there were 27 (0.5%) simulations that
retained some native adults (1 in 95, 1 in 105, 6 in 110, 8 in 115, and 11 in 120-day
hydroperiods), which increased with longer pond duration (Im: § = 0.42, C1 =(0.11, 0.74), p =
0.02). The equilibrium HIS was correlated with hydroperiod in both the simulations initiated at K
(Im: B =-0.0014, CI =(-0.0017, -0.0013), p <2x10°%; Figure 3.7E) and at 2000 individuals (Im:
B =-5.78x10"*, CI = (-6.9x10*, -4.6x10%), p <2x10°'®; Figure 3.7F). In populations at K, there
was no effect of hydroperiod on the time to HIS equilibrium (Im: f =-0.07, CI = (-0.23, 0.08), p
= 0.36; Figure 3.8A). However, simulations starting at 2000 individuals revealed a significant
correlation between hydroperiod and time to HIS equilibrium (Im: § =-0.36, CI = (-0.50, -0.22),
p = 4.76x1077; Figure 3.8B), where increased pond duration resulted in a smaller time to

equilibrium.
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Discussion:

In this study, I adapt the most comprehensive demographic model (Searcy et al. in press)
constructed for the endangered California tiger salamander, to evaluate the potential for
hydroperiod management to reduce the success of non-native hybrids. I restructured the model to
include individual-level traits, primarily genotype and mass, to track allele frequencies,
persistence, and vulnerability to hybrid invasion at the population level. I adapted statistical
models from previous studies to incorporate the effects of genotype and pond duration into
population vital rate estimates. These new models were used to evaluate 54 different
demographic scenarios spanning a range of hydroperiod and hybrid abundance combinations.
Here I discuss the results from each level of model implementation, and evaluate the effects of

hydroperiod manipulation as a management strategy.

Population Growth Rate:

The density-independent model confirmed my prediction that populations in longer
duration ponds have greater intrinsic growth rates. Based on these results (Figure 3.2A) there
appears to be diminishing returns from hydroperiods in excess of 110 days, a pattern that is more
pronounced in ponds with a greater proportion of hybrid individuals. In contrast, ponds with 85 -
90-day hydroperiods have exceptionally low A estimates, a pattern that is most pronounced in
native populations. Based on these results, it would be unadvisable to reduce breeding pond
duration to less than 90 days, especially in native populations, since it is likely that those
populations will have intrinsic growth rates of 1 or less. By definition, populations with a lambda

of less than 1 have a much greater chance of going extinct (Lande 1993), and have less ability to
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recover from negative stochastic events which reduce the population size (Lennartsson &
Oostermeijer 2001; Kissel et al. 2019).

The range of A determined in this study generally agrees with previous model
implementations. Searcy et al. (in press) reported a density independent A of 1.42 (CI = 0.74,
2.35), which is only slightly greater than my estimate of 1.39 for native CTS in the 120-day
hydroperiod. This minor difference may reflect the marginally longer hydroperiod experienced
by the CTS population at Olcott lake (Solano County, USA), which was used to construct
Searcy’s model. If these CTS experienced a longer hydroperiod, it may result in greater growth
rates since larval survival and mass at metamorphosis are both positively influenced by
hydroperiod in my adaptation of the model.

Hydroperiod and the proportion of hybrids in a population are both positively correlated
with A. All demographic parameters investigated here were more sensitive to changes in
hydroperiod compared to the proportion hybrids. However, for A the proportion of starting
hybrids had the greatest relative effect (0.88x), though still less than the effect of hydroperiod.
This likely reflects the importance of individual biology and reproduction on intrinsic growth
rates. Because hybrid individuals achieve a greater mass at metamorphosis and have higher
larval survival rates (Cooper et al. Ch2), each individual achieves greater fecundity and lifetime
reproduction (Tucker 1999; Trenham et al. 2000a). It is therefore likely that populations with a
greater proportion of hybrid individuals are able to grow more rapidly, regardless of pond
hydroperiod. This explains why the proportion of hybrids parameter has a larger relative effect

on A compared to other population metrics such as K.

Carrying Capacity:
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Hydroperiod had a large effect on the number of individuals that the environment can
support. For every additional day of pond inundation, the carrying capacity of the population was
predicted to increase by about 14%. While hydroperiod has always been highlighted as a critical
feature of CTS ecology (Fitzpatrick & Shaffer 2007a; Johnson et al. 2013), this result quantifies
the benefit of longer pond duration on theoretical estimates of K. Hydroperiod had a much larger
impact (9.6x) on population K than the starting proportion of hybrids. This agrees with previous
studies on Ambystoma that demonstrate the strong influence of hydroperiod on K (Baldwin et al.
2006; McMenamin & Hadly 2010). Hydroperiod is an environmental feature that impacts every
individual in the population. Longer duration ponds yield higher larval survival rates resulting in
a greater number of metamorphs that partially counteract density-dependent reduction in larval
survival.

Management actions that increase K (e.g., increasing hydroperiod) are important goals
for conservation efforts and are therefore essential factors for managing wild CTS populations.
However, these modifications will likely benefit hybrid individuals more than natives based on
the results presented here and in previous hydroperiod studies (Cooper et al., Ch 2; B. Fitzpatrick
& Shaffer, 2007; J. R. Johnson et al., 2013). This suggests that while increased hydroperiod may
be essential for supporting large populations of native CTS, they also make these populations

more suitable for hybrid infiltration.

Population Viability Analysis:
The addition of environmental stochasticity negatively affected all simulated populations.
Short pond hydroperiods experienced the greatest reduction in population size, however the

average across each demographic scenario was never greater than 40% of K. This suggests that
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variability in rainfall has a dramatic effect on realized population size. Years with below-average
precipitation reduce the number of females that emerge from aestivation to breed, reducing total
reproduction in ponds (Trenham et al. 2000a; Trenham & Shaffer 2005a). Additionally, low
rainfall reduces the survival of the offspring that are produced (Searcy et al. 2014b), sometimes
resulting in complete reproductive failure if ponds dry before larvae are able to complete
metamorphosis (Loredo & van Vuren 1996; Trenham & Shaffer 2005a).

The viability of simulated CTS populations was largely driven by pond hydroperiod.
Most populations in the 80 and 85-day hydroperiods were predicted to go extinct over the 100-
year interval (Figure 3.5A), with population extinction occurring on average in 24 and 38 years,
respectively (Figure 3.6A). The poor success of populations centered around short duration
ponds is likely the culmination of two vital rates. First, low population growth rates prevent the
population from rebounding after periods of low recruitment (Turkalo et al. 2017). This
increased time below carrying capacities can increase sensitivity to environmental stochasticity
(Lande 1993). Second, lower carrying capacities limit the number of adults in the population,
rendering them more susceptible to stochastic events (Foley 1994). Together, these values result
in populations that are unsustainable in the long-term at 80 and 85-day hydroperiods,
corroborating previous studies that suggest a minimum 90-day hydroperiod to facilitate CTS
larval development (Petranka 1998; Stebbins 2003; Johnson et al. 2013). Though the naturalistic
hydroperiod experiment that parameterized this model did identify some individuals that
successfully emerged from the 80 and 85-day hydroperiod treatments, they represented a small
fraction of surviving metamorphs (Cooper et al. Ch2). It appears that, while some individuals are

capable of emerging from ponds that do not last for 90 days, this hydrology will not support a
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stable population. This unfortunately is at odds with the conservation goal of exploiting short
hydroperiod ponds to reduce hybrid advantage (Cooper et al. Ch 2).

The 90-day hydroperiod treatment appears to be on the threshold of supporting a viable
population, with approximately 30% of simulated populations going extinct over the 100-year
interval. Although a 70% survival probability is unlikely to be an attractive conservation option
for managers, it does provide a critical threshold below which almost all populations are
predicted to go extinct. At 95 days, 98% of all simulated populations are predicted to persist, a
drastic increase that may prove to be a desirable management goal.

In summary, very short hydroperiods do reduce or potentially eliminate hybrid

advantage, but only at a point so extreme that populations are not viable in the long run.

Single Hybrid Migrant:

The effect of a single hybrid individual dispersing into a native population was modeled
using the general PVA with a very low frequency (1 individual) of hybrid individuals. This
scenario mimics the most probable scenario of hybrid dispersal and range expansion in nature at
the leading edge of the hybrid invasion. Quantifying the relative impact of the single hybrid
individual on population persistence and HIS offers insight into the resilience of native
populations to hybrid immigration. Given the similarity to the general PVA, it follows that the
rates of extinction in this simulation are equivalent to that of the PVA. Few populations survive
below the 90-day hydroperiod mark, at which 71% of the populations persist. A large proportion
of simulations successfully repel the non-native invasion given the extremely low initial
frequency of hybrids, consisting of a single adult migrant. In populations that begin the

simulation at K, I was unable to detect an effect of hydroperiod on the number of successful
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invasions (Figure 3.7A and C). However, populations that begin at a constant 2,000 individuals
demonstrate a significant increase in the number of successful hybrid immigrations (Figure 3.7B
and D). This is likely due to the relative proportion of the carrying capacity at which each
population begins. At 2,000 individuals in the short hydroperiod treatments, the population is far
above K, resulting in greater mortality and a greater probability of the single hybrid to be
eliminated before successfully reproducing. In longer hydroperiod simulations, the population is
below K and each individual contributes more offspring to the growing population, increasing
the likelihood that a hybrid migrant can successfully reproduce in its lifetime. For these reasons,
the simulations that begin at K are likely more appropriate when comparing the vulnerability of
the different hydroperiod treatments. However, it is important to note that populations which are
currently below their realized K are more susceptible to non-native immigration events. This is a
relevant issue on the landscape since many populations are imperiled by variable precipitation
(Holland et al. 1990) and transient anthropogenic disturbances (Barry & Shaffer 1994), which
likely translate to populations existing below their true K.

Most populations that retained non-native alleles were composed of only hybrid
individuals by the end of the 100-year simulation. This is largely a reflection of the mating
system dynamics in this model. All individuals selected mates randomly from the adults that
entered the pond to breed in a given year, resulting in a fairly rapid population-level admixture.
However, a few simulations retained some completely native adults at year 100. While these
numbers were quite small (0.5-0.6%) they appeared to increase with longer hydroperiods. This is
likely an effect of the larger population size reducing the probability of a native CTS mating with
a hybrid. Although this result is intuitive, it is an important factor to consider: larger, healthier

CTS populations may have a greater chance of retaining some pure native genotypes even within

87



the hybrid zone, albeit at a very low frequency. This pattern is also evident in the equilibrium
HIS, where longer hydroperiod ponds show a lower average HIS than shorter duration ponds.
Again, this is likely a reflection of the larger population size which has a greater abundance of
native alleles which further diminishes the effect of a single hybrid migrant. This may be
significant on the landscape since the number of hybrid migrants is likely independent of the
focal population’s size. In sum, these results suggest that larger native populations that are
supported by longer pond hydroperiods, have a greater chance of retaining at least some
completely native genotypes and experience a smaller overall shift in HIS per unit of time.
Although the fraction of the population that is expected to remain pure CTS is small, retaining
any full native genotypes on the landscape may be a critical management goal, because it at least
allows one to entertain the possibility of removing hybrid individuals and rebuilding pure native
populations. If additional practices are implemented, such as targeted removal of hybrid adults,

these native survivors may be vital in recovering a greater portion of the native genome.

Caveats and Future Work:

While this study utilizes the best available science to address CTS management concerns,
it is also limited by some key factors. First, and probably most importantly, some aspects of this
model have been parameterized using data collected for pure native CTS (Trenham et al. 2000a;
Searcy et al. 2014c). It is likely that hybrids differ in demographic factors that are not strictly
explained by size and genotype. However, several important components of this model were
parameterized using empirical data collected on native and hybrid CTS, including the effects of
hydroperiod and genotype on larval survival and mass at metamorphosis. While I believe that

these two components are the predominant factors in salamander demography (Searcy et al.
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2014b, 2014c), there are several demographic functions that would benefit from additional
empirical data on hybrids. Critically, future studies should determine the effect of HIS on
juvenile/adult growth and maturation rates, which were shown to have the greatest effect on
population growth rate (Searcy et al. in press). This model would also benefit from empirical
studies that incorporate the effect of HIS on density-dependent larval mortality. While this study
does include models that predict larval survival based on HIS, I do not have data on how this
relationship changes with different levels of larval density, which has a large effect on the
estimates of carrying capacity in native CTS (Searcy et al. in press).

In this study, I include hydroperiod as a fixed environmental characteristic, however
variability in rainfall will significantly change pond hydrology. Given expectations of climate
change, future work should combine climate projections with rainfall-dependent hydroperiod to
simulate real-world pond scenarios and evaluate their expected viability. Additionally, the
current model assumes that mating occurs randomly between any mature adult that enters the
breeding pond each year. This results in rapid homogenization of native/non-native allele
frequencies in the population. However, in the field, a significant degree of variability in HIS
among individuals within ponds and between years has been observed (McCartney-Melstad et al.
unpublished data; Shaffer et al. 2020). This pattern may be the result of assortative mating,
potentially through behavioral or temporal isolating mechanisms. In addition, I model all
diagnostic loci as neutral, when in the wild there is likely selection on specific CTS/BTS alleles
(Cooper et al. Ch2) which may alter the spread of non-native alleles in a population. Future
studies should investigate these possibilities to improve the accuracy of demographic modelling
efforts. Finally, I do not evaluate the effect of paedomorphic salamanders in this study, which

may significantly augment hybrid recruitment and fitness in permanent ponds. These
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paedomorphs become sexually mature and remain in the ponds indefinitely, and therefore require
constant water. It is likely critical for ponds to dry frequently (at minimum every few years) to
preclude both paedomorph and invasive species (Fisher and Shaffer, 1996) occupancy. The
demographic contribution of paedomorphic salamanders is a critical addition to this model,
which future studies should investigate.

The model presented here has wide-reaching implications for the persistence of CTS
populations afflicted by non-native introgression. However, these model predictions should be
empirically tested in future studies. One strategy could involve tracking the frequency of non-
native alleles in a single pond through time, using historical sampling, to evaluate how well the
model captures the pattern of introgression and eventual equilibrium of non-native alleles.
Another may involve modeling the spread of non-native alleles after the initial introduction to
compare model simulations with historical sampling of non-native allele distributions through
time. These studies may identify aspects of the model that do not align with empirical data, and

suggest modifications to improve model performance.

Conclusion:

Simply managing all ponds to reduce hydroperiod does not appear to be a reliable method
for reducing the success of non-native alleles on the California landscape. Both native and hybrid
individuals are negatively affected by shortened pond duration through reductions in intrinsic
growth rate and carrying capacity of focal populations. However, this uniform degradation does
not appear to confer an advantage for native genotypes or individuals in any of the scenarios
examined in this study. Instead, my results highlight the need for large robust native populations

which are maintained with long hydroperiod ponds. These large populations near their K have
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the greatest chance of resisting non-native immigration and experience the smallest shift in non-

native allele frequencies following successful hybrid establishment. Populations that are

significantly below their realized K are the most susceptible to hybrid infiltration. However, it is

also vital to reduce the degree of hybrid immigration into these native ponds, since there is no

clear way to select against hybrid genotypes.

From these results, I suggest the following strategy for reducing non-native tiger

salamander success on the landscape.

Native populations around the periphery of the hybrid zone should be managed
intensively to improve their resiliency against hybrid migrants. This may include
managing ponds to ensure an adequately long hydroperiod in most years, to support the
healthiest population possible.

Ponds within the hybrid zone should be managed to limit population sizes and discourage
hybrid dispersal. Hydroperiod may offer a convenient management tool to reduce the
success of largely-non-native ponds without a costly eradication program. Modifying
hybrid ponds to reduce hydroperiod is straightforward (e.g., cutting the berm, adding
overflow pipes, etc.) and may sufficiently hinder the hybrid populations, reducing their
numbers and dispersers. This would also avoid the need to completely drain ponds for
10-15 years in order to effectively eradicate hybrid populations, given the lifespan of
CTS (Searcy et al. 2014¢). Reduced hydroperiod would retain the natural function of the
vernal pool ecosystem, without promoting additional hybrid success.

Remove large hybrid individuals from populations. This would require rapid detection

molecular techniques that could quantify an individual’s HIS within hours. Removing
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large hybrid adults could significantly reduce hybrid reproductive success, since these

individuals enjoy much greater fecundity and offspring success.

Future studies will need to evaluate how effective these strategies are at maintaining native
genotypes in hybrid ponds. Although hydroperiod management does not offer the “silver bullet”
for reversing the pattern of non-native introgression, it may be a useful tool in a multi-faceted

approach to CTS management.

92



Chapter 3 Figures

Step Model Function Description

Survival probability is estimated, and a binary state (alive or dead) is
1 Survival randomly chosen. Individuals that are greater than 15 years old are
automatically coded as dead.

Growth is randomly selected from the predicted probability density

Growth distribution and used as the new mass.

Maturity probability is estimated, and a binary state (mature or immature) is
3 Maturity randomly chosen. Individuals that have reached maturity remain mature in all
subsequent years (until death).

Fertility is estimated from the new mass and fertility that is less than zero is

4 Fertility truncated at zero

5 Breeding Breedmg probability is estimated, and a binary state (breeding or not breeding)
is chosen for the year.

6 Death All individuals that did not survive are removed from the data frame.

A separate data frame is created for males and females that include
7 Select Breeders metamorphs and adults that are mature and breeding that year. If there are 0
male or female breeders, then no offspring are created.

Each female is randomly assigned one male as a mate. Each male may mate

8 Pair Breeders multiple times. All females breed, but not all males necessarily breed.
The offspring HIS and pond hydroperiod are used as parameters in the larval

9 Larval Survival survival function determined from the hydroperiod experiment (Cooper et al.
Ch2).

10 Fecundity Female fecundity, estimated as the product of fertility and larval survival.

11 Metamorphs A new data frame is created. with each row representing a new metamorph
derived from female fecundity.

12 Metla_.Ir;’lSO rph The mid-parent value (mean) of HIS is assigned to each offspring.
The mass at metamorphosis for each offspring is predicted using the HIS and

Metamorph ; ) : :
13 Mass hydroperiod as inputs into the metamorph mass model derived from the

present hydroperiod study (Cooper et al. Ch2).

Table 3.1: The major steps in the density-independent model. All steps are repeated for each year
the model is run. This is used as the basic model framework that is further augmented for
additional model implementation (i.e., density-dependent and PVA)
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Test Parameter ‘ Raw £ ‘ Scaled 8 ‘ Upper CI | Lower CI p-value Model Type
Population Growth Rate (A)

Hydroperiod 7.62x1073 1.22 7.56x10° | 7.67x10° | p<2x10!¢ log-lm

Proportion Hybrid 0.111 1.08 0.109 0.113 p <2x10'¢ log-lm
Carrying Capacity (K)

Hydroperiod 0.131 29.6 0.130 0.133 p <2x10!¢ log-lm

Proportion Hybrid 1.65 3.1 1.59 1.71 p <2x10'¢ log-lm

PVA - Population Size
Hydroperiod 0.178 99.0 0.176 0.180 p<2x107¢ log-Im
Proportion Hybrid 1.70 3.2 1.61 1.80 p <2x10'¢ log-lm

PVA - Percent of K
Hydroperiod 0.044 NA 0.032 0.058 p=2.37x10% | glm-binom
Proportion Hybrid 0.41 NA -0.07 0.89 p=0.10 glm-binom

PVA - Prob. of Persistence
Hydroperiod 0.73 18.87 0.67 0.80 p <2x10!¢ glm-logit
Proportion Hybrid 6.20 4.23 5.53 6.91 p <2x10'¢ glm-logit

PVA - Time to Extinction
Hydroperiod 4.51 116.5 4.23 4.79 p <2x10!¢ Im
Proportion Hybrid 39.78 27.2 36.69 42.88 p <2x10'¢ Im

Single hybrid - Prob. of Hybrid Persistence
Pop. Size=K 0.009 NA -0.019 0.002 p=0.098 glm-logit
Pop. Size = 2000 0.043 NA 0.034 0.053 p <2x10'¢ glm-logit

Single hybrid - Number of Pure Native
Pop. Size=K 0.58 NA -0.02 1.2 p=0.05 Im
Pop. Size = 2000 0.42 NA 0.11 0.74 p=0.02 Im

Single hybrid - Equilibrium HIS
Pop. Size=K -0.0014 NA -0.0017 -0.0013 p <2x10!¢ Im
Pop. Size = 2000 -5.78x10* NA -6.9x10* | -4.6x10* p <2x10'¢ Im

Single hybrid - Time to HIS Equilibrium
Pop. Size =K -0.07 NA -0.23 0.08 p=0.36 Im
Pop. Size = 2000 -0.36 NA -0.50 -0.22 p=4.76x107 Im

Table 3.2: Statistical model output for each test performed. Raw g is the unscaled model estimate

for each parameter. Scaled g is the model estimate for parameters after standardization (mean = 0
and SD =0.5).
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Figure 3.1: Density-independent model estimates of population growth rate (“Lambda” or 1)
across demographic scenarios. Lambda is estimated as the slope of the log-normalized adult
population size and time (years), after an initial burn-in of 5 years. The simulation was initiated
with different combinations of pond hydroperiod (A) and the starting proportion of hybrid
individuals (B) in the population. Longer hydroperiods and higher hybrid frequencies yield
greater A estimates. Short hydroperiods and more native populations result in lower values for 4,
some of which are less than 1 (dashed black lines), indicating a declining population.
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Figure 3.2: Density-Dependent model estimates for carrying capacity (K) across a range of pond
hydroperiods (panels A, B) and starting proportion of hybrids (panels C, D). Panels show the
median population size from years 50 to 100 of the 100-year simulations. The first 50 years are
removed to allow the populations sufficient time to reach their stable equilibrium. Colored lines
represent each of the 100 iterations, black lines depict the median values with standard error.
Panels B and D show the population size at K on a logarithmic scale to improve resolution at low
values for K.

96



A PVA Population Size B Log—-Scaled PVA Population Size

5000
— 20484
o . o
© 4000 o =]
S o8 S
«© . «©
@ . 0 .
I Prop. Hybrid @ Prop. Hybrid
2 SPLLE
= 30004 =
o i o , 1
) Il os B I os
S LR s A . o6
© © G-
5 | 0.4 5 * 0. 0.4
g_zooo §_ Y ;t B
£ 0.2 £ . £7 ¢ 0.2
= 0 5 2 > 0
] o o o
< < . .
3 1000 8 .- o
o ° 4 - - =
(] (]
= = - -
04 5 o oo
80 90 100 110 120 80 90 100 110 120
Hydroperiod Hydroperiod
C PVA Population Size D Log-Scaled PVA Population Size
5000
5} . 5}
2 40001 o 2 40244
é . : Hydroperiod é Hydroperiod
4 I 120 Y I 120
© ©
g . 115 £ . 115
5 30001 S
N Bl 110 S M 110
2] 2]
c BN 105 S gl BN 105
Ke] Ke]
B 100 B 100
2 2000 95 a 95
& &
= 90 = 90
p=} p=}
S 85 S o 9 o 85
< < ° . . .
& 1000 80 8 4 . . . . S 80
° o . . . o .
(] (]
= = - .. . .
04
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Starting Proportion of Hybrids Starting Proportion of Hybrids

Figure 3.3: Population Viability Analysis (PVA) model estimates of stable population size.
Population size is calculated as the median number of adults in the population in years 80 - 100.
The PVA model includes environmental stochasticity which yields new estimates for the
estimated population size equilibrium. Shown are estimates for a range of hydroperiod (panels A,
B) and initial hybrid proportion (panels C, D), each iterated 100 times. Figures B and D show
population sizes on a logarithmic scale to increase the resolution of low population scenarios.
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Figure 3.4: Population Viability Analysis (PVA) estimates of population size reported as the
percent of carrying capacity (K). The PVA incorporates environmental stochasticity, which
reduces the stable population size below the value for K determined in the density-dependent
model. All populations begin the simulation at their estimated value for K, then the PVA
population estimate is taken as the median number of individuals in the population from years
80-100. This figure shows the median percent of K across 100 model iterations for a range of
hydroperiod (A), and initial hybrid proportion (B) scenarios. Several scenarios with short
hydroperiod and low hybrid proportions are consistently predicted to go extinct within the 100
simulated years.
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Figure 3.5: Population Viability Analysis model estimates of population persistence across a
range of hydroperiod (panels A, B) and initial hybrid proportion (panels C, D) scenarios.
Populations that drop below the quasi-extinction threshold of 3 adults at any point in the 100-
year simulation are considered to have gone extinct. All simulations that consistently maintain
more than 3 adults are considered to have persisted. Panels A and C show the relative frequency
of extinct vs. persistent populations across 600 model iterations per hybrid proportion scenario.
Panels B and D show the logistic regression model that predicts population persistence given
pond hydroperiod (B) or initial proportions of hybrids (D). In these figures, extinction is
displayed as y = 0 and persistence as y = 1, points are jittered to show relative density.
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Figure 3.6: Population Viability Analysis model estimates of the time to extinction across
hydroperiod (panel A) and initial hybrid proportion (panel B) scenarios. This figure only plots
populations that dropped below the quasi-extinction threshold of 3 adults at any point in the 100-
year simulation. Populations drawn from longer hydroperiod duration ponds tend to persist
longer up to 95-day hydroperiods (panel A). For hydroperiods longer than 100 days, no
populations went extinct. A similar, but far less pronounced trend is apparent with the initial
proportion of hybrids (panel B).
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Figure 3.7: The effect of a single hybrid migrant into native populations on pond Hybrid Index
Score (HIS). This model shows a special case of the Population Viability Analysis model where
populations were completely native except for a single hybrid adult. Panels A, C, and E show the
effect of a single hybrid on native populations at their carrying capacity, while B, D, and F show
the effect of populations at a standard size of 2000 individuals (1000 adults and 1000
metamorphs). Panels A and B show the counts of populations that went extinct, survived but
retain hybrid alleles, and survived without supporting hybrid alleles (full native). Panels B and D
show only the counts of populations that support hybrid alleles (that is, the green bars from
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panels A and B). Panels E and F show the final HIS at year 100 across hydroperiod treatments.
Full native populations have a HIS of 0.05, and the relative increase in HIS demonstrates the
relative success of the single hybrid migrant. In both scenarios it appears that increased pond
duration leads to an increase in the number of ponds that retain hybrid alleles, but less relative
increase in overall pond HIS.
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Figure 3.8: Single hybrid migrant model estimates for the time to HIS equilibrium across
hydroperiod treatments. This model is a special case of the Population Viability Analysis model
where ponds begin at either their specific carrying capacity (panel A), or at 2000 individuals
(1000 adults and 1000 metamorphs; panel B). Equilibrium HIS was estimated as the median HIS
from years 80 to 100 of the 100 year simulation. The number of years before the population
reached this median HIS was recorded as the time to HIS. There is no significant trend in
populations that start at K, but populations at 2000 individuals show a decrease in time to HIS
equilibrium as hydroperiod increases.
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Appendix A

Supplemental Information for Chapter 3

Estimating Larval Survival from HIS:

In this study, I use data collected in a previous experiment (Cooper et al. Chapter 2) to
parameterize demographic functions in this present study. These updated methods are required to
model the effect of an individual’s Hybrid Index Score (HIS) on larval survival and mass at
metamorphosis.

I used a bootstrap resampling technique to test the effects of hydroperiod and HIS on
individual larval survival probability. Although I was unable to collect genetic tissue from every
larva at the start of each years’ experiment, I did collect genetic and morphological data from a
representative sample of larvae from each source pond. I used random resampling to reconstruct
the full dataset of input larvae, using the observed distribution of individuals across each source
pond and family group. Briefly, source pond represents the original wild pond from which larvae
were collected and family group represents the probable full-sibling groups estimated from
genomic data (Cooper et al. Chapter 2). For example, exactly 40 larvae from source pond JCLH
were added into experimental “pond D in 2019. I additionally derived the relative distribution
of larvae across family groups in JCLH from genomic analyses. I can therefore randomly sample
the 60 representative larvae 40 times to simulate the individual larvae that were added into that
experimental pond. I repeat this process for each source pond across all experimental ponds to
simulate a complete dataset of larvae that entered the various pond treatments. I then use the
observed metamorph survival data to assign “survivors”. I use the family group assignment to
accurately select which simulated input larvae “survived”. For example, if 6 metamorphs from

family group JCLH 1 emerged from “pond D” in 2019, then I would remove 6 larvae from
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family group JCLH 1, and replace them with the known metamorphs. I match the simulated
larval dataset to the observed metamorph dataset using family group to maximize accuracy in
genotype assignment, since siblings are more likely to exhibit the same genotype than other
family groups. I then use this complete, partially simulated dataset to construct a Generalized
Linear Mixed Model (GLMM) with a binomial error distribution and using larval treatment as a
random effect. This model uses Hydroperiod and HIS to predict the binomial Survival
probability (0,1) of each larva.

Since this dataset is simulated using the representative larvae, I acknowledge that there
will be variability in the assemblage of input larvae. I quantify this variation using a resampling
bootstrap technique, where I iterate the described process 10,000 times, sampling the
representative larvae with replacement each iteration. This bootstrap instance represents the
“true” data. In order to assess the probability that patterns in the “true” data could have arisen by
chance, I also repeat this resampling technique using “random” survivorship data. Here I
randomly assign “survival” based on the number of surviving metamorphs that year, without
regard to the experimental pond, source pond, family group or hydroperiod. I compare the
distribution of “true” GLMM model estimates to those of the “random” analysis. Similar to a
bootstrap technique, I consider any overlap between the two distributions as evidence of a false
discovery, I therefore report p-values as the degree of overlap between the “random” and “true”
model estimates. Once significance is established, I explore the effect of Hydroperiod and HIS
on survival by estimating predicted marginal effect sizes using the function “ggpredict” in the
eponymous R package GGPREDICT. I assessed the interaction between Hydroperiod and HIS by
generating model predictions for mostly native (HIS=0.10) and mostly non-native (HIS=0.90),

and comparing the marginal effect on survival. Specifically, for each level of hydroperiod, I
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subtracted the native effect from the hybrid effect to quantify how much more hybrids benefit
from each treatment.

Larval survival is strongly correlated with hydroperiod (bootstrap: estimate = 0.079,
iterations = 10,000, p < 1x10#) and HIS (bootstrap: estimate = 0.66, iterations = 10,000, p =
0.005). The difference in predicted survival between hybrid and native genotypes was positive
and increasing throughout the range of Hydroperiod. This suggests that hybrids have a survival
advantage in all hydroperiod levels tested, and this advantage increases concurrently with pond

duration.
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Supplemental Figures for Chapter 3:
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Figure 3.S1: Simulated population size across 100-years for multiple demographic scenarios
using the population viability model. Each panel shows the difference in population size between
starting hybrid proportions for a specific hydroperiod treatment.
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Figure 3.S2: Simulated population size across 100-years for multiple demographic scenarios
using the population viability model. Each panel shows the difference in population size across
hydroperiods for each initial hybrid proportion.
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