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Rapid adaptation and evolution based on standing genetic variation and novel mutations 

is likely to be one of the primary ways that species survive the widespread anthropogenic 

environmental changes expected of the next century. Three-spined stickleback 

(Gasterosteus aculeatus) are known to be capable of extremely quick, dramatic 

adaptation in response to similarly dramatic environmental changes, such as a transition 

from a salt to freshwater environment. In this study, we present evidence which shows 

selection has caused large increases in the frequency (1,784-6,482% relative increase) of 

a novel chromosomal inversion on LG IX in a recently introduced population of 

stickleback in the Deschutes River, Oregon, over approximately 35 years. This evidence 

suggests that subtle, watershed scale differences in environmental conditions can drive 

rapid evolution in stickleback, and possibly other fish species, over very short periods of 

time, which may aid those species both in surviving disturbances and in invading new 

ecosystems. 
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Introduction: 

 It has recently been argued in Nature that the Earth is on the precipice of an 

anthropogenically driven mass extinction, driven by a “perfect storm” of broad spectrum 

ecological pressures and other anthropogenic environmental changes (Barnosky et al., 

2011). To mitigate the effects of climate change and habitat destruction on global 

biodiversity, it is critical that we research how they will affect individual species and 

ecosystems. In response to climate and environmental changes, species generally react by 

migrating to more suitable habitat, adapting or evolving, or going locally extinct—each 

of which has happened repeatedly to many species in many habitats (Parmesan, 2006).  

Adaptation and evolution in particular are both extremely important, since many 

species, especially those that are already endangered, cannot simply move. However, 

despite the large volume of research on the adaptive and evolutionary responses of 

populations to anthropogenic impacts, we do not yet have sufficient data to accurately 

predict how climate change and other global anthropogenic stresses will affect species at 

a genetic level (Franks & Hoffmann, 2012). 

In their 2012 review, Franks and Hoffman argue that we are limited in our ability 

to predict genetic responses to environmental change by our incomplete understanding of 

how probable genetic evolution to rapid environmental change is and how fast that 

change will occur, among other things. While some theoretical work has been attempted 

to model evolution rates relative to climate change models (such as Kopp and 

Matuszewski (2014)), few direct comparisons have been made (Gienapp et al., 2013). 

Indeed, the research that has been conducted to study rapid, climate change driven 
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evolution has tended to focus the evolution of specific traits (as in (Karell et al., 2011)) or 

have been experimentally based (Franks & Hoffmann, 2012). Studies of these sorts may 

not properly elucidate the complex way in which genomic architecture influences the 

rates of evolution, or may neglect patterns of adaptation that are relevant to wild 

populations (Franks & Hoffmann, 2012). More studies on the rate of evolution of whole 

genomes in wild populations are therefore of interest, and could provide valuable 

information underlying mechanisms of rapid evolution and assist predictions on species 

responses to anthropogenic environmental changes. 

Three-spined stickleback (Gasterosteus aculeatus) are an ideal species in which to 

study rapid adaptation to novel environments. A great deal of work has already been 

conducted on the species which has described their genome to an extremely high level of 

detail (Jones et al., 2012; Kingsley et al., 2004). Furthermore, stickleback are known to 

be extremely adaptable, even on very short time frames (Barrett et al., 2011; Gelmond et 

al., 2009; Hohenlohe et al., 2010). Indeed, a recent study by Bell and Aguirre (2013) has 

suggested that stickleback are capable of “measureable” evolution for many different 

traits over relatively short time frames, and that their genomic architecture is likely 

incredibly well suited to rapid adaptive radiation.  

 In the Deschutes River system of central Oregon, a natural “experiment” of sorts 

on stickleback evolution has been running for the last ~35-40 years. In the 1980s, 

stickleback were introduced to the system, and have since spread across nearly the entire 

region and into a multitude of radically different freshwater environments (Catchen, 
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Bassham, et al., 2013; Yake, 2003). The system, therefore, offers a unique opportunity to 

study stickleback evolution on a rapid time-scale in a natural environment.  

 We characterized the genomic divergence between six different Deschutes River 

sub-populations, and found strong evidence that a previously undescribed chromosomal 

inversion is being swept to a high frequency in two regions of the system at an extremely 

rapid rate (250+ percent change per generation), likely in response to solute rich 

groundwater inputs. Chromosomal inversions are well-known vehicles for adaptation in 

stickleback, particularly in the transition between freshwater and pelagic environments, 

lateral line development, and genomic sex determination, and have long been recognized 

as contributing to adaptation along environmental clines such as temperature in the 

various species of the Drosophila genus (Da Cunha et al., 1950; Dobzhansky & 

Sturtevant, 1938; Dubinin & Tiniakov, 1946; Jones et al., 2012; Krimbas, 1964; 

Rodríguez-Trelles et al., 1996; Roesti et al., 2015; Ross & Peichel, 2008; Spiess, 1950; 

Wark et al., 2012). Given that chromosomal inversions are likely candidates for 

differential selection due to their ability to maintain clusters of associated alleles and 

resist homogenization, it is not surprising that we observed rapid adaptation acting on the 

novel inversion that we observed (see Kirkpatrick and Barton (2006) and Yeaman (2013), 

for example). However, the rate of adaptation we observed was incredibly fast, 

particularly given that any putative sources of selection in this instance are relatively 

minor changes in stream conditions rather than dramatic environmental shifts such as a 

salt/freshwater transition. 
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Methods: 

 Sampling and Study Sites:  

We collected a total of 465 three-spined stickleback from five locations in the 

Deschutes watershed in late April through early June 2015 and 55 stickleback from one 

additional site in November 2014 using unbaited minnow traps (Figure 1). Of these, sites, 

three were presumptive “cold water” sites and three were presumptive “warm water” 

sites.  

 We sampled 150 stickleback from two primary sites, both located on the Crooked 

River, which we selected because to the high level of thermal variance between them 

over a relatively small geographic range. The first of these, Opal Springs (OPL), is 

located in an approximately 800 foot canyon, about eight kilometers upstream from Lake 

Billy Chinook where the Crooked River drains into the Deschutes. Water temperatures 

are cold in this region in the summer (estimates vary from about 14°C in late July, to 12-

14 degrees in August) because of an influx of cold water from multiple upstream springs 

(Isaak et al., 2011; Watershed Sciences, 2006). A small hydroelectric dam in this area 

creates a very small, shallow, and highly vegetated reservoir which hosts a sizable 

stickleback population. Stream temperatures rise steadily moving upstream between OPL 

and our second primary site, located approximately 34 river kilometers upstream at Smith 

Rocks State Park (SMR), where estimates place water temperatures between 24-26 °C in 

late July and 20-30 degrees in August. The portion of the river around SMR is more 

exposed, in a predominately agricultural area, and lacks significant cold water spring 

inputs, but is similarly highly vegetated. Surveys suggest that stickleback are likely only 
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recently (~10-15 years, surveys conducted in 2004 found only 3 stickleback, near OPL) 

introduced into the Crooked from the Deschutes proper, likely upstream of both SMR and 

OPL (Torgersen et al., 2003). 

 Our four secondary sites were selected to provide supporting data from additional 

warm and cold water locations. We sampled 55 individuals from the inlet of Aspen Lake 

(ASP) at the Sun River Nature Center (about 22-24 °C in July based on temperature 

logger data obtained from the Nature Center) and 55 from the Deschutes River at Cline 

Falls (CLF), which is estimated to be between 22 and 26 °C in late July and 20-30 °C in 

August (Isaak et al., 2011; Watershed Sciences, 2002). Interestingly, the Deschutes near 

CLF is geographically near to OPL (although distant by river kilometers), and receives 

cold water spring inputs from the same overarching geological feature, although these do 

not cool the river to the same degree. We also sampled 55 individuals from the upper 

region of the Deschutes adjacent the Sun River Nature Center (UPD), where cold water 

springs keep temperatures low in the summer (about 16-17 °C according to FLIR data 

taken in late July by the Oregon DEQ and 16-18 °C according to the NorWeST 

estimates). Lastly, we also sampled 55 individuals from Paulina Lake (PAL) directly 

adjacent to the Paulina Creek outlet. PAL is a high elevation (6, 350 ft) lake which fills a 

portion of the Newberry volcanic caldera southeast of Bend. It is fed primarily by 

rainfall, snowmelt, and by a hot spring in the northeast portion of the lake. While the hot 

springs serve to keep the lake relatively warm, the southwest portion likely harbors cold 

water refugia during the summer, as suggested by the cold waters which exit the lake into 

Paulina Creek (approx. 18 °C in late July, see also Koketsu (2004)). Previous work and 
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the lack of connectivity to downstream water systems suggests that the stickleback 

population in PAL represents a separate introduction into the Deschutes watershed, 

although both this introduction and the original likely share a common source population 

(Catchen, Bassham, et al., 2013). 

 Sequencing:  

We extracted DNA from 451 stickleback (150 from SMR, 151 from OPL, and 50 

from each secondary site) using phenol/chloroform (Maniatis et al., 1982). We then 

prepared standard (non-reduced representation) 2b-RAD libraries according to Wang et 

al. (2012) using the Alf1 restriction enzyme and 10 PCR cycles. We then combined 

samples into 12 pools for 50bp, single-end sequencing on an Illumina Hi Seq 3000. 

 Sequence processing and genotyping:  

We first filtered all reads for which 18 or more insert bases (out of 36) had 

sequencing quality scores lower than 30 (99.9% confidence), then removed all reads with 

an alignment score higher than 18 to adaptors. We then aligned the remaining reads to the 

Alf1 sites in the G. aculeatus genome (Jones et al., 2012), and filtered all alignments 

which spanned less than 32 bases and had fewer than 30 total matching bases. We then 

combined sequence data for sites where multiple tags overlapped a region within each 

individual sample, and genotyped all genomic sites with at least 15x coverage. Sites were 

determined to be homozygous if the frequency of any minor alleles were less than 1% 

and heterozygous if the frequency of each observed allele was between 25 and 75%. Sites 

where observed allele frequencies were found to be outside of this range were determined 

to be ambiguous, and removed. We used this genotyping method rather than one based on 
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a binomial/probabilistic framework, such as that employed by the STACKS pipeline 

(Catchen, Hohenlohe, et al., 2013), due to previous research which has suggested that 

these cut-offs agree closely with genotypes called by those methods where both call 

genotypes, and are more likely to reject genotype calls which probabilistic methods call 

incorrectly. (Wang et al., 2012). We then removed all individuals which were genotyped 

at less than half of the sequenced loci and all loci which were genotyped at less than half 

of the remaining individuals. 

We then selected all sites where exactly two alleles were observed across all 

samples to form our list of observed SNPs. Since a high number of SNPs in a single RAD 

tag can be an indicator that the tag in question is repeated multiple times in the genome, 

we removed all SNPs from tags on which we observed three or more SNPs to remove 

those which were potentially incorrectly mapped to the genome. Lastly, we removed one 

SNP from each tag with two SNPs, since these loci are likely to be in very close linkage 

and thus provide redundant information, and removed all SNPs sequenced in less than 

50% of samples and all individuals sequenced in a small number of SNPs from our 

dataset. 

 Data Analysis:  

To determine the overall level of population sub-structuring between populations, 

we selected the 1000 SNPs which were sequenced in the most individuals across all 

populations. We then used this data to conduct ten 100,000 iteration runs using the 

program STRUCTURE for each value of k (or the putative number of clusters) between 

one and seven (Pritchard et al., 2000). 
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We calculated pairwise FST estimates at each SNP between each pair of 

populations using Wier and Cockerham’s (1984) weighted analysis of variance via the 

GENEPOP software package (Raymond & Rousset, 1995). Since our sampling groups 

differed in size by a substantial degree (~50 individuals for the secondary sites vs. ~125 

individuals in the primary sites), we also used the weighted estimator proposed by 

Nielsen et al (2009) as adapted by Hohenlohe (2010) and employed in the STACKS 

package using custom R scripts, which is supposedly less biased by differences in sample 

size (Catchen, Hohenlohe, et al., 2013). As an alternative to these methods, we also 

calculated log10 posterior odds and alpha values for every SNP between each pair of 

populations using the program BayeScan with prior odds for the neutral model set to 100 

and other settings at their default (Foll & Gaggiotti, 2008), which uses a Bayesian 

Reversible Jump-MCMC framework to estimate the likelihood that each loci is under 

selection (log10(PO)) and the direction of said selection (positive alpha values indicate 

diversifying selection, negative values indicate purifying selection). We then used the 

BayeScan package to identify outlier loci based on a 0.05 false discovery rate.  

We also calculated genetic variation (π) for each SNP in each population as 

employed in the STACKS package using custom R scripts. We calculated the observed 

heterozygosity (Ho) at each SNP in each population as a simple proportion of 

heterozygotes across all individuals within that population. We also determined the 

presence of private alleles (PA) by simply checking for alleles which were only present in 

samples from one location. If a private allele was identified, we assigned that SNP for 

that group of samples a 1. If not, we assigned the SNP a 0. To determine how tightly π 
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and Ho were correlated across the genome between populations, we also calculated the 

Pearson correlation coefficients for π and Ho between each population at the same SNP 

aside from those on the sex determining linkage group (LG) XIX, where genome wide 

stats were heavily biased by sampling sex ratios. In order to estimate the local levels of 

linkage disequilibrium across each LG within each population, we calculated the average 

of both D’ and r2 for each pair of SNPs within a 6σ sliding window centered on each SNP 

(Hill & Robertson, 1966; Lewontin, 1964), where σ was equal to 200kb. We also 

calculated the same estimators of pairwise linkage disequilibrium (LD) between every 

pair of SNPs in each LG within each population using custom R scripts to determine how 

full patterns of inter-LG LD varied across the genome and between populations.  

We then used the Gaussian smoothing method described by Hohenlohe et al 

(2010) and employed by the STACKS package to calculate the local average values of π, 

pairwise FST, q-value, alpha, local r2, local D’, number of private alleles, and Ho in 6σ 

sliding windows centered around each SNP, weighted by the proximity of each SNP 

within that window to the central SNP. As before, we used σ = 200kb, which was small 

enough to preserve relatively narrow bands of divergence while not being overly biased 

by regions of the genome with few SNPs. Where windows overlapped the edges of LGs, 

we truncated them. To reduce bias due to differences in sequencing success at different 

SNPs, we additionally weighted every SNP’s contribution to local average values using 

the formula (𝑛𝑘 − 1), where nk is the total count of observed alleles at that SNP in all 

relevant samples (for example, for pairwise FST between SMR and OPL, nk is the sum 

count of both the major and minor alleles in all SMR and OPL samples), again as 
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described in Hohenlohe 2010. To determine if differences in nk per SNP or SNP density 

per sliding window had any effect on pairwise FST, we fit multiple linear regression 

models (FST ~ nk + count) to each pairwise FST. 

To calculate p values for each smoothed value of FST, π, r2, Ho, and PA, we used a 

bootstrap resampling approach to create an expected null distribution of these values 

from the observed genome-wide values of each statistic. To do so, we first calculated the 

number of SNPs in each sliding window observed above. To calculate each bootstrapped 

value, we then randomly sampled with replacement one of these counts of SNPs within a 

window, then randomly sampled with replacement that number of values of the statistic 

of interest from across the genome and randomly designated one as the value about which 

to center the bootstrapped window. Since a small portion of the observed sliding 

windows overlapped the ends of LGs (for SNPs within 3σ of the edge of a LG), we first 

selected a random position on one of the observed LGs and assigned this position to the 

central value. Every other value was randomly given a position relative to that central 

SNP within a 6σ window. If one of these randomly assigned values was outside the range 

of the LG (a negative position or a position greater than the size of the LG), we selected a 

new random relative position for it. We then calculated a smoothed value for the window 

based on each sampled value and its randomly derived relative position according to the 

smoothing equation given by Hohenlohe et al (2010). To better reflect the variability 

observed in the data, we also randomly selected an observed nk value. For each of these 

statistics, we calculated one million bootstrapped smoothed values, which was sufficient 
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to create an acceptable degree of uniformity in the tails of the bootstrapped distributions 

for each statistic. 

Since the bootstrapped distributions tended to be extremely long-tailed rather than 

normal, we calculated p-values for each observed smoothed statistic by direct comparison 

to the bootstrapped distribution. Observed statistics that were more extreme than any 

observed in the bootstrapped distribution for that statistic were assigned a conservative p-

value equal to one divided by the number of bootstraps (the lowest possible p-value 

calculable from the distribution). 

For one region of interest on LG IX, we also divided SNPs into a “divergent” (FST 

> 0.1) or a “not divergent” (FST < 0.1) group based pairwise FST scores for the OPL/SMR 

comparison, and mapped π and Ho across the region for both groups. OPL/SMR was the 

most conservative choice for this, given that smoothed pairwise FST scores for this 

comparison were the lowest for the region that were still significant. We compared results 

using this baseline to those produced using a different comparison as a baseline or 

different cutoff values of FST, and found no significant difference. We then used one-way 

ANOVA and two-sample t tests to determine if π and/or Ho differed between sampling 

sites for both divergent and non-divergent SNPs. We also fit a multiple regression model 

to determine if pairwise-r2 measures of LD were different on average for comparisons 

between SNPs in the region of interest and/or between diverged SNPs than between other 

comparisons. To estimate the frequency of the probable chromosomal inversion (fI) in 

this region, we calculated the mean frequency of the rare allele (q) for each divergent 

SNP in the region after removing SNPs for which the frequency of q was greater than 
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0.05 in ASP (those which were likely not fixed differences between the inversion and the 

typical version of the genome).  

We used fI in ASP plus UPD as a proxy for baseline fI in the ancestral population 

to calculate the change in fI between the baseline and CLF, OPL, and SMR by simple 

subtraction, relative changes in fI by division, and relative rates of increase of fI over the 

years since establishment of OPL and SMR by a simple exponential growth function 𝑓 =

𝑓0(1 + 𝑟)𝑡, where f is the frequency of the inversion in the population, f0 is the frequency 

of the inversion in ASP/UPD, r is the average percent increase per generation, and t is the 

best estimate of the number of generations since establishment. We estimated the average 

percent increase per generation of fI between OPL and SMR in the same way, with the 

frequency in SMR as the baseline. We used t = 35 years/generations to calculate rates of 

increase in fI between the ancestral population and our samples, and both t = 10 and t  = 

15 to calculate the rate of increase between SMR and OPL, based on our knowledge of 

the timing of stickleback introductions into the Deschutes and Crooked Rivers, as 

described above. We estimated the selection coefficient (S) assuming complete 

dominance and a constant rate of selection using the equation 𝑠 =  
1−

𝑝0
𝑝1

𝑞2 , adapted from 

Gillespie (2010) equation 3.2. 

Lastly, we used the GSR option in the program ermineJ to determine if any 

functional gene groups we associated with higher pairwise FST values for each pair of 

populations (Lee et al., 2005). We recovered gene annotations using the Ensemble 

BioMart tool and estimated FST for each gene on each LG via interpolation of smoothed 

FST values using custom R scripts (Smedley et al., 2015). We discarded genes which were 



13 

 

outside the range of observed SNPs and those which were on scaffolds rather than 

established LGs, since we recovered few SNPs per scaffold on average. We used FST 

between our primary sites of OPL and SMR as our gene score, although we also ran 

several other pairwise FST values as scores to validate these results. 
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Results:  

Sequence processing and genotyping:  

We recovered 11,962,114,596 raw reads across all 451 samples. Of these, 

11,941,593,624 remained after initial filtering steps (99.8%). After mapping these reads 

to the G. aculeatus genome and removing data for low-coverage (<15X) or poorly 

aligned loci, we retained data for 2,506,606 bases at an average coverage of 55.9x after 

removing 15 poorly sequenced individuals and 506,682 poorly sequenced loci (less than 

five individuals were removed from each population). We genotyped a total of 19,854 

SNPs across all individuals prior to filtering, of which we retained 10,952 after filtering 

and removing poorly sequenced individuals and poorly sequenced loci. These were 

sequenced at an average depth of 53.2x. 10,196 of these SNPs were on large established 

LGs rather than scaffolds. 

 Overall diversity and differentiation:  

Overall pairwise FST was greatest between PAL and every other sampling location 

(mean FST = 0.104) and smallest between both SMR/OPL (FST = 0.0110) and ASP/UPD 

(FST = 0.000926), following expected patterns given the history of introductions in the 

region and local geography (Table 1). FST was also lower when comparing either OPL or 

SMR to either ASP or UPD than comparing OPL or SMR to CLF, contrary to their 

geographic proximities but not their hypothesized introduction pattern (mean FST = 

0.0291 vs mean FST = 0.0240, respectively). STRUCTURE produced similar results, 

separating PAL from the other sites at a k of 2 and grouped SMR and OPL apart at a k of 

3 (data not shown). Overall SNP π was lowest in PAL (π  = 0.213) but similar overall 
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(Table 2). Overall SNP Ho was also lowest in PAL (Ho  = 0.222), highest in UPD (Ho = 

0.330), and intermediate but similar in the other sites (between 0.278 in CLF to 0.300 in 

ASP). There were generally very few private alleles, although there were substantially 

more observed in SMR (Table 2). The average degree of local LD measured by r2 was 

small overall, and higher in PAL than in other sites (r2 = 0.0428 in PAL, 0.0142-0.0217 

elsewhere). Local LD as measured by D’ differed little between populations (D = 0.198-

0.223, Table 2). All of the above statistics are given after the removal of the sex-

determining LG XIX. 

 Genome-wide variation in FST and diversity: 

On a genome wide level, pairwise FST, genetic diversity (π and Ho), and local LD 

varied greatly within each population and between each pair of populations. Wier and 

Cockerham’s (1984) method of estimating FST seemed to perform best overall, producing 

fairly small FST between populations where biogeography and introduction history would 

suggest little overall differentiation, regardless of population size. Surprisingly, the 

method adapted by Hohenlohe et al. (2010) and used in the STACKS package performed 

notably worse, producing much higher overall FST scores and many more large peaks in 

divergence, particularly when comparing between sampling sites with different sample 

sizes (data not shown). Genome-wide, we observed one large block of repeated elevated 

FST on LG IX, between ~ 13.97-17.75mb, covering roughly 18.5% of the LG (Figure 2). 

Pairwise FST values in this block were elevated across most of the region for each of the 

upper basin sites (ASP, UPD, and the outgroup PAL) compared to both OPL and CLF, as 

well as between the closely related OPL and SMR. These FST values were significant at p 
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< 0.00005 for these elevated comparisons, save for those involving UPD, where it was 

nearly significant (p ~ 0.00075). Within this region, for example, the average pairwise 

FST between OPL and SMR was 0.0871, nearly nine times higher than the average 

pairwise FST between SMR and OPL at all other LG SNPs excluding those on LG XIX 

(0.0097). This difference in average FST was even more pronounced in each of the other 

comparisons listed above. Interestingly, we did not find elevated pairwise FST values 

between SMR and CLF in this region. We found only four other small peaks of 

significant smoothed FST across all comparisons, none of which were repeated (data not 

shown). BayeScan log10(PO) values generally mirrored but were less extreme than 

pairwise FST values given by Wier and Cockerham’s method, and outliers were scarce 

and only found in LG XIX and in the same region of interest in LG IX, aside from a 

small handful on scaffolds for which little other data is available (data not shown). 

We found that genome-wide π was strongly correlated between sampling 

locations save PAL, with ρ ranging between 0.807 for OPL/CLF and 0.944 for UPD/ASP 

after removing LG XIX SNPs and those from the high FST region of LG IX (all p – values 

< 0.0001). π in the PAL samples, while generally lower than in the other samples, was 

strongly divergent from the others throughout the genome, showing a less strongly, but 

still significant positive correlation to each other group of smaples (ρ = 0.535 for CLF to 

0.600 for ASP, all p – values < 0.0001). Substantial divergence in π was observed at the 

same location as the above mentioned peak of FST divergence on LG IX, where π was 

lowest in PAL (mean π = 0.0756), followed by ASP (0.133),  then UPD (0.142), SMR 

(0.217), and CLF (0.288), and was highest in OPL (0.350, see Figure 3). Overall, π was 
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variable enough that few genomic regions had significantly elevated or reduced π relative 

to the genome-wide bootstrapped null distribution.  

We also observed a high level of genome-wide correlation in Ho between SNPs 

across populations, with ρ between 0.73 for CLF/UPD to 0.86 for ASP/UPD (all p –

values < 0.0001). Again, the degree of correlation was much smaller but still statistically 

significant when comparing the PAL samples to those from the other locations (ρ 

between 0.49 and 0.56, all p-values < 0.0001). Ho was also substantially different 

between sampling sites for the region between ~ 13.97 and 17.75mb on LG IX, following 

the same pattern as with π in the region (Ho = 0.0809, 0.137, 0.173, 0.227, 0.302, and 

0.362 for PAL, ASP, UPD, SMR, CLF, and OPL, respectively, see Figure 4). Other than 

in this region, Ho varied across the genome in each sampling group, but no major 

divergences between sampling sites or regions of drastically reduced or increased Ho 

were observed. 

PA was highly variable due to the rarity of private alleles outside of SMR, and no 

strong trends were observable (data not shown). 

We found substantially different trends in π and Ho among both divergent and 

non-divergent SNPs in the differentiated region of LG IX. For both non-divergent and 

divergent SNPs, we found strong evidence to indicate that mean π was not the same for 

all sampling locations (p = 0.0005 and p << 0.00001, respectively). However, for the 

non-divergent SNPs, we found only evidence that π in PAL differed from that in the other 

sampling locations (p = 0.000156 – 0.00551 from two-sample t-tests, all significant after 

Bonferroni correction). For locations other than PAL, there was no evidence to indicate 
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that average π differed between locations (p-value = 0.9978, Figure 5a). For the divergent 

SNPs, however, there was convincing evidence to indicate that π differed between 

multiple sets of sampling locations, with π differing significantly on average between all 

sampling locations save internal comparisons between ASP, PAL, and UPD (all p values 

<< 0.0001). On average, π in this region for the divergent SNPs was much higher in OPL 

and CLF (π = 0.439 and 0.326) than in UPD, ASP, and PAL (π = 0.0349, 0.0206, and 

0.0113), and intermediate in SMR (π = 0.179) (Figure 5b). Ho mirrored these trends, and 

was extremely low (just above 0) on average in ASP, PAL, and UPD (Figure 5c and 

Figure 5d). The average frequency of q for these divergent SNPs was substantially 

different across sampling sites after removing SNPs which likely represent non-fixed 

differences between the inversion and the typical version of the genome: 0 in PAL, 0 in 

ASP, 0.0098 in UPD, 0.092 in SMR, 0.20 in CLF, and 0.32 in OPL (standard deviation = 

0, 0, 0.041, 0.017, 0.025, and 0.038, respectively, see Figure 5e).  

In general, LD was very low across the genome, with only two major peaks in 

local r2. D’ was extremely variable across the genome, likely due to the high number of 

private alleles we observed, which will produce a D’ of 1 for a SNP when present. As 

such, we used r2 as our primary metric of LD. We observed two peaks of LD outside of 

LG XIX, one at the region of high divergence on LG IX, and one at ~12mb in LG VII 

(see Figure 6 for LG IX, LG VII not shown). The peak on LG IX was present in all sub-

populations save PAL and ASP (the populations where no putative inversions were 

observed), and was considerably higher than the background levels of LD (mean r2 

among relevant sub-populations = 0.080 vs 0.017). Smoothed local average r2 values in 
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this region were significant at α = 0.00005 in UPD, SMR, OPL, and CLF. LG-specific 

full pairwise LD revealed clean edges to this peak of r2, consistent with the position of 

the edges of the region of elevated pairwise FST and divergence in π/Ho between sub-

populations (Figure 7). The differences in r2 between divergent SNPs, SNPs in the region 

of interest, and background SNPs was pronounced in SMR, where pairwise-r2 between 

divergent SNPs was 0.19 higher than between other SNPs in the region, and 0.21 higher 

than the background r2, after accounting for the effect of SNP proximity. The differences 

in pairwise-r2 were also substantial in CLF, OPL, and UPD, although to a smaller degree 

(0.15, 0.18, 0.13, 0.17, and X, respectively, Figure 8a). The differences in pairwise-r2 

between these groups was much smaller, although still statistically significant, in samples 

from ASP, and PAL (between +0.041 and -0.0046, Figure 8b). The peak of local LD on 

LG VII was substantial but much narrower. The region of LD here was tightly contained 

and degraded gradually farther from its center (data not shown). 

We found very different estimated inversion frequencies between samples. fI was 

zero in both PAL and ASP, and very low in UPD (0.0098), but much higher in SMR, 

CLF, and OPL (0.092, 0.20, and 0.32, respectively). Joint fI in ASP/UPD was 0.0049, 

equating to a single incidence of the inversion across all samples. We found an absolute 

increase in fI (ΔfI) of 0.0874 between SMR and ASP/UPD, 0.195 between CLF and 

ASP/UPD, and 0.318 between OPL and ASP/UPD. Estimated ΔfI between SMR and OPL 

was 0.0230. We observed a relative percent increase in fI between SMR and ASP/UPD of 

1,784%, between CLF and ASP/UPD of 3,989%, between OPL and ASP/UPD of 

6,482%, and between SMR and OPL of 249%. For t = 35 (35 years/generations), we 
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estimated an average per generation relative increase in fI of 8.75% between SMR and the 

ancestral proxy, 11.2% between CLF and the ancestral proxy, and 12.7% between OPL 

and the ancestral proxy. We estimated an average per generation relative increase in fI of 

13.3% between SMR and OPL assuming t = 10 and 8.7% assuming t = 15. We estimated 

an S of 0.114, 0.081, and 0.101 for OPL, SMR, and CLF vs the ancestral proxy, 

respectively, and an S of 0.119 for SMR vs OPL. 

Only the related “membrane coat” and “coated membrane” protein families 

(GO:0030117 and GO:0048475, respectively) were significantly associated with high 

SMR/OPL pairwise FST scores via GSR in ermine (corrected p-value 0.0239). The high 

scores of this family were primarily driven by the presence of five (out of 42) members of 

these families in the high FST region of LG IX. This result did not vary strongly between 

GSR analyses using other pairwise FST values as gene scores if those values were from a 

comparison with a significant differentiation in the IX region. 
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 Discussion: 

Introduction History of Deschutes Stickleback and Broad-Scale Structuring: 

At a basic level, our results suggest a complex history of repeated stickleback 

introductions in the Deschutes River. Our finding that the average pairwise-FST values 

between PAL and the other sampling sites was considerably higher than that between all 

other locations (~ 0.1 vs. ~ 0.027, respectively) is consistent with the hypothesis favored 

by Catchen et al. (2013) that the Paulina Lake population of stickleback is the result of a 

separate introduction. Given the relatively low genetic diversity that we also observed in 

PAL compared to the rest of our sampling locations (average π = 0.204 in PAL vs. 0.273 

average π for the other locations), which is to be expected in the case of a recent 

population bottleneck, it seems very likely that this introduction is more recent in 

comparison to the ~1980s introduction to the rest of the system.  

Our evidence also supports a separate introduction of stickleback into the 

Crooked River, from a source population relatively high upstream in the Deschutes. We 

found that stickleback in the Crooked River (SMR and OPL) had relatively higher 

pairwise-FST values when compared to fish from the geographically proximate CLF 

sampling site than when compared to fish from ASP and UPD, which are located 

hundreds of river kilometers upstream. This confirms management speculations that 

stickleback in the Crooked River were artificially introduced rather than natural migrants 

from the Deschutes proper (ODFW, personal communication), and that the fish that 

founded the population were taken from high up the Deschutes rather than from the 

nearby portions of the larger river. This is not entirely surprising, given that the 
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hydroelectric dam at OPL likely blocks upstream passage of stickleback into the Crooked 

River from the Deschutes proper. Our findings are consistent with a natural origin for the 

stickleback at CLF, however, since the relatively high pairwise-FST values we found 

between CLF and ASP/UPD would be expected given the greater geographic distance 

between the two locations that should limit and slow geneflow according to Wright’s 

theory of Isolation by Distance (1943). 

The overall picture of stickleback establishment in the Deschutes is therefore 

likely one of human-mediated transportation followed by natural, downstream 

establishment. Stickleback were likely introduced into the system initially in the 1980s as 

an illegal food supplementation for game fish (Yake, 2003), then spread downstream, 

establishing at ASP/UPD and eventually at CLF over the next ~30-40 years. During that 

period, they were subsequently introduced into PAL, likely from the same source 

population (likely the Upper Willamette River) as into the Crane Prairie Reservoir given 

their close relative genetic relatedness compared to outgroups (Catchen, Bassham, et al., 

2013), and to the Crooked River upstream of SMR from a source somewhere high 

upstream in the Deschutes. They then naturally dispersed downstream to OPL. Reverse 

migration of Crooked River stickleback to CLF via the confluence of the Crooked River 

with the Deschutes is likely prohibited by Cline Falls itself. Despite this mosaic history of 

introductions and dispersal, the population is still very closely related on average, as 

indicated by the low-overall pairwise-FST scores between locations, the relative lack of 

differentiation by STRUCTURE, and the tight correlation between SNP diversity across 

the genome between all locations.  
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Extremely Rapid Chromosomal Inversion Mediated Repeated Adaptation: 

 We found convincing evidence to indicate that a large region of LG 

(chromosome) IX, likely a chromosomal inversion, has been selected up to dramatically 

increased frequencies on at least two separate occasions in Deschutes River stickleback. 

No previous work has found evidence for an inversion in the latter part of LG IX. 

There are several lines of evidence that are highly suggestive that a large, novel 

chromosomal inversion (~3.78mb, approximately 18% of LG IX) is present at a 

moderately high frequency in stickleback at several of our sites. Most conclusively, we 

found that pairwise LD (as measured by r2) was substantially elevated (+0.17-0.21) 

between SNPs in this region in SMR, OPL, and CLF, especially between SNPs which 

had substantial OPL/PAL pairwise-FST values. Pairwise FST dropped sharply outside this 

region to background levels. Regions of cleanly defined LD have previously been taken 

as an indicator of an inversion in a population, given that inversions act to maintain sets 

of alleles by resisting recombination and thus cause co-inheritance and increased LD, 

particularly towards their edges (Roesti et al., 2015; Sturtevant & Beadle, 1936). 

This region of elevated LD coincided with a drastic increase in FST between 

CLF/OPL and ASP/UPD as well as between OPL and SMR, and a slight increase in FST 

between SMR and ASP/UPD. FST was also high in this region between OPL/SMR/CLF 

and PAL (Figure 2). At the boundaries of the region, FST in these groups drops off very 

quickly rather than gradually decaying, as we would expect if the region was instead 

undergoing a traditional selectional sweep (Pokalyuk, 2012). This is consistent, however, 
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with changes in the frequency of an inversion, which would cause consistent levels of FST 

increase across the length of the inversion.  

Plotting the frequencies of the major (fp) and minor (fq) alleles, diversity (π) and 

heterozygosity (Ho) across the region also provides clear evidence of an inversion. Both π 

and Ho are distinctly segregated between sampling locations for divergent LG IX SNPs 

(OPL > CLF > SMR > UPD > ASP/PAL), and are nearly horizontally linear with respect 

to genomic position, as would be expected for co-inherited SNPs on an inversion found at 

different frequencies in different sub-populations (Figures 5a and 45). Non-divergent 

SNPs in the same genomic region, conversely, are completely randomly distributed for π 

and Ho with respect to sampling location and genomic position, as would be expected of 

background, neutral SNPs with little population structuring. fq is also nearly constant 

across the length of the region for divergent SNPs and similarly segregated by sampling 

location. 

The linearity of fq across the inversion also allows for the frequency of the 

inversion itself (fI) to be estimated in each population. The frequency of the inversion in a 

population should be equal to the fq in instances where SNP alleles are different and fixed 

between the inversion and the typical version of the genome (for example, A in the 

inversion, C in the typical genome). We observed that fq was part very low (zero or near 

to zero) for divergent but not for non-divergent SNPs in ASP, UPD, and PAL, with a 

handful of exceptions. If we assume that fI is extremely low or zero in the samples we 

collected from PAL and ASP, where π and Ho are lowest (at or near zero) for divergent 

SNPs and pairwise-r2 amongst SNPs in the region of the inversion are not elevated, it 
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would follow that divergent SNPs for which fq is near zero in the region of the inversion 

are likely fixed differences between the inversion and the typical version of the genome. 

The other divergent SNPs are likely instances where the major allele in the inversion is 

present as a rare alleles on the inversion or vice versa. Mean fq for these SNPs should 

therefore be a reasonable estimator of fI. 

We observed striking differences in estimated fI between even closely related and 

nearby sampling locations. fI was zero in ASP and PAL, indicating that none of the 

stickleback we collected and sequenced from those locations carried the inversion. We 

sampled a single individual from UPD which appeared to be a heterozygote for the 

inversion (nearly all divergent SNPs had a single observation of q), out of 49 sequenced 

individuals after filtering. In UPD and ASP, which are nearly genetically identical, the 

LG IX inversion is therefore clearly present at an extremely low frequency. It seems 

reasonable to assume, therefore, that the inversion itself was a very rare allele in the 

founding Deschutes/PAL population, or occurred early after establishment. We observed 

a dramatically higher fI at SMR, CLF, and OPL (0.092, 0.20, and 0.32, respectively, as 

given above). 

These changes in fI across the Deschutes/Crooked river systems are evidence of 

extremely rapid, parallel selection. We observed very high relative ΔfI between SMR, 

CLF, and OPL and ASP/UPD, our proxy for the baseline fI (1,784-6,482% increase). Our 

estimates of the relative rate of increase in fI are therefore also large (up to 12.7%). These 

numbers are likely underestimates, given that stickleback must have taken some time to 

establish in these areas. We also found a large relative increase in fI between SMR and 
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OPL (250%), for a ΔfI per generation of between 13.3% and 8.7%, despite their proximity 

(less than 34 river kilometers apart) and likely extensive gene-flow. These rates of 

adaptation are slower than those reported for the marine-freshwater transition (Barrett et 

al (2008) estimated a selection coefficient of 0.52 for a SNP associated with the 

transition, while Terekhanova et al (2014) estimated a coefficient of 0.27). The S values 

that we estimated for selection on the inversion were considerably smaller (0.018 to 

0.119) were considerably smaller, but still substantial given that any environmental 

drivers of this selection are certainly less drastic than the radical environmental shift 

between the freshwater and pelagic ecosystems. The S values we calculated for OPL and 

CLF, in particular, are still quite large when compared to the typical S values found by 

meta-analyses on both animal and plant QTEs in experimental but not artificially selected 

populations (between 0.01 and 0.065 for animals, 0.11 on average in plants (Morjan & 

Rieseberg, 2004; Rieseberg & Burke, 2001)). Individual studies have noted a wider range 

of selection coefficients in animals, such as 0.078–0.103 for a selective sweep and 0.0001 

to 0.01 for adaptation following range expansion in Drosophila melanogaster (Harr et al., 

2002; Sáez et al., 2003). The latter study in particular is similar in context to ours, but 

reported much lower S values. Comparatively the S values we observe constitute 

evolution on an extremely rapid time-scale, and is a testament to the ability of stickleback 

to adapt via standing genetic variation and may help explain their success as an invasive 

species.  

Causes of Selection: 
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The selection on the LG IX inversion that has occurred is likely not in response to 

temperature, as we had predicted. OPL and CLF have the coldest and warmest summer 

water temperatures, yet have the two highest fI. Temperature at other times of the year is 

also unlikely to explain selection on the inversion, since OPL stays at a roughly constant 

temperature due to spring inputs, whereas similar inputs to CLF are not significant 

enough in comparison to the larger Deschutes River flow to maintain constant 

temperatures. Indeed, although it is possible that temperature at some other period during 

the year may be driving selection, OPL and CLF are, in many ways, probably the least 

similar of our sampling sites.  

However, the geology at both of these sites is dominated by the recently deposited 

Deschutes volcanic formation, which is extremely permeable (Lite Jr & Gannett, 2002). 

SMR, although nearby to OPL, is just off of the Deschutes formation. Since the overall 

direction of groundwater flow is northward in the region, groundwater in the region 

around OPL, CLF, and, to a lesser extent SMR, is as a result much higher in total 

dissolved solids and salts than is groundwater located near ASP and UPD (Caldwell, 

1998). This undoubtedly causes drastic change in water chemistry at OPL and CLF, since 

the majority of river flow from below Bend to Lake Billy Chinook on the Deschutes and 

in the lower reaches of the Crooked is dominated by groundwater inputs from April to 

December (Caldwell, 1998). CLF and SMR, which are farther upstream, is likely less 

impacted by groundwater/spring inputs than OPL.  

Dissolved-solid rich and saline groundwater inputs are a likely driver of the 

drastic change fI between our sampling sites. Previous studies have found total dissolved 
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solid (TDS) concentrations to be a strong predictor of fish yield and decreases in fish 

community health in streams and lakes (Hanson & Leggett, 1982; Meador & Goldstein, 

2003), so physiological impacts on the stickleback in the regions of the Deschutes with 

large inputs of TDS and mineral rich water is likely. We did observe some direct 

evidence of this, since the only gene ontology (GO) groups strongly associated with 

pairwise-FST between SMR and OPL were the redundant coated membrane and 

membrane coat protein groups, one of which (membrane coat, GO:0030117) has been 

previously identified as responding to changes in water salinity and quality in the diatom 

Phaeodactylum tricornutum (De Martino et al., 2011). Five genes in the GO group are 

located on the observed LG IX inversion. This is circumstantial evidence and speculation 

at best, and more work is needed to verify the proximate cause of the changes in fI across 

locations in Deschutes stickleback are needed. 
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Conclusion: 

 We found evidence that a novel chromosomal inversion on LG IX has been 

selected to a high frequency in stickleback in two portions of the Deschutes River system 

since their introduction between 30-40 years ago. The increase in frequency is quite 

dramatic in the region of the Crooked River near Opal Springs (+6,482%) and in the 

Deschutes River near Cline Falls (+3,989%). We also observed a large increase in 

frequency between Opal Springs and stickleback from Smith Rocks State Park, which is 

located approximately 34 river kilometers upstream (+248%). The selection coefficients 

that we estimated from these increases were as high as 0.119, which, while lower than 

that reported for freshwater-saltwater transition genes (such as armor plate genes), is still 

quite high, and may help explain the ability of stickleback to adapt to novel environments 

by leveraging alleles at a low-frequency in the population. We suggest that the proximate 

driver of selection at the inversion may be changes in water chemistry due to the influx of 

solute-heavy spring water lower in the system upstream of Opal Springs and Cline Falls, 

but more work is needed to confirm this or develop alternate explanations. 

If similar standing variation exists in stickleback populations in the Deschutes and 

elsewhere, it is likely that stickleback are readily capable of invading other systems, and 

likely have a high capacity to adapt to anthropogenic environmental changes. Given the 

high S values observed in other stickleback populations undergoing a transition from 

fresh to saltwater or vice-versa, it seems likely that this is indeed the case. However, it is 

entirely possible that further studies on other fish species will reveal a similar capacity for 

adaptation, which may serve to help those species survive environmental changes. Given 
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the increasing degree of anthropogenic habitat modification occurring worldwide, more 

studies of this sort are urgently needed. 
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Tables: 
 

Population SMR CLF ASP UPD PAL 

OPL 0.011 0.044 0.034 0.044 0.104 

SMR   0.032 0.026 0.023 0.089 

CLF     0.044 0.035 0.125 

ASP       0.004 0.094 

UPD         0.096 

 

 

  

Population SMR CLF ASP UPD PAL

OPL 0.011 0.044 0.034 0.044 0.104

SMR 0.032 0.026 0.023 0.089

CLF 0.044 0.035 0.125

ASP 0.004 0.094

UPD 0.096

Population π Ho PA/n r
2

D'

OPL 0.262 0.296 0.699 0.015 0.184

SMR 0.260 0.281 4.462 0.014 0.204

CLF 0.259 0.278 0.578 0.022 0.218

ASP 0.273 0.300 1.620 0.015 0.198

UPD 0.273 0.330 1.571 0.016 0.202

PAL 0.204 0.222 0.804 0.043 0.223

Table 2: Mean π, Ho, and PA/n, as well as local LD as 

measured by both r2 and D’ across all SNPs in each 

population. 
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Figures: 

  

Figure 1: Map of the Deschutes and Crooked Rivers, Oregon, with sampling 

sites labeled. 
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Figure 2: Pairwise FST vs. every other population across LG IX for each population. 

Dots above lines denote smoothed values that are significantly elevated vs. the 

genome wide average at p < 0.00005. 
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Figure 3: π across LG IX in every population. Dots above line indicate regions 

where smoothed π values are significantly depressed vs. the genome wide average at 

p < 0.00005. 
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Figure 4: Ho across LG IX in every population. 
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Figure 4: Local LD as measured by r2 on LG IX for each population. Dots above 

lines indicate regions where smoothed local r2
 values are elevated vs. the genome 

wide average at p < 0.00005. 
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Figure 6: π, Ho, and major and minor allele frequencies in the region of LG IX 

containing the inversion. Left side, from top to bottom: (a) π in divergent SNPs, (b) π 

in non- divergent SNPs, (c) Ho in divergent SNPs, (d) Ho in non- divergent. Right 

side: (e) major and minor allele frequencies of divergent SNPs for each population. 
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Figure 7: Heatmaps of the r2 measure of LDfor every pairwise comparison between 

13 and 18.5mb on LG IX. (a, top) SMR and (b, bottom) ASP. 
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Figure 8: LD as measured by r2 for each pairwise comparison between SNPs on LG 

IX vs. proximity in mb between the compared SNPs. SMR (top, a), and ASP (bottom, 

b). Points in red are comparisons between two divergent SNPs and points in blue are 

comparisons between non-divergent SNPs in the range of the inversion. All other 

comparisons are in green. 
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