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1  | INTRODUC TION

Contemporary extinctions surpass background rates by orders of 
magnitude, signaling an unprecedented global defaunation period 
(Dirzo et al., 2014; Young et al., 2016). Despite rapid and steep 
declines in biodiversity, many natural populations can persist 

through environmental change, whether it be through ecological 
mechanisms, evolution, or both (DeLong et al., 2016; Kinnison & 
Hairston, 2007; Lande & Shannon, 1996; Willi & Hoffmann, 2009). 
In the face of global change, there are three principal modes of pop-
ulation response to avoid extinction (Bell & Collins, 2008; Gienapp 
et al., 2008; Norberg et al., 2012). First, organisms can disperse to 
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Abstract
Adaptation to environmental change requires that populations harbor the necessary 
genetic variation to respond to selection. However, dispersal-limited species with 
fragmented populations and reduced genetic diversity may lack this variation and 
are at an increased risk of local extinction. In freshwater fish species, environmental 
change in the form of increased stream temperatures places many cold-water species 
at-risk. We present a study of rainbow darters (Etheostoma caeruleum) in which we 
evaluated the importance of genetic variation on adaptive potential and determined 
responses to extreme thermal stress. We compared fine-scale patterns of morpho-
logical and thermal tolerance differentiation across eight sites, including a unique lake 
habitat. We also inferred contemporary population structure using genomic data and 
characterized the relationship between individual genetic diversity and stress toler-
ance. We found site-specific variation in thermal tolerance that generally matched 
local conditions and morphological differences associated with lake-stream diver-
gence. We detected patterns of population structure on a highly local spatial scale 
that could not be explained by isolation by distance or stream connectivity. Finally, 
we showed that individual thermal tolerance was positively correlated with genetic 
variation, suggesting that sites with increased genetic diversity may be better at tol-
erating novel stress. Our results highlight the importance of considering intraspecific 
variation in understanding population vulnerability and stress response.
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more suitable environments in other locations (Chen et al., 2011; 
Parmesan et al., 1999). Second, they can remain and alter their re-
sponses through phenotypic plasticity, without changing their ge-
netic composition (Charmantier et al., 2008; Nussey et al., 2005). 
Third, populations can evolve novel adaptations to stressful con-
ditions through evolutionary rescue, enabling persistence despite 
environmental change (Kitano et al., 2008; Phillips & Shine, 2006).

In dispersal-limited species, understanding the potential for 
plasticity and/or evolutionary rescue in facilitating population per-
sistence is crucial (Reed et al., 2011). Plastic responses are capable 
of buffering against extinction within a range of environmental con-
ditions when migration to more suitable conditions is not possible 
(Ghalambor et al., 2007; Reed et al., 2010; Sultan & Spencer, 2002). 
Similarly, when populations are dispersal-limited and lack phenotypic 
plasticity, evolutionary rescue, or adaptive change that prevents ex-
tinction due to maladaptation to novel conditions, can reduce pop-
ulation decline in the face of environmental change (Gomulkiewicz 
& Holt, 1995; Gonzalez et al., 2013; Thompson, 1998). The potential 
for evolutionary rescue relies largely on whether a population con-
tains the necessary standing genetic variation to respond to selec-
tion (Barrett & Schluter, 2008; Gibson & Dworkin, 2004; Paaby & 
Rockman, 2014). Thus, one concern for many species is that they 
may lack the genetic variation necessary to adapt, thereby facing 
an increased extinction risk (Bohonak, 1999; Massot et al., 2008; 
Thomas et al., 2004).

Beyond innate dispersal capability, barriers to connectivity 
can also have a significant impact on population persistence. For 
instance, reduced connectivity due to habitat fragmentation or 
degradation may lead to higher genetic drift, which in turn reduces 
genetic diversity and increases the likelihood of local extinction 
(Dixo et al., 2009; Fahrig, 2003; Wilcox & Murphy, 1985). In 
many freshwater systems, connectivity relies on the hierarchical 
and dendritic topology of streams (Paz-Vinas & Blanchet, 2015; 
Carrara et al., 2014). Spatial and environmental heterogeneity in 
these systems facilitates local adaptation and biological diversifi-
cation (Carrara et al., 2012). However, freshwater environments 
suffer disproportionately from habitat fragmentation compared 
with other landscape networks due to their unique hierarchical 
structure (Fagan, 2002), often resulting in reduced connectivity 
and demographic decline. Small and isolated populations, such 
as those found in headwaters or blocked stream sections, are 
vulnerable to genetic threats such as reduced adaptive poten-
tial and the deleterious effects of inbreeding (Gaggiotti, 2003; 
Willi et al., 2006). This is often illustrated in the heterozygos-
ity–fitness relationship, by which populations with decreased 
heterozygosity (reduced genetic diversity) likewise suffer from a 
reduction in fitness or stress tolerance (Frankham, 1996, 2005; 
Reed & Frankham, 2003). The combined environmental, demo-
graphic, and genetic threats in isolated populations, especially 
those restricted to isolated stream sections, can result in a rapid 
decline in population size and eventual extinction, a process 
known as the extinction vortex (Blomqvist et al., 2010; Fagan & 
Holmes, 2006).

Freshwater fishes have the highest extinction rate among ver-
tebrates in the twentieth century, largely attributed to habitat loss 
and modification (Mantyka-Pringle et al., 2014; Burkhead, 2012). 
In addition, climate change and increased temperatures pose other 
significant yet understudied threats (Comte et al., 2013; Daufresne 
& Boët, 2007). Cold-water habitats in the United States are pre-
dicted to decrease by nearly 50% given a simulated doubling of at-
mospheric carbon dioxide to 660 ppm (Boer et al., 1992; Eaton & 
Scheller, 1996), leading to a substantial projected decline of cold-wa-
ter species (Comte et al., 2013). For species restricted to cold, 
headwater habitats, the capacity for movement to a more suitable 
location is likely limited. Therefore, characterizing contemporary 
variation in thermal tolerance and the potential to “adapt in place” 
is critical for determining the potential for population persistence 
given associated increases in stream temperatures.

North American darters in the family Percidae are a spe-
ciose clade (>200 species) consisting of mostly small fish that oc-
cupy fast-flowing and generally cool-water streams (Kuehne & 
Barbour, 1983; MacGuigan & Near, 2019; Near et al., 2011). Many 
species are sympatric, exhibiting reproductive isolation through sex-
ually dimorphic characteristics (such as nuptial coloration) and assor-
tative mating (Mendelson, 2003; Mendelson et al., 2007). Although 
the phylogenetic history of this clade has been well-studied, in-
traspecific eco-evolutionary dynamics, contemporary population 
structure, and population-level persistence have received less atten-
tion. Many darter species are microendemic to single streams, ren-
dering them vulnerable to extinction (Meyer et al., 2007). In fact, 88 
darter species are listed as threatened, vulnerable, or endangered, 
with the Maryland darter likely extinct (Jelks et al., 2008). Amidst 
these widespread declines, there is a lack of fundamental knowledge 
on the adaptive potential of darters and their responses to novel 
stressors such as temperature.

In this study, we use a common species of darter to address 
questions about intraspecific variation and vulnerability, providing 
insight for more threatened species. The rainbow darter (Etheostoma 
caeruleum) is a common darter species found throughout the Eastern 
and Central United States, primarily in the Upper Mississippi River 
Basin and Great Lake drainages. Although rainbow darters have a 
widespread distribution, studies of other darter species have shown 
that populations potentially suffer from decreased connectivity 
and reductions in habitat quality (Fitzpatrick et al., 2014; Fluker 
et al., 2010). Previous population genetic studies on the rainbow 
darter based on mitochondrial and microsatellite data found haplo-
type differentiation throughout the range (Ray et al., 2006), signifi-
cant genetic differentiation between populations from the Lake Erie 
and Ohio River catchments (Haponski et al., 2009), and genetically 
diverse populations with relatively little structure across Iowa (Davis 
et al., 2015). However, the minimum spatial scale at which rainbow 
darters exhibit adaptive differentiation, and how genetic variation 
affects stress response, is not known.

The specific aims of this study were to first, characterize pat-
terns of phenotypic and genetic variation in the rainbow darter on 
a local scale, and second, test what factors affect thermal stress 
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tolerance. Whereas this species is typically restricted to stream en-
vironments, our study also included a unique site from a large glacial 
lake, only the second-ever documented lake occurrence of rainbow 
darters (Katula, 2013). We were interested in testing the hypothe-
sis that adaptive potential varies among sites, evidenced by pheno-
typic and genetic differentiation associated with local environmental 
conditions. We addressed the following questions: (a) Do rainbow 
darters exhibit phenotypic differentiation associated with lake ver-
sus stream environments? (b) What are the patterns of within and 
among population genetic variation on a local scale? and (c) Does 
the environment and/or individual heterozygosity affect thermal 
tolerance? Our study contributes to understanding the scale of pop-
ulation differentiation in a common darter species, and the potential 
sensitivity of this cold-water species to environmental change.

2  | METHODS

2.1 | Study area and sampling

Sampling was conducted throughout June–August 2017 and 2018, 
across eight sample sites in Kalamazoo, Barry, and Calhoun Counties 
in Southwestern Michigan, USA (Figure 1a; Table 1). We chose 
paired upstream and downstream sites from three tributaries of the 
Kalamazoo River (Augusta Creek, Gull Creek, and Wabascon Creek). 
In addition, we included one mainstem site on the Kalamazoo River 
and one lake site (Gull Lake) that was situated between the paired 
stream sites in Gull Creek.

We collected rainbow darters (N = 12–26 per site) from each site 
using a combination of seine nets and hand nets for a total of 156 
individuals. We included both males and females in our sampling, 
but avoided sampling juveniles, defined as individuals with standard 

length < 25mm. During sampling, individuals were held streamside 
in plastic buckets filled with site water until completion of sampling. 
We transported individuals from each site in Nalgene® containers 
filled with site water to the Experimental Pond Lab at W.K. Kellogg 
Biological Station in Hickory Corners, Michigan. We collected water 
temperature data from each site using a YSI Pro20 (YSI Inc.) on the 
date of sample collection. Additionally, we obtained the estimated 
average maximum air temperature for each site from June–August 
using daily values from the Daymet dataset, which extrapolates 
temperatures at a 1 km2 scale using weather station data (Thornton 
et al., 2018).

Of the 156 individuals, 25 were collected from three sites that 
we sampled in 2017 (eight individuals from Kellogg Forest and Upper 
Augusta Creek each, and nine from Gull Lake) and then were resam-
pled in 2018 to account for potential temporal variability in pheno-
types. The only individuals from resampled sites in 2018 that were 
included in the genomic data collection were those from Gull Lake, 
to increase sample size at this site.

2.2 | Phenotypic measurements

Immediately upon arrival to the laboratory, each fish was anesthe-
tized in a dilute solution of tricaine mesylate (MS-222), weighed, 
measured (standard length), and photographed. We took photo-
graphs under fluorescent lighting of each individual spread laterally 
behind a measured background in water using a Canon EOS Rebel 
T3 digital camera (Canon U.S.A. Inc.). Rainbow darters from the 
same site were housed in 20-gallon group tanks with a maximum 
of 10 individuals per tank. We prepared these tanks identically, in-
cluding filters, water circulation devices, aquarium gravel, and bricks 
and plastic plants for refugia. Water was dechlorinated, denitrified, 

F I G U R E  1   (a) Map showing eight sample sites across three tributaries (Gull, Augusta, and Wabascon Creek) of the Kalamazoo River. 
(b) Population structure results from the discriminant analysis of principal components (DAPC), with discriminant functions one and two 
represented on the x and y axes, respectively. Each point corresponds to an individual and colors reflect each sampling site. The top right 
inset displays eigenvalues for each discriminant function and the bottom right inset indicates the number of principal components retained 
in the analysis (43)
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treated for ammonia and heavy metals, and boosted with aquatic 
microbiota (Ecological Laboratories Inc.) before use in tanks. We fed 
fish daily, alternating between frozen brine shrimp and bloodworms 
with amounts based on the number of individuals per tank. The room 
was lit with natural light from windows, following daily light/dark cy-
cles. All fish were acclimated to a similar ambient water temperature 
of 24.5 ± 3°C.

After a minimum of 24 hr in the laboratory, we measured and 
defined individual thermal tolerance using the critical thermal max-
imum (CTmax). We defined CTmax as the temperature threshold at 
which loss of equilibrium or organized locomotion occurs, signal-
ing individuals have reached their physiological limit prior to death 
(Becker & Genoway, 1979). Specifically, this limit is characterized by 
rapid muscle and operculum spasms followed by keeling or a loss 
of an ability to remain an upright position. For ectotherms, the rate 
of temperature increase can have different biological implications 
depending on the size of the organism, particularly for fish species 
(Lutterschmidt, 1997). Due to the small size of rainbow darters, we 
chose a low rate relative to other studies to limit lag between tem-
perature increase and physiological response. The rate of tempera-
ture increase was chosen as 0.33°C per minute and was calculated 
at a set transformer voltage of either 100 or 120 V depending upon 
the immersion heater used.

Prior to trials, individuals were starved for 24 hr. An insulated, 
rectangular (48 cm × 34 cm × 18 cm) Coleman® 31-quart cooler 
was filled with a constant volume (three gallons) of room tempera-
ture, dechlorinated, and denitrified water treated for ammonia and 
heavy metals. Two aeration devices were used to prevent a decline 
in dissolved oxygen content due to increasing temperatures. A 2.8 
watt Rio® Plus 90 Aqua Pump (TAAM Inc.) generated a current to 
maintain temperature equilibrium throughout the cooler, while 
two immersion heaters connected to a voltage transformer (PHC 
Enterprise Inc.) were placed on opposite ends of the cooler to facili-
tate gradual temperature increase. Reusable coffee filter containers 

covered with mesh netting were used to contain individuals during 
trials. Individuals were acclimated in the water for 10 min before be-
ginning trials. We tested one fish per container, with a maximum of 
four individuals tested per trial. During trials, temperature increase 
was recorded using a YSI Pro20, and individuals were monitored for 
visual indications of reaching CTmax. Upon reaching CTmax, individu-
als were removed from the trial and given a recovery period to en-
sure survival. A single fish in our study failed to recover, likely due 
to surpassing its CTmax. This individual was not included in subse-
quent CTmax analyses. After each CTmax trial, we used sterile scis-
sors to clip one anal fin from all recovered individuals. Tissues were 
stored within 1.5 ml tubes containing 100% ethanol for subsequent 
genomic analyses. After recovery was confirmed, we euthanized in-
dividuals using a lethal dose of buffered MS-222.

2.3 | Morphometric analyses

To test for differences in morphology among sites and habitat, 
we conducted geometric morphometric analyses. We compiled 
JPEG images from 154 individuals into a TPS file using tpsUtil v1.76 
(Rohlf, 2018). Each image was scaled and digitized with 15 ana-
tomical landmarks in tpsDig v2.30 (Rohlf, 2017). We used a series of 
modified landmarks (Guill et al., 2003), with three landmarks serving 
to correct bend curvature bias (Figure 2). Landmarks used for cor-
recting curvature in organisms were removed prior to downstream 
analysis due to not corresponding to actual homologous regions 
across individuals. Bend curvature was corrected using tpsUtil and 
subsequent analysis of body shape variation was carried out using 
the MorphoJ software (Klingenberg, 2011). Individuals were super-
imposed using a Procrustes fit to obtain Procrustes coordinates 
that accounted for variation associated with size and position of 
landmarks for each individual (Adams et al., 2004). Subsequently, 
we carried out a Procrustes ANOVA to evaluate support for site 

TA B L E  1   Sample collection data

Sample site Tributary
Year 
sampled

Habitat 
type

Number of individuals 
phenotyped

Number of individuals 
genotyped Latitude Longitude

Kellogg Forest (KFB) Augusta 2017–2018 Stream 23 15 42.3633° −85.3533°

Upper Augusta Creek 
(UAC)

Augusta 2017–2018 Stream 24 15 42.4176° −85.3524°

Lower Gull Creek (LGC) Gull 2017 Stream 19 15 42.3686° −85.4037°

Upper Gull Creek (UGC) Gull 2017 Stream 19 15 42.4268° −85.4281°

Gull Lake (GLD) Gull 2017–2018 Lake 25 24 42.4063° −85.4041°

Upper Wabascon Creek 
(UWC)

Wabascon 2018 Stream 15 15 42.3623° −85.2359°

Lower Wabascon Creek 
(LWC)

Wabascon 2018 Stream 12 12 42.3541° −85.2492°

Kalamazoo River (MKR) Kalamazoo 2018 Stream 16 16 42.3241° −85.3584°

Note: Sample site and tributary correspond to Figure 1a, habitat type refers to either a lake or stream environment, number of individuals 
phenotyped refers to the number of fish per site included in morphological analyses, number of individuals genotyped refers to the number of fish 
per site included in the RADseq analyses.
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differences in overall body shape. We included site as a fixed effect 
and sex as a covariate. A canonical variate analysis (CVA) was then 
employed to identify the main axes of variation in body shape and 
calculate significant pairwise differences in shape among sites. This 
type of analysis is useful when seeking to explore shape variation for 
multiple groups with known a priori grouping. A permutation test 
for significance was conducted on pairwise Procrustes distances be-
tween sites with 10,000 iterations. To assess morphological diver-
gence between habitat types, we conducted a discriminant function 
analysis (DFA) between the two habitats (stream (N = 130) versus 
lake (N = 24)). In order to determine the effect of sex, we also carried 
out a DFA between males (N = 70) and females (N = 84) for all sites. 
For each DFA, a permutation test with 10,000 iterations was used to 
assess significance between groups, while a cross-validation analysis 
determined likely individual group membership. Wireframe graphs 
were used for visualizing the direction of morphological change as-
sociated with each canonical variate and discriminant function axis.

2.4 | Molecular methods

Total genomic DNA was extracted from fin clips using a DNeasy 
Blood and Tissue Kit, according to manufacturer protocols 
(QIAGEN). After extraction, individual DNA concentration was 
quantified using either a Qubit 3.0 fluorimeter dsDNA HS Assay 
kit (Thermo Fisher Scientific) or by Quant-iT™ PicoGreen™ assay 
(Thermo Fisher Scientific). Library preparation followed a modified 
restriction site-associated DNA sequencing (RADseq) protocol de-
scribed by Ali et al. (2016). Briefly, samples were divided into two 
libraries, with individuals concentrated to a target DNA of 120 ng in 
10 µl total volume. Samples were digested using the SbfI restriction 

enzyme and ligated with a unique, eight base pair length adapter 
sequence unique to each library. Samples were pooled by library 
and then sonicated to ~ 500 base pair fragments using a M220 
Focused-ultrasonicator™ (Covaris). Sonicated DNA was ligated to 
Dynabead® M-280 Streptavidin beads for a series of four washes, 
after which the DNA was liberated using the SbfI restriction enzyme. 
Preparation for sequencing followed the protocol outlined in the 
NEBNext Ultra DNA Library Prep Kit for Illumina with no modifica-
tions (New England Biolabs). Six base pair length adapter sequences 
were added to identify replicate individual adapter sequences be-
tween the two libraries. Agencourt® AMPure XP (Beckman Coulter) 
bead size selection was performed based on the DNA concentration 
obtained from a Qubit 3.0 fluorimeter. The final libraries were sub-
mitted to the RTSF Genomics Core at Michigan State University and 
were pooled for sequencing in one lane with paired-end 150 base 
pair reads on an Illumina HiSeq 4000.

2.5 | RADseq analyses

Forward and reverse sequence data were reoriented and reads 
without barcodes were removed using Flip2BeRad (https://github.
com/tyler hethe r/Flip2 BeRAD). We then used stacks v2.0 (Catchen 
et al., 2011, 2013; Rochette et al., 2019) to filter, trim adapter se-
quences, demultiplex, and call genotypes (Table S2). First, the 
clone_filter function was used to identify and remove PCR clones. 
We then ran the process_radtags function to trim poor-quality 
adapter sequences and restriction site matches, allowing for a two 
base pair mismatch in rescuing barcode sequences. Reads were then 
demultiplexed and low-quality reads removed (Table S3). Forward 
and reverse reads were aligned to a draft of the orangethroat darter 

F I G U R E  2   Fifteen landmarks used for the geometric morphometric analysis: (1) Anterior point on the head, (2) center of the eye, (3) 
landmark directly above the eye, (4) point at the supraoccipital notch, anterior junction of the (5) first and (6) second dorsal fins with the 
dorsal midline, (7) dorsal junction of caudal tail, (8) junction of lateral line and caudal tail, (9) ventral junction of the caudal tail, (10) anterior 
junction of the anal fin with the ventral midline, (11) anterior junction of the pelvic fin with the body, (12) dorsal junction of the pectoral fin 
with the body, (13–15) landmarks along the lateral line accounting for organismal bending. (a) Landmarks placed on an actual rainbow darter. 
(b) Wireframe graphic of landmarks produced in MorphoJ. Landmarks used to correct for bending (13–15) are not included

https://github.com/tylerhether/Flip2BeRAD
https://github.com/tylerhether/Flip2BeRAD
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genome (Moran et al., 2019) using the default settings of BWA-MEM 
(Li, 2013) and a custom script (https://github.com/ryanp eek/rad-
seq). Combining both libraries, the ref_map.pl function in stacks was 
used to identify single nucleotide polymorphisms (SNPs), calling only 
the first SNP per RAD locus. We only kept SNPs that were found in 
all eight sites, were present in 75% of individuals within each site, 
and with a minimum minor allele frequency threshold of 0.05. We 
further filtered the data to remove individuals with more than 75% 
missing data, excluding eight individuals, using VCFtools v0.1.15 
(Danecek et al., 2011). Downstream analyses were conducted on 
file formats outputted from stacks or converted using PGDSpider 
v2.1.1.5 (Lischer & Excoffier, 2012). In total, after filtering we identi-
fied 7,906 SNP loci.

2.6 | Genetic diversity and population structure

The output from populations in the ref_map.pl function of stacks was 
used to analyze among site differentiation in observed and expected 
heterozygosity, nucleotide diversity, and pairwise FST. Within site 
relatedness was calculated using identity by descent in Plink v1.9 
(Chang et al., 2015).

Among site differentiation was determined using discriminant 
analysis of principal components (DAPC) in the R package adegenet 
(Jombart, 2008; Jombart & Ahmed, 2011; R Core Team, 2018). This 
method is useful for discovering patterns of genetic clustering, with 
the option of grouping individuals a priori. Since we were interested 
in maximizing the differentiation between sample sites rather than 
genetic clusters, we chose to use a cluster value of eight, assigning 
individuals according to sample site. To find the number of informa-
tive principal components to retain, we carried out a cross-validation 
analysis with 1,000 repetitions. Patterns of admixture were assessed 
using ADMIXTURE v1.3 (Alexander et al., 2009). The number of ge-
netic clusters best fitting the data was calculated by performing a 
10-fold cross-validation in ADMIXTURE, resulting in the highest sup-
port for two genetic clusters (k = 2). We carried out ten indepen-
dent runs with two genetic clusters (k = 2). Results from these ten 
runs were visualized using the pophelper package in R (Francis, 2017) 
and consensus ancestry between the ten runs was calculated using 
CLUMPP (Jakobsson & Rosenberg, 2007) in pophelper.

In order to determine the effects of geography on genetic diver-
sity and potential migration, we tested for signatures of isolation by 
distance (IBD). Geographic distances between sites were collected 
by following stream networks on Google Earth (Table S4). Pairwise 
FST between sites, calculated from stacks, was used as a metric of ge-
netic distance. A Mantel test was carried out in the ade4 package in 
R (Dray & Dufour, 2007) between geographic and genetic distance, 
with 10,000 permutations. To further test whether contemporary 
patterns of genetic differentiation are a product of stream connec-
tivity between sites, we utilized StreamTree (Kalinowski et al., 2008). 
We assigned genetic distances for stream sections using pairwise 
FST, testing whether observed site genetic differentiation reflects ex-
pected genetic distance based on stream connections. Therefore, it 

is possible to identify stream sections linked to higher than expected 
genetic differentiation, owing to reduced gene flow (due to known 
or unknown connectivity barriers). For both IBD and StreamTree, we 
visualized and tested for a significant correlation between distance 
metrics using the JGR package (Helbig et al. 2013) and a Spearman's 
rank correlation coefficient respectively in R.

2.7 | Thermal tolerance and genetic diversity

We assessed whether genetic diversity influences CTmax by testing 
for a correlation between individual observed heterozygosity and 
CTmax using a Spearman's rank correlation coefficient. In order to 
determine whether local environmental temperature at a given sam-
ple site or observed heterozygosity better explained individual vari-
ation in CTmax, we carried out a linear mixed-effects model (Bates 
et al., 2015). We defined the full model as:

where CTmax is the response variable for an individual. The fixed 
effects were defined as E (sample site), G (heterozygosity), E x G (in-
teraction between site and heterozygosity), S (sex), and W (weight). 
We also included C (container position within cooler), B (trial num-
ber), and Y (year) as random effects. All models included weight and 
sex as fixed effects and container position, trial number, and year as 
random effects. In total, we tested five models: the null (neither site 
nor heterozygosity), only site (E), only heterozygosity (G), both site 
and heterozygosity (E + G), and both effects plus their interaction 
(E + G + E x G). We fit each model using maximum likelihood and 
used a likelihood ratio test to determine significance between mod-
els with different fixed effect terms. Plots of residuals were used to 
determine whether assumptions of normality and homoscedasticity 
were met for all models. The Akaike information criterion (AIC) was 
used in model selection to determine the model with the greatest 
explanatory power (Burnham & Anderson, 2004). Fine-scale pair-
wise differences in CTmax among sites were further explored in the 
site only (E) model using the emmeans (Lenth et al., 2018) and MuMIn 
(Barton, 2018) packages in R. For resampled sites, we analyzed 
temporal variation in CTmax using a Student's t test. The correlation 
between site water temperature, average maximum air tempera-
ture, and CTmax was analyzed using a Spearman's rank correlation 
coefficient.

3  | RESULTS

3.1 | Morphological variation

The DFA between habitats revealed significant differences in body 
shape between lake and stream individuals (Figure 3; p < .001). 
Body shape differences between the two groups are character-
ized by greater body depth and a terminal mouth position in stream 

��
���

=E+G+ExG+S+W+ (1|C)+ (1|B)+ (1|Y)

https://github.com/ryanpeek/radseq
https://github.com/ryanpeek/radseq
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individuals, while lake individuals display reduced body depth and a 
shift toward a superior mouth position. The cross-validation analysis 
assigned eight lake individuals with the stream group (~33%), and 16 
stream individuals with the lake group (~12%). We also found signifi-
cant differences in body shape between sexes. Generally, sex differ-
ences were associated with subtle differences in body depth, with 
males having greater body depth. The cross-validation analysis was 
less accurate, assigning 33 females as males (~39%) and 21 males 
as females (~30%). The Procrustes ANOVA for general differences 
in body shape found significant differences across sites (F(140, 
2,900)=4.28, p < .001), and between sexes (F(20, 2,900)=3.19, 
p = .003). Despite significant differences indicated by the Procrustes 
ANOVA, the canonical variate analysis (CVA) between sites revealed 
a significant overlap in body shape among sites (Figure S1). The first 
two axes, canonical variate 1 (CV1) and canonical variate 2 (CV2), 
explained 69.83% of the total variance among sites. CV1, explain-
ing 40.18% of the variance, was generally associated with posterior 
body depth and the pectoral fin. CV2, explaining 29.65% of the vari-
ance, reflected anterior differences in body depth and mouth posi-
tion. Subsequent permutation tests revealed significant differences 
in body shape and morphological differences between many sites 
(Table S1). The two sites morphologically divergent from all others 
were Gull Lake (GLD) and Upper Augusta Creek (UAC).

3.2 | Genetic diversity and population structure

Observed heterozygosity was highest in the mainstem Kalamazoo 
(MKR, 0.34) and Lower and Upper Wabascon Creek sites (LWC, 0.34 
and UWC, 0.34), and lowest in Upper Augusta Creek (UAC, 0.30) and 
Lower Gull Creek (Table 2; LGC, 0.30). Nucleotide diversity was less 
consistent, with UAC and LGC having the lowest diversity for this 
metric and GLD and LWC the highest. Interestingly, GLD harbored 
higher genetic variation compared with its respective inlet and out-
let. Relatedness also varied by site and was highest in UAC and LGC 
(0.19 and 0.17, respectively), above the threshold designating third-
degree relationships (Table 2). GLD and Kellogg Forest (KFB) had the 
lowest relatedness (0.02 each).

Pairwise genetic distance between sites (FST) was generally low, 
ranging from 0.02 (between UAC and LGC) to 0.07 (Table S4; be-
tween UAC and LWC). Counterintuitively, FST between UAC and 
the paired downstream KFB site (0.06) was higher than the genetic 
distance between KFB and all other sites. The discriminant analysis 
of principal components (DAPC) was primarily defined by the first 
linear discriminant differentiating sites (Figure 1b). Although individ-
uals within sites largely clustered together, Upper Gull Creek (UGC), 
UAC, and LGC grouped together, and one individual from KFB clus-
tered with these sites. The first discriminant axis primarily differ-
entiated individuals from Gull Creek and UAC from the Wabascon 
Creek and MKR sites, while the second discriminant axis revealed 
no clear population differentiation. Analyses from ADMIXTURE indi-
cated similar population structure results, with k = 2 being the sup-
ported number of genetic clusters (Figure 4). Individuals from Gull 
Creek and UAC sites formed a unique cluster, while the remainder of 
the sites formed another cluster. Interestingly, there is evidence for 
admixture between the clusters in KFB, GLD, and UGC, with select 
individuals within these sites showing a mixed ancestry from both 
genetic clusters.

We found no evidence for isolation by distance (IBD), indicated 
by the nonsignificant correlation between genetic and geographic 
distance (Figure S2; rs = 0.0328, p = .8684) and a nonsignificant 
Mantel test (p = .9911). Genetic divergence between sites was not 
explained by stream connectivity, with differentiation between sites 
being either greater or lower than expected based upon the genetic 
distance of each stream segment (Figure S3; rs = 0.2637, p = .1752). 
Lack of support for the StreamTree model reinforced the absence 
of IBD, indicating a structuring of these sites not owing to stream 
connectivity (sites have either higher or lower observed genetic dis-
tance than is expected from cumulative stream genetic distance).

3.3 | Thermal tolerance and genetic diversity

Heterozygosity showed a significant correlation with CTmax. For 
both observed (rs = 0.2617, p = .004) and expected (rs = 0.4402, 
p < .001) heterozygosity, we found a positive trend, in which sites 

F I G U R E  3   Scores produced from 
discriminant function analysis (DFA) 
conducted between the two different 
habitat types (lake versus stream). Stream 
individuals are represented by the images 
in the top left, while lake individuals are 
represented in the bottom left. Rainbow 
darter images are individuals from each 
extreme of the discriminant function, 
with the wireframe graphics magnified to 
highlight the direction of morphological 
differentiation
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with higher heterozygosity also had higher CTmax (Figure 5b). The top 
two supported models were the model including the additive effects 
for both site and observed heterozygosity (E + G) and the model in-
cluding only site (E) (ΔAIC = 0.92, Χ2(1, N = 119)=2.92, p = .087); 
both models explained a significant proportion of variability in CTmax 
(Table S3; conditional R2 = 0.7337 and 0.8144, respectively).

In the site only model (E), we found significant pairwise dif-
ferences in critical thermal maximum (CTmax), generally among 
tributaries, but also found within-tributary differences in Gull 
Creek (Table S1). There were no significant differences in ther-
mal tolerance between Augusta Creek and Gull Creek, excluding 
Gull Lake. Gull Lake was significantly different in CTmax compared 
with upstream and downstream sites in Gull Creek and all sites 
in Augusta Creek. Interestingly, we did not find significant differ-
ences in CTmax between headwater and downstream locales in 
the same tributary, except for Gull Lake (Figure S4). We found a 

significant, positive correlation between water temperature and 
CTmax (Figure 5a; rs = 0.3664, p < .001) and between average max-
imum air temperature and CTmax (Figure S5; rs = 0.4397, p < .001). 
Cooler tributaries such as Augusta Creek displayed lower CTmax, 
while warmer tributaries such as Wabascon Creek had higher 
CTmax. We also found a significant, positive correlation between 
water temperature and average maximum air temperature for each 
site (Figure S6; rs = 0.4075, p < .001). Although we did not detect 
any variance in our model associated with year as a random ef-
fect, we resampled a subset of 2017 sites to determine whether 
yearly variation in CTmax existed. KFB was the only site to display 
significant differences in CTmax between years (t(21) = −3.4052, 
p = .003). Excluding resamples, a positive correlation still existed 
between site water temperature (rs = 0.4297, p < .001) and CTmax, 
and average maximum air temperature (rs = 0.5684, p < .001) and 
CTmax.

Sample site

Observed 
heterozygosity 
(SD)

Expected 
heterozygosity 
(SD)

Nucleotide 
diversity (SD)

Relatedness 
(SD)

Kellogg Forest (KFB) 0.33 (0.20) 0.32 (0.15) 0.33 (0.15) 0.02 (0.03)

Upper Augusta Creek 
(UAC)

0.30 (0.22) 0.28 (0.17) 0.29 (0.18) 0.19 (0.05)

Lower Gull Creek (LGC) 0.30 (0.21) 0.28 (0.19) 0.29 (0.18) 0.17 (0.03)

Upper Gull Creek (UGC) 0.31 (0.20) 0.30 (0.16) 0.31 (0.16) 0.08 (0.05)

Gull Lake (GLD) 0.33 (0.18) 0.33 (0.14) 0.34 (0.15) 0.02 (0.03)

Upper Wabascon Creek 
(UWC)

0.34 (0.20) 0.32 (0.15) 0.33 (0.15) 0.03 (0.06)

Lower Wabascon Creek 
(LWC)

0.34 (0.21) 0.31 (0.15) 0.34 (0.16) 0.04 (0.13)

Kalamazoo River (MKR) 0.34 (0.20) 0.32 (0.15) 0.33 (0.15) 0.05 (0.06)

Note: SD, standard deviation.

TA B L E  2   Summary of genome-wide 
diversity metrics for each sample site

F I G U R E  4   Population structure 
inferred from ADMIXTURE for (a) each 
individual and (b) the population mean 
for the two genetic clusters (k = 2). An 
individual is represented by a single 
vertical column, with the green dotted 
lines demarking sites
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4  | DISCUSSION

In the face of anthropogenic change and novel stress, popula-
tions may persist if they have high plasticity and/or the neces-
sary genetic variation to facilitate evolutionary rescue (Gonzalez 
et al., 2013; Hoffmann & Sgrò, 2011). In this study, we showed 
a strong correlation between genome-wide diversity (heterozy-
gosity) and CTmax, whereby sites with the highest observed het-
erozygosity also tended to have the highest CTmax. We also found 
support for putative adaptive differentiation in the sense that 
CTmax and morphology tended to diverge as expected based on 
variation in stream temperature and habitat, respectively. Overall, 
our findings of fine-scale differentiation owing to both extrinsic 
(environmental conditions) and intrinsic (genetic diversity) factors 
point to the importance of characterizing intraspecific variation 
and suggest population-level differences in vulnerability in a com-
mon, yet sensitive species.

Variation in biotic and abiotic conditions between lakes and 
streams often generates intraspecific phenotypic divergence. 
Our results, indicating that Gull Lake (GLD) individuals have re-
duced body depth and superior mouth positions compared to 
stream darters, are consistent with other examples of intraspe-
cific ecotypic divergences. For example, threespine stickleback 
(Gasterosteus aculeatus) occupying both lakes and streams show 

marked differences in body size, life-history traits, and other 
morphological characteristics (Hendry et al., 2002; Moore & 
Hendry, 2005; Moser et al., 2012). Individuals from lake pop-
ulations display slender or streamlined bodies, with relatively 
shallower caudal peduncle depth, compared to their stream coun-
terparts (Moore & Hendry, 2005; Ravinet et al., 2013; Sharpe 
et al., 2008). Although streamlined body shapes are often adaptive 
in high flow stream environments due to reduced drag (Cureton & 
Broughton, 2014; Franssen et al., 2013; Langerhans, 2008), other 
studies, including a study of different lake-occupying Etheostoma 
species (Krabbenhoft et al., 2009), have found more streamlined 
body shapes in lake populations (McGuigan et al., 2003; Meyers 
& Belk, 2014). Our results match these latter studies, with more 
streamlined body shapes in Gull Lake individuals. This highlights 
how selective pressures other than flow, such as predation, behav-
ior, or foraging ecology, may drive the morphological differences 
we observed (Collin & Fumagalli, 2011; Landy & Travis, 2015; 
Saint-Laurent et al., 2003). The Gull Lake site in our study, and 
Lake Phalen in Minnesota (Katula, 2013), represent unique oppor-
tunities to study the generality of lake versus stream adaptation in 
rainbow darters. Making use of these lake occurrences of rainbow 
darters in future studies characterizing additional adaptive pheno-
types and outlier loci would be of interest.

Our finding of environment-associated differentiation in CTmax 
could be due to adaptive evolution or variation in phenotypic 
plasticity. Heterogeneous local conditions within and across trib-
utaries potentially drove this fine-scale phenotypic divergence in 
CTmax to optimally match individuals to their environmental ther-
mal regimes. The positive correlations we documented between 
water temperature, genetic diversity, and CTmax provide some 
evidence for adaptive differentiation associated with environ-
mental differences. The observed heterogeneity in local thermal 
conditions may drive this differentiation on the molecular level. 
Specifically, CTmax variability is dependent on the upregulation of 
heat shock proteins (HSP) that occurs when individuals are faced 
with acute high temperature stress (Basu et al., 2002; Feder & 
Hofmann, 1999; Iwama et al., 1998). Intraspecific variability in ex-
pression of HSP and subsequently CTmax may correspond to locally 
divergent ecological conditions (Narum & Campbell, 2015; Oksala 
et al., 2014). Our finding of environmentally associated differen-
tiation for CTmax across sites elude to the possibility that HSP ex-
pression may be selected according to fine-scale variation in local 
thermal regimes. On the other hand, site variation in CTmax can also 
reflect phenotypic plasticity in expression of HSP across different 
thermal regimes (Healy & Schulte, 2012; Schaefer & Ryan, 2006). 
Although we found a positive trend between site CTmax and water 
temperature, we were unable to obtain water temperature aver-
aged over multiple time points and caution against over-interpre-
tation of this result. However, we did find a significant positive 
trend between our single point estimates of water temperature 
and maximum air temperature at each site, averaged throughout 
the summer. This suggests our single point estimates do reflect 
biologically meaningful differences in water temperature across 

F I G U R E  5   (a) Correlation between site water temperature 
and critical thermal maximum (CTmax). Error bars indicate 95% 
confidence intervals with dashed error bars representing sites in 
which resampling was conducted in 2018. (b) Correlation between 
site observed heterozygosity from stacks and CTmax. Error bars 
indicate 95% confidence intervals
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sites, although longer-term, in-situ water temperature monitor-
ing would be ideal. Whether rainbow darter populations are lo-
cally adapted versus able to acclimate to different temperatures 
through phenotypic plasticity is an exciting future question.

We also found evidence for a positive effect of genetic varia-
tion on CTmax, supporting the classic heterozygosity–fitness correla-
tion (Frankham, 1996; Miller et al., 2014; Reed & Frankham, 2003). 
Similarly, our results are consistent with theory positing that popu-
lations with lower genetic diversity have reduced adaptive potential 
or decreased stress tolerance (Frankham, 2005). These heterozy-
gosity–fitness correlations (HFC) have generally relied on microsat-
ellite markers and found weak signals, but genome-wide estimates 
of heterozygosity using SNPs can be strong predictors for individ-
ual fitness across phenotypes in natural populations (Lemopoulos 
et al., 2019; Hoffman et al., 2014; Miller et al., 2014; but see Yates 
et al., 2019). Specifically, our finding that sites with increased genetic 
diversity have a higher CTmax suggests that individuals with higher 
genetic variation may be better at withstanding abrupt increases 
in water temperatures in the wild. Similar relationships have been 
documented in several other fish species, suggesting some gener-
ality in this pattern. In eastern mosquitofish (Gambusia holbrooki), a 
population found in a nuclear reactor effluent pond with near-lethal 
temperatures had higher heterozygosity than surrounding natural 
populations (Meffe et al., 1995). Populations of Trinidadian guppies 
(Poecilia reticulata) with recent histories of gene flow had higher 
CTmax compared with neighboring populations with strong genetic 
drift and no gene flow (Fitzpatrick & Reid, 2019). Finally, in the least 
killifish (Heterandria formosa), experimentally bottlenecked popula-
tions having undergone declines in genetic diversity were less likely 
to evolve an adaptive response (increased CTmax) when compared to 
nonbottlenecked populations (Klerks et al., 2019). Our study high-
lights the potential role of intraspecific genetic diversity in shaping 
variation in CTmax. In particular, isolated populations with increased 
relatedness and reduced adaptive potential owing to increased ge-
netic drift and inbreeding may be especially vulnerable to thermal 
stress (Bijlsma and Loeschcke 2012). Given recent work illustrating 
CTmax and thermal adaptation as a highly polygenic trait, our finding 
of a correlation between heterozygosity and CTmax underscores the 
importance of considering genome-wide diversity for understand-
ing stress tolerance (Bay & Palumbi, 2014; Dayan et al., 2019; Rose 
et al., 2018).

When comparing models that incorporated effects of both local 
thermal regime and heterozygosity on CTmax, we were unable to dis-
tinguish between only site or the additive effects of site and het-
erozygosity as the best-supported model. Thus, a combination of 
environmental (extrinsic) and genetic (intrinsic) factors likely explains 
the described variation in CTmax with some degree of phenotypic 
expression likely due to plasticity. We found evidence for plastic 
responses in one site (Kellogg Forest, KFB), where individuals sam-
pled in 2018 had significantly higher CTmax than the previous year. 
Conversely, UAC, in the same tributary, did not display a plastic CTmax 
response across years despite temperature variability. This site also 
had the lowest genetic diversity and highest relatedness, suggesting 

a possible constraint on plastic responses. Although no study has 
directly tested the interplay between CTmax, genetic diversity, and 
plasticity in darters, seasonal variation in CTmax has been shown 
in darters across temporal ranges (Hlohowskyj & Wissing, 1985). 
Interestingly, despite phenotypic plasticity being traditionally 
considered inversely related to heterozygosity (Pigliucci, 2005; 
Scheiner, 1993), there is some evidence in Drosophilia that hetero-
zygous individuals have higher plasticity (Rocha & Klaczko, 2016). In 
our system, it is likely that variation in CTmax is to some extent plas-
tic within a range of temperatures to which individuals are locally 
conditioned, but the adaptive potential for increased CTmax could be 
constrained by a lack of genetic diversity (such as UAC displaying 
nonsignificant temporal variation). Importantly, plastic mechanisms 
can also promote evolutionary change as well, through the accom-
modation or assimilation of traits in response to selection pressures 
(Kelly, 2019; Pigliucci et al., 2006, Pigliucci 2005). In order to disen-
tangle the difference between plasticity and local adaptation, future 
studies are needed focusing on rearing rainbow darters from differ-
ent thermal regimes for multiple generations in a common garden, as 
well as identifying loci associated with variation in CTmax.

Contemporary population structure can impact the spread of 
adaptive genetic variation through evolutionary processes such 
as gene flow or genetic drift (Lande, 1976; Slatkin, 1987; Tigano & 
Friesen, 2016; Willi et al., 2006). Despite the fine-scale scope of our 
study, we did find some evidence of population structure, which 
contrasts to similar darter studies that found no discernable genetic 
structure (Davis et al., 2015; Washburn et al., 2020). The two genetic 
clusters identified did not correspond to geographic stream distance. 
We suggest three possible explanations for the observed patterns. 
Altered stream connectivity through culverts or dams between sam-
ple sites may have led to reduced gene flow between proximate sites 
on a contemporary timescale. Alternatively, observed population ge-
netic structure could be due to selection against migrants due to iso-
lation by environment (Sexton et al., 2014; Wang & Bradburd, 2014). 
Given that a previous phylogenetic study indicated that rainbow 
darter populations in the Great Lakes basin originated from a com-
mon glacial refugium (Ray et al., 2006), and the lack of isolation by 
distance found in other drainages (Haponski et al., 2009), a final ex-
planation is that restricted migration and genetic drift during post-
glacial colonization are potential forces shaping structure at the 
scale explored here.

Taken together, results from our study highlight the importance 
of understanding how ecological and evolutionary processes in-
teract to affect intraspecific variation, adaptive potential, and vul-
nerability to environmental stress. Most darter species, including 
rainbow darters, are comprised of locally patchy populations with 
limited dispersal (Craig, 2008; Hicks & Servos, 2017). Fine-scale 
population structure has been documented in several darter species 
(Blanton et al., 2019; Camak & Piller, 2018; Fitzpatrick et al., 2014) 
including isolation by distance in rainbow darters (Davis et al., 2015). 
Limited connectivity and “small population problems” associated 
with genetic drift likely contribute to the threatened conserva-
tion status of many darter species. However, the extent of local 
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phenotypic variation and the effects of genetic variation on adap-
tive potential and stress tolerance have generally not been explored 
in this hyper-diverse group of fishes. Our study points to interest-
ing potential interactions among gene flow, selection, and the envi-
ronment occurring on a highly spatial scale. For example, we found 
morphological differentiation between lake and stream habitats and 
environment-associated patterns of CTmax suggestive of adaptive 
differentiation. At the same time, sites with lower genetic variation 
and increased relatedness appear to be more vulnerable to abrupt 
stress, suggesting that maintaining high genetic variation, possibly 
through gene flow, could be an important buffer against environ-
mental change. Therefore, variation in dispersal capacity and gene 
flow could impact the spread of adaptive phenotypic and genetic 
variation that is critical for buffering against stress and enabling pop-
ulation persistence in this system.

Our study adds to the body of literature highlighting the link be-
tween genome-wide diversity and stress tolerance. Furthermore, this 
is to our knowledge the only study in a darter species to specifically 
link individual genome-wide diversity to CTmax. Broadly, adaptive po-
tential is consequential for populations to withstand novel stressors 
resulting from anthropogenic defaunation (Frankham, 2005; Hansen 
et al., 2012; Hoffmann & Sgrò, 2011). Characterizing intraspecific 
adaptive potential and stress tolerance is a critical step to identifying 
at-risk populations before their decline. In the context of the ongo-
ing defaunation period, the concern is shifting toward conservation 
efforts that include populations of widespread and common species 
(Gaston & Fuller, 2008; Hobbs & Mooney, 1998; McCallum, 2015). 
Local extinctions of common species are rapidly occurring or pre-
dicted to happen during the current period of “biological annihilation,” 
but remain largely undocumented until urgent conservation action is 
needed (Ceballos et al., 2017). Given the expected water temperature 
increases in the Mississippi and Great Lake drainages of ~2°C by the 
end of the century (van Vliet et al., 2012, 2013), our study illustrates a 
species of cool-water fish that is potentially sensitive to future warm-
ing events and environmental change, and highlights the variability in 
population extinction risk. Future studies will require an integration of 
functional genetic diversity to phenotypic correlations, genome-wide 
scans for adaptive outlier loci, transcriptomics, and common garden 
assays to determine the adaptive potential of populations across a 
species range. Combining this knowledge with contemporary popu-
lation structure can yield a powerful framework for forecasting how 
populations will persist under increasingly stressful conditions.

ACKNOWLEDG EMENTS
We thank Sophie Beery, Korin Foss, Sharon Carpenter, and numer-
ous other volunteers for assistance in collecting rainbow darters. We 
thank Madison Miller for help in carrying out the molecular work and 
Philip Bergmann for assisting with statistical analysis. We also thank 
Danielle Zoellner for logistical support throughout this project. This 
project was approved by Michigan State University's Institutional 
Animal Care and Use Committee (Application #: 05/17-085-00). All 
samples were collected under a scientific collector's permit issued 
by the Michigan Department of Natural Resources. This project 

was funded in part by the National Science Foundation Research 
Experience for Undergraduates Program (DBI-1460569 & DBI-
1757530) at the Kellogg Biological Station and in part by Michigan 
State University. This project was also supported by the National 
Science Foundation grant (FSML-1722621). This is Kellogg Biological 
Station contribution number 2163.

DATA AVAIL ABILIT Y S TATEMENT
Data for this study are available at https://doi.org/10.5061/
dryad.4b8gt ht9v. Sequence data are available at NCBI SRA under 
BioProject number PRJNA661476.

ORCID
Daniel R. Oliveira  https://orcid.org/0000-0002-3458-2833 
Brendan N. Reid  https://orcid.org/0000-0003-4063-3956 
Sarah W. Fitzpatrick  https://orcid.org/0000-0002-5610-9449 

R E FE R E N C E S
Adams, D. C., Rohlf, J. F., & Slice, D. E. (2004). Geometric morphomet-

rics: Ten years of progress following the ‘revolution’. Italian Journal 
of Zoology, 71, 5–16. https://doi.org/10.1080/11250 00040 9356545

Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model-based 
estimation of ancestry in unrelated individuals. Genome Research, 19, 
1655–1664. https://doi.org/10.1101/gr.094052.109

Ali, O. A., O’Rourke, S. M., Amish, S. J., Meek, M. H., Gordan, L., Jeffres, C., 
& Miller, M. R. (2016). RAD Capture (Rapture): Flexible and Efficient 
Sequence-Based Genotyping. Genetics, 202, 389–400. https://doi.
org/10.1534/genet ics.115.183665

Barrett, R. D. H., & Schluter, D. (2008). Adaptation from standing ge-
netic variation. Trends in Ecology & Evolution, 23, 38–44. https://doi.
org/10.1016/j.tree.2007.09.008

Barton, K. (2018). Package "MuMIn (Version 1.42.1): Multi-Model Inference. 
Retrieved from https://CRAN.R-proje ct.org/packa ge=MuMIn.

Basu, N., Todgham, A. E., Ackerman, P. A., Bibeau, M. R., Nakano, K., 
Schulte, P. M., & Iwama, G. K. (2002). Heat shock protein genes and 
their functional significance in fish. Gene, 295, 173–183. https://doi.
org/10.1016/S0378 -1119(02)00687 -X

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting Linear 
Mixed-Effects Models Using lme4. Journal of Statistical Software, 67, 
1–48. https://doi.org/10.18637/ jss.v067.i01.

Bay, R. A., & Palumbi, S. R. (2014). Multilocus Adaptation Associated with 
Heat Resistance in Reef-Building Corals. Current Biology, 24, 2952–
2956. https://doi.org/10.1016/j.cub.2014.10.044

Becker, D. C., & Genoway, R. G. (1979). Evaluation of the critical ther-
mal maximum for determining thermal tolerance of freshwater fish. 
Environmental Biology of Fishes, 4, 245–256. https://doi.org/10.1007/
BF000 05481

Bell, G., & Collins, S. (2008). Adaptation, extinction and global change. 
Evolutionary Applications, 1(1), 3–16. https://doi.org/10.1111/j. 
1752- 4571.2007.00011.x

Bijlsma, R., & Loeschcke, V. (2012). Genetic erosion impedes adaptive 
responses to stressful environments. Evolutionary Applications, 5(2), 
117–129. https://doi.org/10.1111/j.1752-4571.2011.00214.x

Blanton, R. E., Cashner, M. F., Thomas, M. R., Brandt, S. L., & Floyd, 
M. A. (2019). Increased habitat fragmentation leads to isolation 
among and low genetic diversity within populations of the im-
periled Kentucky Arrow Darter (Etheostoma sagitta spilotum). 
Conservation Genetics, 20, 1009–1022. https://doi.org/10.1007/
s1059 2-019-01188 -y

Blomqvist, D., Pauliny, A., Larsson, M., & Flodin, L.-Å. (2010). Trapped 
in the extinction vortex? Strong genetic effects in a declining 

https://doi.org/10.5061/dryad.4b8gtht9v
https://doi.org/10.5061/dryad.4b8gtht9v
https://orcid.org/0000-0002-3458-2833
https://orcid.org/0000-0002-3458-2833
https://orcid.org/0000-0003-4063-3956
https://orcid.org/0000-0003-4063-3956
https://orcid.org/0000-0002-5610-9449
https://orcid.org/0000-0002-5610-9449
https://doi.org/10.1080/11250000409356545
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1534/genetics.115.183665
https://doi.org/10.1534/genetics.115.183665
https://doi.org/10.1016/j.tree.2007.09.008
https://doi.org/10.1016/j.tree.2007.09.008
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.1016/S0378-1119(02)00687-X
https://doi.org/10.1016/S0378-1119(02)00687-X
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.cub.2014.10.044
https://doi.org/10.1007/BF00005481
https://doi.org/10.1007/BF00005481
https://doi.org/10.1111/j.1752-4571.2007.00011.x
https://doi.org/10.1111/j.1752-4571.2007.00011.x
https://doi.org/10.1111/j.1752-4571.2011.00214.x
https://doi.org/10.1007/s10592-019-01188-y
https://doi.org/10.1007/s10592-019-01188-y


     |  509OLIVEIRA Et AL.

vertebrate population. BMC Evolutionary Biology, 10, 33. https://doi.
org/10.1186/1471-2148-10-33

Boer, G. J., McFarlane, N. A., & Lazare, M. (1992). Greenhouse Gas–in-
duced Climate Change Simulated with the CCC Second-Generation 
General Circulation Model. Journal of Climate, 5, 1045–1077. 
https://doi.org/10.1175/1520-0442(1992)005<1045:GGCCS 
W>2.0.CO;2

Bohonak, A. J. (1999). Dispersal, Gene Flow, and Population 
Structure. The Quarterly Review of Biology, 74, 21–45. https://doi.
org/10.1086/392950

Burkhead, N. M. (2012). Extinction Rates in North American Freshwater 
Fishes, 1900–2010. BioScience, 62, 798–808. https://doi.
org/10.1525/bio.2012.62.9.5

Burnham, K. P., & Anderson, D. R. (2004). Multimodel Inference: 
Understanding AIC and BIC in Model Selection. Sociological Methods 
& Research, 33, 261–304. https://doi.org/10.1177/00491 24104 
268644

Camak, D. T., & Piller, K. R. (2018). Going with the Flow: Testing the 
Role of Habitat Isolation among Three Ecologically Divergent Darter 
Species. Copeia, 106, 375–387. https://doi.org/10.1643/CG-17-623

Carrara, F., Altermatt, F., Rodriguez-Iturbe, I., & Rinaldo, A. (2012). 
Dendritic connectivity controls biodiversity patterns in experimental 
metacommunities. Proceedings of the National Academy of Sciences, 
109, 5761–5766. https://doi.org/10.1073/pnas.11196 51109

Carrara, F., Rinaldo, A., Giometto, A., & Altermatt, F. (2014). Complex 
Interaction of Dendritic Connectivity and Hierarchical Patch Size on 
Biodiversity in River-Like Landscapes. The American Naturalist, 183, 
13–25. https://doi.org/10.1086/674009

Catchen, J. M., Amores, A., Hohenlohe, P. A., Cresko, W. A., & 
Postlethwait, J. H. (2011). Stacks: Building and Genotyping Loci De 
Novo From Short-Read Sequences.  G3: Genes, Genomes, Genetics, 1, 
171–182. https://doi.org/10.1534/g3.111.000240

Catchen, J. M., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, 
W. A. (2013). Stacks: An analysis tool set for population genom-
ics. Molecular Ecology, 22, 3124–3140. https://doi.org/10.1111/
mec.12354

Ceballos, G., Ehrlich, P. R., & Dirzo, R. (2017). Biological annihilation via 
the ongoing sixth mass extinction signaled by vertebrate population 
losses and declines. Proceedings of the National Academy of Sciences, 
114, E6089–E6096. https://doi.org/10.1073/pnas.17049 49114

Chang, C. C., Chow, C. C., Tellier, L. C., Vattikuti, S., Purcell, S. M., & Lee, 
J. J. (2015). Second-generation PLINK: Rising to the challenge of 
larger and richer datasets. GigaScience, 4, 7. https://doi.org/10.1186/
s1374 2-015-0047-8

Charmantier, A., McCleery, R. H., Cole, L. R., Perrins, C., Kruuk, L. E. B., 
& Sheldon, B. C. (2008). Adaptive Phenotypic Plasticity in Response 
to Climate Change in a Wild Bird Population. Science, 320, 800–803. 
https://doi.org/10.1126/scien ce.1157174

Chen, I.-C., Hill, J. K., Ohlemüller, R., Roy, D. B., & Thomas, C. D. (2011). 
Rapid Range Shifts of Species Associated with High Levels of Climate 
Warming. Science, 333, 1024–1026. https://doi.org/10.1126/scien 
ce.1206432

Collin, H., & Fumagalli, L. (2011). Evidence for morphological and adaptive 
genetic divergence between lake and stream habitats in European 
minnows (Phoxinus phoxinus, Cyprinidae). Molecular Ecology, 20, 
4490–4502. https://doi.org/10.1111/j.1365-294X.2011.05284.x

Comte, L., Buisson, L., Daufresne, M., & Grenouillet, G. (2013). Climate-
induced changes in the distribution of freshwater fish: Observed 
and predicted trends. Freshwater Biology, 58, 625–639. https://doi.
org/10.1111/fwb.12081

Craig, J. F. (2008). Percid fishes: Systematics, ecology and exploitation. John 
Wiley & Sons.

Cureton, J. C., & Broughton, R. E. (2014). Rapid morphological divergence 
of a stream fish in response to changes in water flow. Biology Letters, 
10, 20140352. https://doi.org/10.1098/rsbl.2014.0352

Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M. 
A., Handsaker, R. E., Lunter, G., Marth, G. T., Sherry, S. T., McVean, G., & 
Durbin, R. (2011). The variant call format and VCFtools. Bioinformatics, 
27, 2156–2158. https://doi.org/10.1093/bioin forma tics/btr330

Daufresne, M., & Boët, P. (2007). Climate change impacts on structure 
and diversity of fish communities in rivers. Global Change Biology, 13, 
2467–2478. https://doi.org/10.1111/j.1365-2486.2007.01449.x

Davis, D. J., Wieman, A. C., & Berendzen, P. B. (2015). The influence of 
historical and contemporary landscape variables on the spatial ge-
netic structure of the rainbow darter (Etheostoma caeruleum) in 
tributaries of the upper Mississippi River. Conservation Genetics, 16, 
167–179. https://doi.org/10.1007/s1059 2-014-0649-1

Dayan, D. I., Du, X., Baris, T. Z., Wagner, D. N., Crawford, D. L., & Oleksiak, 
M. F. (2019). Population genomics of rapid evolution in natural pop-
ulations: Polygenic selection in response to power station thermal 
effluents. BMC Evolutionary Biology, 19, 61. https://doi.org/10.1186/
s1286 2-019-1392-5

DeLong, J. P., Forbes, V. E., Galic, N., Gibert, J. P., Laport, R. G., Phillips, J. 
S., & Vavra, J. M. (2016). How fast is fast? Eco-evolutionary dynam-
ics and rates of change in populations and phenotypes. Ecology and 
Evolution, 6, 573–581. https://doi.org/10.1002/ece3.1899

Dirzo, R., Young, H. S., Galetti, M., Ceballos, G., Isaac, N. J. B., & Collen, 
B. (2014). Defaunation in the Anthropocene. Science, 345, 401–406. 
https://doi.org/10.1126/scien ce.1251817

Dixo, M., Metzger, J. P., Morgante, J. S., & Zamudio, K. R. (2009). 
Habitat fragmentation reduces genetic diversity and connectivity 
among toad populations in the Brazilian Atlantic Coastal Forest. 
Biological Conservation, 142, 1560–1569. https://doi.org/10.1016/j.
biocon.2008.11.016

Dray, S., & Dufour, A.-B. (2007). The ade4 Package: Implementing the 
Duality Diagram for Ecologists. Journal of Statistical Software, 22, 
1–20. https://doi.org/10.18637/ jss.v022.i04.

Eaton, J. G., & Scheller, R. M. (1996). Effects of climate warming on 
fish thermal habitat in streams of the United States. Limnology 
and Oceanography, 41, 1109–1115. https://doi.org/10.4319/
lo.1996.41.5.1109

Fagan, W. F. (2002). Connectivity, Fragmentation, and Extinction Risk 
in Dendritic Metapopulations. Ecology, 83, 3243–3249. https://doi.
org/10.1890/0012-9658(2002)083[3243:CFAER I]2.0.CO;2

Fagan, W. F., & Holmes, E. E. (2006). Quantifying the ex-
tinction vortex. Ecology Letters, 9, 51–60. https://doi.
org/10.1111/j.1461-0248.2005.00845.x

Fahrig, L. (2003). Effects of Habitat Fragmentation on Biodiversity. 
Annual Review of Ecology, Evolution, and Systematics, 34, 487–515. 
https://doi.org/10.1146/annur ev.ecols ys.34.011802.132419

Feder, M. E., & Hofmann, G. E. (1999). Heat-shock proteins, molecular 
chaperones, and the stress response: Evolutionary and Ecological 
Physiology. Annual Review of Physiology, 61, 243–282. https://doi.
org/10.1146/annur ev.physi ol.61.1.243

Fitzpatrick, S. W., Crockett, H., & Funk, W. C. (2014). Water availability 
strongly impacts population genetic patterns of an imperiled Great 
Plains endemic fish. Conservation Genetics, 15, 771–788. https://doi.
org/10.1007/s1059 2-014-0577-0

Fitzpatrick, S. W., & Reid, B. N. (2019). Does gene flow aggravate or al-
leviate maladaptation to environmental stress in small populations? 
Evolutionary Applications, 12(7), 1402–1416. https://doi.org/10.1111/
eva.12768

Fluker, B. L., Kuhajda, B. R., Lang, N. J., & Harris, P. M. (2010). Low 
genetic diversity and small long-term population sizes in the spring 
endemic watercress darter, Etheostoma nuchale. Conservation 
Genetics, 11, 2267–2279. https://doi.org/10.1007/s1059 
2-010-0111-y

Francis, R. M. (2017). pophelper: An R package and web app to analyse 
and visualize population structure. Molecular Ecology Resources, 17, 
27–32. https://doi.org/10.1111/1755-0998.12509

https://doi.org/10.1186/1471-2148-10-33
https://doi.org/10.1186/1471-2148-10-33
https://doi.org/10.1175/1520-0442(1992)005%3C1045:GGCCSW%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1992)005%3C1045:GGCCSW%3E2.0.CO;2
https://doi.org/10.1086/392950
https://doi.org/10.1086/392950
https://doi.org/10.1525/bio.2012.62.9.5
https://doi.org/10.1525/bio.2012.62.9.5
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1643/CG-17-623
https://doi.org/10.1073/pnas.1119651109
https://doi.org/10.1086/674009
https://doi.org/10.1534/g3.111.000240
https://doi.org/10.1111/mec.12354
https://doi.org/10.1111/mec.12354
https://doi.org/10.1073/pnas.1704949114
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1126/science.1157174
https://doi.org/10.1126/science.1206432
https://doi.org/10.1126/science.1206432
https://doi.org/10.1111/j.1365-294X.2011.05284.x
https://doi.org/10.1111/fwb.12081
https://doi.org/10.1111/fwb.12081
https://doi.org/10.1098/rsbl.2014.0352
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1111/j.1365-2486.2007.01449.x
https://doi.org/10.1007/s10592-014-0649-1
https://doi.org/10.1186/s12862-019-1392-5
https://doi.org/10.1186/s12862-019-1392-5
https://doi.org/10.1002/ece3.1899
https://doi.org/10.1126/science.1251817
https://doi.org/10.1016/j.biocon.2008.11.016
https://doi.org/10.1016/j.biocon.2008.11.016
https://doi.org/10.18637/jss.v022.i04
https://doi.org/10.4319/lo.1996.41.5.1109
https://doi.org/10.4319/lo.1996.41.5.1109
https://doi.org/10.1890/0012-9658(2002)083%5B3243:CFAERI%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B3243:CFAERI%5D2.0.CO;2
https://doi.org/10.1111/j.1461-0248.2005.00845.x
https://doi.org/10.1111/j.1461-0248.2005.00845.x
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1146/annurev.physiol.61.1.243
https://doi.org/10.1146/annurev.physiol.61.1.243
https://doi.org/10.1007/s10592-014-0577-0
https://doi.org/10.1007/s10592-014-0577-0
https://doi.org/10.1111/eva.12768
https://doi.org/10.1111/eva.12768
https://doi.org/10.1007/s10592-010-0111-y
https://doi.org/10.1007/s10592-010-0111-y
https://doi.org/10.1111/1755-0998.12509


510  |     OLIVEIRA Et AL.

Frankham, R. (1996). Relationship of Genetic Variation to Population Size 
in Wildlife. Conservation Biology, 10, 1500–1508. https://doi.org/10.
1046/j.1523-1739.1996.10061 500.x

Frankham, R. (2005). Stress and adaptation in conservation genet-
ics. Journal of Evolutionary Biology, 18, 750–755. https://doi.
org/10.1111/j.1420-9101.2005.00885.x

Franssen, N. R., Stewart, L. K., & Schaefer, J. F. (2013). Morphological di-
vergence and flow-induced phenotypic plasticity in a native fish from 
anthropogenically altered stream habitats. Ecology and Evolution, 3, 
4648–4657. https://doi.org/10.1002/ece3.842

Gaggiotti, O. E. (2003). Genetic threats to population persistence. 
Annales Zoologici Fennici, 40, 155–168.

Gaston, K. J., & Fuller, R. A. (2008). Commonness, population depletion 
and conservation biology. Trends in Ecology & Evolution, 23, 14–19. 
https://doi.org/10.1016/j.tree.2007.11.001

Ghalambor, C. K., McKay, J. K., Carroll, S. P., & Reznick, D. N. (2007). 
Adaptive versus non-adaptive phenotypic plasticity and the potential 
for contemporary adaptation in new environments. Functional Ecology, 
21, 394–407. https://doi.org/10.1111/j.1365-2435.2007.01283.x

Gibson, G., & Dworkin, I. (2004). Uncovering cryptic genetic variation. 
Nature Reviews Genetics, 5, 681–690. https://doi.org/10.1038/
nrg1426

Gienapp, P., Teplitsky, C., Alho, J. S., Mills, J. A., & Merilä, J. (2008). 
Climate change and evolution: Disentangling environmental and 
genetic responses. Molecular Ecology, 17, 167–178. https://doi.
org/10.1111/j.1365-294X.2007.03413.x

Gomulkiewicz, R., & Holt, R. D. (1995). When Does Evolution by Natural 
Selection Prevent Extinction? Evolution, 49, 201–207. https://doi.
org/10.1111/j.1558-5646.1995.tb059 71.x

Gonzalez, A., Ronce, O., Ferriere, R., & Hochberg, M. E. (2013). 
Evolutionary rescue: An emerging focus at the intersection between 
ecology and evolution. Philosophical Transactions of the Royal Society 
B: Biological Sciences, 368, 20120404. https://doi.org/10.1098/
rstb.2012.0404

Guill, M. J., Hood, C. S., & Heins, D. C. (2003). Body shape varia-
tion within and among three species of darters (Perciformes: 
Percidae). Ecology of Freshwater Fish, 12, 134–140. https://doi.
org/10.1034/j.1600-0633.2003.00008.x

Hansen, M. M., Olivieri, I., Waller, D. M., & Nielsen, E. E. (2012). 
Monitoring adaptive genetic responses to environmen-
tal change. Molecular Ecology, 21, 1311–1329. https://doi.
org/10.1111/j.1365-294X.2011.05463.x

Haponski, A. E., Bollin, T. L., Jedlicka, M. A., & Stepien, C. A. (2009). 
Landscape genetic patterns of the rainbow darter Etheostoma 
caeruleum: A catchment analysis of mitochondrial DNA sequences 
and nuclear microsatellites. Journal of Fish Biology, 75, 2244–2268. 
https://doi.org/10.1111/j.1095-8649.2009.02414.x

Healy, T. M., & Schulte, P. M. (2012). Factors affecting plasticity in 
whole-organism thermal tolerance in common killifish (Fundulus het-
eroclitus). Journal of Comparative Physiology B, 182, 49–62. https://
doi.org/10.1007/s0036 0-011-0595-x

Helbib, M., Urbaek, S., & SFellows, I.. (2013). Package "JGR" (Version 1.7): Java 
GUI for R. Retrieved from https://CRAN.R-project.org/package=JGR.

Hendry, A. P., Taylor, E. B., & McPhail, J. D. (2002). Adaptive Divergence 
and the Balance Between Selection and Gene Flow: Lake and Stream 
Stickleback in the Misty System. Evolution, 56, 1199–1216. https://
doi.org/10.1111/j.0014-3820.2002.tb014 32.x

Hicks, K. A., & Servos, M. R. (2017). Site fidelity and movement of a 
small-bodied fish species, the rainbow darter (Etheostoma caeru-
leum): Implications for environmental effects assessment. River 
Research and Applications, 33, 1016–1025. https://doi.org/10.1002/
rra.3161

Hlohowskyj, I., & Wissing, T. E. (1985). Seasonal changes in the criti-
cal thermal maxima of fantail (Etheostoma flabellare), greenside 
(Etheostoma blennioides), and rainbow (Etheostoma caeruleum) 

darters. Canadian Journal of Zoology, 63, 1629–1633. https://doi.
org/10.1139/z85-241

Hobbs, R. J., & Mooney, H. A. (1998). Broadening the Extinction 
Debate: Population Deletions and Additions in California and 
Western Australia. Conservation Biology, 12, 271–283. https://doi.
org/10.1111/j.1523-1739.1998.96233.x

Hoffman, J. I., Simpson, F., David, P., Rijks, J. M., Kuiken, T., Thorne, M. 
A. S., Lacy, R. C., & Dasmahapatra, K. K. (2014). High-throughput 
sequencing reveals inbreeding depression in a natural population. 
Proceedings of the National Academy of Sciences, 111(10), 3775–3780. 
https://doi.org/10.1073/pnas.13189 45111

Hoffmann, A. A., & Sgrò, C. M. (2011). Climate change and evolutionary ad-
aptation. Nature, 470, 479–485. https://doi.org/10.1038/natur e09670

Iwama, G. K., Thomas, P. T., Forsyth, R. B., & Vijayan, M. M. (1998). Heat 
shock protein expression in fish. Reviews in Fish Biology and Fisheries, 
8, 35–56. https://doi.org/10.1023/A:10088 12500650

Jakobsson, M., & Rosenberg, N. A. (2007). CLUMPP: A cluster match-
ing and permutation program for dealing with label switching and 
multimodality in analysis of population structure. Bioinformatics, 23, 
1801–1806. https://doi.org/10.1093/bioin forma tics/btm233

Jelks, H. L., Walsh, S. J., Burkhead, N. M., Contreras-Balderas, S., 
Diaz-Pardo, E., Hendrickson, D. A., Lyons, J., Mandrak, N. E., 
McCormick, F., Nelson, J. S., Platania, S. P., Porter, B. A., Renaud, 
C. B., Schmitter-Soto, J. J., Taylor, E. B., & Warren, M. L. Jr. (2008). 
Conservation Status of Imperiled North American Freshwater 
and Diadromous Fishes. Fisheries, 33, 372–407. https://doi.
org/10.1577/1548-8446-33.8.372

Jombart, T. (2008). adegenet: A R package for the multivariate analy-
sis of genetic markers. Bioinformatics, 24, 1403–1405. https://doi.
org/10.1093/bioin forma tics/btn129

Jombart, T., & Ahmed, I. (2011). adegenet 1.3-1: New tools for the analy-
sis of genome-wide SNP data. Bioinformatics, 27, 3070–3071. https://
doi.org/10.1093/bioin forma tics/btr521

Kalinowski, S. T., Meeuwig, M. H., Narum, S. R., & Taper, M. L. (2008). 
Stream trees: A statistical method for mapping genetic differences 
between populations of freshwater organisms to the sections of 
streams that connect them. Canadian Journal of Fisheries and Aquatic 
Sciences, 65, 2752–2760. https://doi.org/10.1139/F08-171

Katula, R. (2013). The Phalen Enigma: Rainbow Darters in a Lake? 
American Currents, 38, 18–21.

Kelly, M. (2019). Adaptation to climate change through genetic ac-
commodation and assimilation of plastic phenotypes. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 374, 20180176. 
https://doi.org/10.1098/rstb.2018.0176

Kinnison, M. T., & Hairston, N. G. (2007). Eco-evolutionary con-
servation biology: Contemporary evolution and the dynam-
ics of persistence. Functional Ecology, 21, 444–454. https://doi.
org/10.1111/j.1365-2435.2007.01278.x

Kitano, J., Bolnick, D. I., Beauchamp, D. A., Mazur, M. M., Mori, S., 
Nakano, T., & Peichel, C. L. (2008). Reverse Evolution of Armor Plates 
in the Threespine Stickleback. Current Biology, 18, 769–774. https://
doi.org/10.1016/j.cub.2008.04.027

Klerks, P. L., Athrey, G. N., & Leberg, P. L. (2019). Response to 
Selection for Increased Heat Tolerance in a Small Fish Species, 
With the Response Decreased by a Population Bottleneck. 
Frontiers in Ecology and Evolution, 7, 10. https://doi.org/10.3389/
fevo.2019.00270

Klingenberg, C. P. (2011). MorphoJ: An integrated software package for 
geometric morphometrics. Molecular Ecology Resources, 11, 353–357. 
https://doi.org/10.1111/j.1755-0998.2010.02924.x

Krabbenhoft, T. J., Collyer, M. L., & Quattro, J. M. (2009). Differing 
evolutionary patterns underlie convergence on elongate mor-
phology in endemic fishes of Lake Waccamaw, North Carolina. 
Biological Journal of the Linnean Society, 98, 636–645. https://doi.
org/10.1111/j.1095-8312.2009.01305.x

https://doi.org/10.1046/j.1523-1739.1996.10061500.x
https://doi.org/10.1046/j.1523-1739.1996.10061500.x
https://doi.org/10.1111/j.1420-9101.2005.00885.x
https://doi.org/10.1111/j.1420-9101.2005.00885.x
https://doi.org/10.1002/ece3.842
https://doi.org/10.1016/j.tree.2007.11.001
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1038/nrg1426
https://doi.org/10.1038/nrg1426
https://doi.org/10.1111/j.1365-294X.2007.03413.x
https://doi.org/10.1111/j.1365-294X.2007.03413.x
https://doi.org/10.1111/j.1558-5646.1995.tb05971.x
https://doi.org/10.1111/j.1558-5646.1995.tb05971.x
https://doi.org/10.1098/rstb.2012.0404
https://doi.org/10.1098/rstb.2012.0404
https://doi.org/10.1034/j.1600-0633.2003.00008.x
https://doi.org/10.1034/j.1600-0633.2003.00008.x
https://doi.org/10.1111/j.1365-294X.2011.05463.x
https://doi.org/10.1111/j.1365-294X.2011.05463.x
https://doi.org/10.1111/j.1095-8649.2009.02414.x
https://doi.org/10.1007/s00360-011-0595-x
https://doi.org/10.1007/s00360-011-0595-x
https://doi.org/10.1111/j.0014-3820.2002.tb01432.x
https://doi.org/10.1111/j.0014-3820.2002.tb01432.x
https://doi.org/10.1002/rra.3161
https://doi.org/10.1002/rra.3161
https://doi.org/10.1139/z85-241
https://doi.org/10.1139/z85-241
https://doi.org/10.1111/j.1523-1739.1998.96233.x
https://doi.org/10.1111/j.1523-1739.1998.96233.x
https://doi.org/10.1073/pnas.1318945111
https://doi.org/10.1038/nature09670
https://doi.org/10.1023/A:1008812500650
https://doi.org/10.1093/bioinformatics/btm233
https://doi.org/10.1577/1548-8446-33.8.372
https://doi.org/10.1577/1548-8446-33.8.372
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btr521
https://doi.org/10.1093/bioinformatics/btr521
https://doi.org/10.1139/F08-171
https://doi.org/10.1098/rstb.2018.0176
https://doi.org/10.1111/j.1365-2435.2007.01278.x
https://doi.org/10.1111/j.1365-2435.2007.01278.x
https://doi.org/10.1016/j.cub.2008.04.027
https://doi.org/10.1016/j.cub.2008.04.027
https://doi.org/10.3389/fevo.2019.00270
https://doi.org/10.3389/fevo.2019.00270
https://doi.org/10.1111/j.1755-0998.2010.02924.x
https://doi.org/10.1111/j.1095-8312.2009.01305.x
https://doi.org/10.1111/j.1095-8312.2009.01305.x


     |  511OLIVEIRA Et AL.

Kuehne, R. A., & Barbour, R. W. (1983). The American darters. University 
Press of Kentucky.

Lande, R. (1976). Natural Selection and Random Genetic Drift in 
Phenotypic Evolution. Evolution, 30, 314–334. https://doi.
org/10.1111/j.1558-5646.1976.tb009 11.x

Lande, R., & Shannon, S. (1996). The Role of Genetic Variation in 
Adaptation and Population Persistence in a Changing Environment. 
Evolution, 50, 434–437. https://doi.org/10.1111/j.1558-5646.1996.
tb045 04.x

Landy, J. A., & Travis, J. (2015). Shape variation in the least killifish: 
Ecological associations of phenotypic variation and the effects of 
a common garden. Ecology and Evolution, 5, 5616–5631. https://doi.
org/10.1002/ece3.1780

Langerhans, R. B. (2008). Predictability of phenotypic differentiation 
across flow regimes in fishes. Integrative and Comparative Biology, 48, 
750–768. https://doi.org/10.1093/icb/icn092

Lemopoulos, A., Prokkola, J. M., Uusi-Heikkilä, S., Vasemägi, A., Huusko, 
A., Hyvärinen, P., Koljonen, M.-L., Koskiniemi, J., & Vainikka, A. 
(2019). Comparing RADseq and microsatellites for estimating genetic 
diversity and relatedness—Implications for brown trout conserva-
tion. Ecology and Evolution, 9, 2106–2120. https://doi.org/10.1002/
ece3.4905

Lenth, R., Singmann, H., Love, J., Buerknerazur, P., & Herve, M.. (2018). 
Package "emmeans" (Version 1.3.1): Estimated Marginal Means, aka 
Least-Square Means. Retrieved from https://CRAN.R-proje ct.org/
packa ge=emmeans.

Li, H. (2013). Aligning sequence reads, clone sequences and assembly 
contigs with BWA-MEM. arXiv preprint. arXiv:1303.3997.

Lischer, H. E. L., & Excoffier, L. (2012). PGDSpider: An automated data 
conversion tool for connecting population genetics and genomics 
programs. Bioinformatics, 28, 298–299. https://doi.org/10.1093/
bioin forma tics/btr642

Lutterschmidt, W. I., & Hutchison, V. H. (1997). The critical thermal max-
imum: History and critique. Canadian Journal of Zoology, 75, 1561–
1574. https://doi.org/10.1139/z97-783

MacGuigan, D. J., & Near, T. J. (2019). Phylogenomic Signatures of 
Ancient Introgression in a Rogue Lineage of Darters (Teleostei: 
Percidae). Systematic Biology, 68, 329–346. https://doi.org/10.1093/
sysbi o/syy074

Mantyka-Pringle, C. S., Martin, T. G., Moffatt, D. B., Linke, S., & Rhodes, 
J. R. (2014). Understanding and predicting the combined effects of 
climate change and land-use change on freshwater macroinverte-
brates and fish. Journal of Applied Ecology, 51, 572–581. https://doi.
org/10.1111/1365-2664.12236

Massot, M., Clobert, J., & Ferrière, R. (2008). Climate warming, disper-
sal inhibition and extinction risk. Global Change Biology, 14, 461–469. 
https://doi.org/10.1111/j.1365-2486.2007.01514.x

McCallum, M. L. (2015). Vertebrate biodiversity losses point to a sixth 
mass extinction. Biodiversity and Conservation, 24, 2497–2519. 
https://doi.org/10.1007/s1053 1-015-0940-6

McGuigan, K., Franklin, C. E., Moritz, C., & Blows, M. W. (2003). 
Adaptation of Rainbow Fish to Lake and Stream Habitats. Evolution, 
57, 104–118. https://doi.org/10.1111/j.0014-3820.2003.tb002 
19.x

Meffe, G. K., Weeks, S. C., Mulvey, M., & Kandl, K. L. (1995). Genetic 
differences in thermal tolerance of eastern mosqyitofish (Gambusia 
holbrooki; Poeciliidae) from ambient and thermal ponds. Canadian 
Journal of Fisheries and Aquatic Sciences, 52, 2704–2711. https://doi.
org/10.1139/f95-259

Mendelson, T. C. (2003). Sexual Isolation Evolves Faster Than Hybrid 
Inviability in a Diverse and Sexually Dimorphic Genus of Fish 
(percidae: Etheostoma). Evolution, 57, 317–327. https://doi.
org/10.1111/j.0014-3820.2003.tb002 66.x

Mendelson, T. C., Imhoff, V. E., & Venditti, J. J. (2007). The Accumulation 
of Reproductive Barriers During Speciation: Postmating 

Barriers in Two Behaviorally Isolated Species of Darters (per-
cidae: Etheostoma). Evolution, 61, 2596–2606. https://doi.
org/10.1111/j.1558-5646.2007.00220.x

Meyer, J. L., Strayer, D. L., Wallace, J. B., Eggert, S. L., Helfman, G. 
S., & Leonard, N. E. (2007). The Contribution of Headwater 
Streams to Biodiversity in River Networks. Journal of the 
American Water Resources Association, 43, 86–103. https://doi.
org/10.1111/j.1752-1688.2007.00008.x

Meyers, P. J., & Belk, M. C. (2014). Shape variation in a benthic stream 
fish across flow regimes. Hydrobiologia, 738, 147–154. https://doi.
org/10.1007/s1075 0-014-1926-1

Miller, J. M., Malenfant, R. M., David, P., Davis, C. S., Poissant, J., Hogg, J. T., 
Festa-Bianchet, M., & Coltman, D. W. (2014). Estimating genome-wide 
heterozygosity: Effects of demographic history and marker type. 
Heredity, 112, 240–247. https://doi.org/10.1038/hdy.2013.99

Moore, J. S., & Hendry, A. P. (2005). Both selection and gene flow are 
necessary to explain adaptive divergence: Evidence from clinal varia-
tion in stream stickleback. Evolutionary Ecology Research, 7, 871–886.

Moran, R. L., Catchen, J. M., & Fuller, R. C. (2019). Genomic resources for 
darters (Percidae: Etheostominae) provide insight into postzygotic 
barriers implicated in speciation. Molecular Biology and Evolution, 37, 
711–729. https://doi.org/10.1093/molbe v/msz260

Moser, D., Roesti, M., & Berner, D. (2012). Repeated Lake-Stream 
Divergence in Stickleback Life History within a Central European 
Lake Basin. PLoS One, 7, e50620. https://doi.org/10.1371/journ 
al.pone.0050620

Narum, S. R., & Campbell, N. R. (2015). Transcriptomic response to heat 
stress among ecologically divergent populations of redband trout. BMC 
Genomics, 16, 103. https://doi.org/10.1186/s1286 4-015-1246-5

Near, T. J., Bossu, C. M., Bradburd, G. S., Carlson, R. L., Harrington, R. C., 
Hollingsworth, P. R., Keck, B. P., & Etnier, D. A. (2011). Phylogeny and 
Temporal Diversification of Darters (Percidae: Etheostomatinae). 
Systematic Biology, 60, 565–595. https://doi.org/10.1093/sysbi o/
syr052

Norberg, J., Urban, M. C., Vellend, M., Klausmeier, C. A., & Loeuille, 
N. (2012). Eco-evolutionary responses of biodiversity to climate 
change. Nature Climate Change, 2, 747–751. https://doi.org/10.1038/
nclim ate1588

Nussey, D. H., Postma, E., Gienapp, P., & Visser, M. E. (2005). Selection 
on Heritable Phenotypic Plasticity in a Wild Bird Population. Science, 
310, 304–306. https://doi.org/10.1126/scien ce.1117004

Oksala, N. K. J., Ekmekçi, F. G., Özsoy, E., Kirankaya, Ş., Kokkola, T., 
Emecen, G., Lappalainen, J., Kaarniranta, K., & Atalay, M. (2014). 
Natural thermal adaptation increases heat shock protein levels and 
decreases oxidative stress. Redox Biology, 3, 25–28. https://doi.
org/10.1016/j.redox.2014.10.003

Paaby, A. B., & Rockman, M. V. (2014). Cryptic genetic variation: 
Evolution’s hidden substrate. Nature Reviews Genetics, 15, 247–258. 
https://doi.org/10.1038/nrg3688

Parmesan, C., Ryrholm, N., Stefanescu, C., Hill, J. K., Thomas, C. D., 
Descimon, H., Huntley, B., Kaila, L., Kullberg, J., Tammaru, T., 
Tennent, W. J., Thomas, J. A., & Warren, M. (1999). Poleward shifts 
in geographical ranges of butterfly species associated with regional 
warming. Nature, 399, 579–583. https://doi.org/10.1038/21181

Paz-Vinas, I., & Blanchet, S. (2015). Dendritic connectivity shapes spa-
tial patterns of genetic diversity: A simulation-based study. Journal 
of Evolutionary Biology, 28, 986–994. https://doi.org/10.1111/
jeb.12626

Phillips, B. L., & Shine, R. (2006). An invasive species induces rapid adap-
tive change in a native predator: Cane toads and black snakes in 
Australia. Proceedings of the Royal Society B: Biological Sciences, 273, 
1545–1550. https://doi.org/10.1098/rspb.2006.3479

Pigliucci, M. (2005). Evolution of phenotypic plasticity: Where are we 
going now? Trends in Ecology & Evolution, 20, 481–486. https://doi.
org/10.1016/j.tree.2005.06.001

https://doi.org/10.1111/j.1558-5646.1976.tb00911.x
https://doi.org/10.1111/j.1558-5646.1976.tb00911.x
https://doi.org/10.1111/j.1558-5646.1996.tb04504.x
https://doi.org/10.1111/j.1558-5646.1996.tb04504.x
https://doi.org/10.1002/ece3.1780
https://doi.org/10.1002/ece3.1780
https://doi.org/10.1093/icb/icn092
https://doi.org/10.1002/ece3.4905
https://doi.org/10.1002/ece3.4905
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1093/bioinformatics/btr642
https://doi.org/10.1093/bioinformatics/btr642
https://doi.org/10.1139/z97-783
https://doi.org/10.1093/sysbio/syy074
https://doi.org/10.1093/sysbio/syy074
https://doi.org/10.1111/1365-2664.12236
https://doi.org/10.1111/1365-2664.12236
https://doi.org/10.1111/j.1365-2486.2007.01514.x
https://doi.org/10.1007/s10531-015-0940-6
https://doi.org/10.1111/j.0014-3820.2003.tb00219.x
https://doi.org/10.1111/j.0014-3820.2003.tb00219.x
https://doi.org/10.1139/f95-259
https://doi.org/10.1139/f95-259
https://doi.org/10.1111/j.0014-3820.2003.tb00266.x
https://doi.org/10.1111/j.0014-3820.2003.tb00266.x
https://doi.org/10.1111/j.1558-5646.2007.00220.x
https://doi.org/10.1111/j.1558-5646.2007.00220.x
https://doi.org/10.1111/j.1752-1688.2007.00008.x
https://doi.org/10.1111/j.1752-1688.2007.00008.x
https://doi.org/10.1007/s10750-014-1926-1
https://doi.org/10.1007/s10750-014-1926-1
https://doi.org/10.1038/hdy.2013.99
https://doi.org/10.1093/molbev/msz260
https://doi.org/10.1371/journal.pone.0050620
https://doi.org/10.1371/journal.pone.0050620
https://doi.org/10.1186/s12864-015-1246-5
https://doi.org/10.1093/sysbio/syr052
https://doi.org/10.1093/sysbio/syr052
https://doi.org/10.1038/nclimate1588
https://doi.org/10.1038/nclimate1588
https://doi.org/10.1126/science.1117004
https://doi.org/10.1016/j.redox.2014.10.003
https://doi.org/10.1016/j.redox.2014.10.003
https://doi.org/10.1038/nrg3688
https://doi.org/10.1038/21181
https://doi.org/10.1111/jeb.12626
https://doi.org/10.1111/jeb.12626
https://doi.org/10.1098/rspb.2006.3479
https://doi.org/10.1016/j.tree.2005.06.001
https://doi.org/10.1016/j.tree.2005.06.001


512  |     OLIVEIRA Et AL.

Pigliucci, M., Murren, C. J., & Schlichting, C. D. (2006). Phenotypic plas-
ticity and evolution by genetic assimilation. Journal of Experimental 
Biology, 209, 2362–2367. https://doi.org/10.1242/jeb.02070

R Core Team (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Vienna, Austria. https://
www.R-proje ct.org/.

Ravinet, M., Prodöhl, P. A., & Harrod, C. (2013). Parallel and nonparal-
lel ecological, morphological and genetic divergence in lake–stream 
stickleback from a single catchment. Journal of Evolutionary Biology, 
26, 186–204. https://doi.org/10.1111/jeb.12049

Ray, J. M., Wood, R. M., & Simons, A. M. (2006). Phylogeography and 
post-glacial colonization patterns of the rainbow darter, Etheostoma 
caeruleum (Teleostei: Percidae). Journal of Biogeography, 33, 1550–
1558. https://doi.org/10.1111/j.1365-2699.2006.01540.x

Reed, D. H., & Frankham, R. (2003). Correlation between Fitness and 
Genetic Diversity. Conservation Biology, 17, 230–237. https://doi.
org/10.1046/j.1523-1739.2003.01236.x

Reed, T. E., Schindler, D. E., & Waples, R. S. (2011). Interacting Effects 
of Phenotypic Plasticity and Evolution on Population Persistence 
in a Changing Climate. Conservation Biology, 25, 56–63. https://doi.
org/10.1111/j.1523-1739.2010.01552.x

Reed, T. E., Waples, R. S., Schindler, D. E., Hard, J. J., & Kinnison, M. T. 
(2010). Phenotypic plasticity and population viability: The impor-
tance of environmental predictability. Proceedings of the Royal Society 
B: Biological Sciences, 277, 3391–3400. https://doi.org/10.1098/
rspb.2010.0771

Rocha, F. B., & Klaczko, L. B. (2016). Untangling the Components of 
Phenotypic Plasticity in Nonlinear Reaction Norms of Drosophila 
Mediopunctata Pigmentation. BioRxiv, 070599.https://doi.
org/10.1101/070599

Rochette, N. C., Rivera-Colón, A. G., & Catchen, J. M. (2019). Stacks 2: 
Analytical methods for paired-end sequencing improve RADseq-
based population genomics. Molecular Ecology, 28, 4737–4754. 
https://doi.org/10.1111/mec.15253

Rohlf, J. F. (2017). TpsDig2 (Version 2.3). Retrieved from https://life.bio.
sunysb.edu/morph/soft-dataacq.html.

Rohlf, J. F. (2018). TpsUtil (Version 1.76). Retrieved from https://life.bio.
sunysb.edu/morph/ soft-utili ty.html.

Rose, N. H., Bay, R. A., Morikawa, M. K., & Palumbi, S. R. (2018). Polygenic 
evolution drives species divergence and climate adaptation in corals. 
Evolution, 72, 82–94. https://doi.org/10.1111/evo.13385

Saint-Laurent, R., Legault, M., & Bernatchez, L. (2003). Divergent 
selection maintains adaptive differentiation despite high gene 
flow between sympatric rainbow smelt ecotypes (Osmerus 
mordax Mitchill). Molecular Ecology, 12, 315–330. https://doi.
org/10.1046/j.1365-294X.2003.01735.x

Schaefer, J., & Ryan, A. (2006). Developmental plasticity in the thermal 
tolerance of zebrafish Danio rerio. Journal of Fish Biology, 69, 722–
734. https://doi.org/10.1111/j.1095-8649.2006.01145.x

Scheiner, S. M. (1993). Genetics and Evolution of Phenotypic Plasticity. 
Annual Review of Ecology and Systematics, 24, 35–68. https://doi.
org/10.1146/annur ev.es.24.110193.000343

Sexton, J. P., Hangartner, S. B., & Hoffmann, A. A. (2014). Genetic isola-
tion by environment or distance: which pattern of gene flow is most 
common? Evolution, 68, 1–15. https://doi.org/10.1111/evo.12258

Sharpe, D. M. T., Räsänen, K., Berner, D., & Hendry, A. P. (2008). Genetic 
and environmental contributions to the morphology of lake and 
stream stickleback: Implications for gene flow and reproductive iso-
lation. Evolutionary Ecology Research, 10, 849–866.

Slatkin, M. (1987). Gene flow and the geographic structure of natural 
populations. Science, 236, 787–792. https://doi.org/10.1126/scien 
ce.3576198

Sultan, S. E., & Spencer, H. G. (2002). Metapopulation Structure Favors 
Plasticity over Local Adaptation. The American Naturalist, 160, 271–
283. https://doi.org/10.1086/341015

Thomas, C. D., Cameron, A., Green, R. E., Bakkenes, M., Beaumont, L. J., 
Collingham, Y. C., Erasmus, B. F. N., de Siqueira, M. F., Grainger, A., 
Hannah, L., Hughes, L., Huntley, B., van Jaarsveld, A. S., Midgley, G. 
F., Miles, L., Ortega-Huerta, M. A., Peterson, A. T., Phillips, O. L., & 
Williams, S. E. (2004). Extinction risk from climate change. Nature, 
427, 145–148. https://doi.org/10.1038/natur e02121

Thompson, J. N. (1998). Rapid evolution as an ecological process. Trends 
in Ecology & Evolution, 13, 329–332. https://doi.org/10.1016/S0169 
-5347(98)01378 -0

Thornton, P. E., Thornton, M. M., Mayer, B. W., Wei, Y., Devarakonda, R., 
Vose, R. S., & Cook, R. B. (2018). Daymet: Daily Surface Weather Data 
on a 1-km Grid for North America, Version 3. ORNL DAAC, Oak Ridge, 
Tennessee, United States. https://doi.org/10.3334/ORNLD AAC/1328

Tigano, A., & Friesen, V. L. (2016). Genomics of local adaptation with gene 
flow. Molecular Ecology, 25, 2144–2164. https://doi.org/10.1111/
mec.13606

van Vliet, M. T. H., Franssen, W. H. P., Yearsley, J. R., Ludwig, F., 
Haddeland, I., Lettenmaier, D. P., & Kabat, P. (2013). Global river 
discharge and water temperature under climate change. Global 
Environmental Change, 23, 450–464. https://doi.org/10.1016/j.gloen 
vcha.2012.11.002

van Vliet, M. T. H., Yearsley, J. R., Ludwig, F., Vögele, S., Lettenmaier, D. 
P., & Kabat, P. (2012). Vulnerability of US and European electricity 
supply to climate change. Nature Climate Change, 2, 676–681. https://
doi.org/10.1038/nclim ate1546

Wang, I. J., & Bradburd, G. S. (2014). Isolation by environment. Molecular 
Ecology, 23, 5649–5662. https://doi.org/10.1111/mec.12938

Washburn, B. A., Cashner, M. F., & Blanton, R. E. (2020). Small fish, large 
river: Surprisingly minimal genetic structure in a dispersal-limited, 
habitat specialist fish. Ecology and Evolution, 10, 2253–2268. https://
doi.org/10.1002/ece3.6064

Wilcox, B. A., & Murphy, D. D. (1985). Conservation Strategy: The Effects 
of Fragmentation on Extinction. The American Naturalist, 125, 879–
887. https://doi.org/10.1086/284386

Willi, Y., & Hoffmann, A. A. (2009). Demographic factors and genetic 
variation influence population persistence under environmental 
change. Journal of Evolutionary Biology, 22, 124–133. https://doi.
org/10.1111/j.1420-9101.2008.01631.x

Willi, Y., Van Buskirk, J., & Hoffmann, A. A. (2006). Limits to the Adaptive 
Potential of Small Populations. Annual Review of Ecology, Evolution, 
and Systematics, 37, 433–458. https://doi.org/10.1146/annur ev.ecols 
ys.37.091305.110145

Yates, M. C., Bowles, E., & Fraser, D. J. (2019). Small population size and 
low genomic diversity have no effect on fitness in experimental trans-
locations of a wild fish. Proceedings of the Royal Society B: Biological 
Sciences, 286, 20191989. https://doi.org/10.1098/rspb.2019.1989

Young, H. S., McCauley, D. J., Galetti, M., & Dirzo, R. (2016). Patterns, 
Causes, and Consequences of Anthropocene Defaunation. Annual 
Review of Ecology, Evolution, and Systematics, 47, 333–358. https://
doi.org/10.1146/annur ev-ecols ys-11241 4-054142

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Oliveira DR, Reid BN, Fitzpatrick SW. 
Genome-wide diversity and habitat underlie fine-scale 
phenotypic differentiation in the rainbow darter (Etheostoma 
caeruleum). Evol. Appl.2021;14:498–512. https://doi.
org/10.1111/eva.13135

https://doi.org/10.1242/jeb.02070
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/jeb.12049
https://doi.org/10.1111/j.1365-2699.2006.01540.x
https://doi.org/10.1046/j.1523-1739.2003.01236.x
https://doi.org/10.1046/j.1523-1739.2003.01236.x
https://doi.org/10.1111/j.1523-1739.2010.01552.x
https://doi.org/10.1111/j.1523-1739.2010.01552.x
https://doi.org/10.1098/rspb.2010.0771
https://doi.org/10.1098/rspb.2010.0771
https://doi.org/10.1101/070599
https://doi.org/10.1101/070599
https://doi.org/10.1111/mec.15253
https://life.bio.sunysb.edu/morph/soft-utility.html
https://life.bio.sunysb.edu/morph/soft-utility.html
https://doi.org/10.1111/evo.13385
https://doi.org/10.1046/j.1365-294X.2003.01735.x
https://doi.org/10.1046/j.1365-294X.2003.01735.x
https://doi.org/10.1111/j.1095-8649.2006.01145.x
https://doi.org/10.1146/annurev.es.24.110193.000343
https://doi.org/10.1146/annurev.es.24.110193.000343
https://doi.org/10.1111/evo.12258
https://doi.org/10.1126/science.3576198
https://doi.org/10.1126/science.3576198
https://doi.org/10.1086/341015
https://doi.org/10.1038/nature02121
https://doi.org/10.1016/S0169-5347(98)01378-0
https://doi.org/10.1016/S0169-5347(98)01378-0
https://doi.org/10.3334/ORNLDAAC/1328
https://doi.org/10.1111/mec.13606
https://doi.org/10.1111/mec.13606
https://doi.org/10.1016/j.gloenvcha.2012.11.002
https://doi.org/10.1016/j.gloenvcha.2012.11.002
https://doi.org/10.1038/nclimate1546
https://doi.org/10.1038/nclimate1546
https://doi.org/10.1111/mec.12938
https://doi.org/10.1002/ece3.6064
https://doi.org/10.1002/ece3.6064
https://doi.org/10.1086/284386
https://doi.org/10.1111/j.1420-9101.2008.01631.x
https://doi.org/10.1111/j.1420-9101.2008.01631.x
https://doi.org/10.1146/annurev.ecolsys.37.091305.110145
https://doi.org/10.1146/annurev.ecolsys.37.091305.110145
https://doi.org/10.1098/rspb.2019.1989
https://doi.org/10.1146/annurev-ecolsys-112414-054142
https://doi.org/10.1146/annurev-ecolsys-112414-054142
https://doi.org/10.1111/eva.13135
https://doi.org/10.1111/eva.13135



