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Abstract 

Reduced connectivity created by artificial barriers can influence the genetic integrity of 

isolated subpopulations by reducing local population sizes and altering patterns of historic gene 

flow. I investigated the genetic impacts of one such barrier, the Prairie du Sac dam, Wisconsin, 

USA, using microsatellite data from seven fish species with varying life history traits sampled 

above and below the dam. Contrary to many past studies in other systems, I did not detect any 

significant differences in genetic diversity between populations found above and below the 

Prairie du Sac dam. Results revealed low genetic differentiation (FST = 0 – 0.008) between 

populations above and below the dam for all species. In fact, more genetic variation was 

partitioned among sampling years than between above and below dam populations for all but one 

of the species. Results from simulations designed to model my study system indicated that the 

genetic impacts of the dam will likely be detectable approximately 40-60 generations after the 

dam was constructed. These simulations also suggested it may be possible to lessen the genetic 

effects of the dam with a fish passage strategy that facilitates a migration rate of > 1% between 

above and below dam populations. In summary, my findings indicate the genetic effects of dams 

can be variable, and that fish passage strategies could dampen genetic differentiation if designed 

appropriately. 
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Introduction 

Dams cause substantial disruption to river ecosystems and fundamentally alter ecosystem 

processes (Bednarek 2001; Deiner et al. 2007; Wang et al. 2011). For example, sedimentation, 

water level, water temperature, flow rate, and channelization can all be influenced by the 

construction of dams (Santucci et al. 2005; Catalano et al. 2007; Hall et al. 2011). Dams can also 

act as a barrier to fish species that normally move throughout a river system (Catalano et al. 

2007; Cheng et al. 2015) or return to a river location to spawn (Hall et al. 2011). Additionally, 

dams can cause habitat fragmentation, potentially reducing reproductive success of species 

inhabiting the river (Meixler et al. 2009; Kornis et al. 2015). This can lead to decreases in 

abundance and loss of diversity among species and populations (Blanchet et al. 2010; Horreo et 

al. 2011). In extreme cases, fragmentation of a river ecosystem can lead to extirpation of entire 

populations or species (Neraas & Spruell 2001; Meixler et al. 2009). 

The composition and species richness of fish populations found above and below a dam is 

the most widely used method for assessing the effects of dams on riverine systems (Wang et al. 

2011), but understanding genetic variation within and among species can also be an important 

assessment tool in determining the effect of fragmentation caused by dams (Stamford & Taylor 

2005). For example, fragmentation caused by dams can lead to smaller local population sizes and 

less gene flow among populations, which can increase genetic drift and inbreeding, resulting in 

reduced genetic diversity and effective population sizes (Yamamoto et al. 2004; Blanchet et al. 

2010). Habitat fragmentation can have an especially large influence on migratory species such as 

blue sucker (Cycleptus elongates; Bessert & Ortí 2008), bull trout (Salvelinus confluentus; 

Neraas & Spruell 2001), and European grayling (Thymallus thymallus; Junge et al. 2014)], 

whose migration route is blocked by barriers (Yamamoto et al. 2004; Horreo et al. 2011). 
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Continuous stretches of riverine ecosystems are important for species to utilize their evolutionary 

behaviors (Neraas & Spruell 2001), therefore, isolating populations in a once continuous riverine 

system can lead to the loss of important life history traits including dispersal behavior and 

morphological variation [e.g. migratory forms (Botsford & Brittnacher 1998)]. 

Many studies exploring the genetic effects of dams and other manmade barriers on fish 

populations have suggested that these barriers lead to higher genetic structure among populations 

and lower genetic diversity within populations (Yamamoto et al. 2004; Bessert & Ortí 2008). 

However, this result is not universal, as the effects of barriers on genetic diversity are influenced 

by a number of biotic and abiotic factors (Heggenes & Røed 2006; Deiner et al. 2007; Blanchet 

et al. 2010; Euclide et al. 2017). For example, Blanchet et al. (2010) examined the genetic 

impacts of dams on multiple species and found that, while species in impounded environments 

had consistently lower diversity and higher differentiation, the magnitude of the differences 

between dammed and undammed environments varied widely among species. Further analysis 

revealed intermediate-sized fishes were the most affected by barriers, while small-sized fishes 

were the least influenced (Blanchet et al. 2010).  

The genetic impacts of dams are also highly influenced by the number of dams in the system 

(Horreo et al. 2011). For example, genetic differentiation in brown trout (Salmo trutta) sampled 

across four different European river systems increased as the number of dams within the system 

increased (Horreo et al. 2011). This result was attributed to decreased local population sizes and 

reduced migration rates among populations in environments with more dams, leading to higher 

levels of inbreeding and genetic drift (Horreo et al. 2011). The time which populations have been 

separated should also influence genetic differentiation due to increased genetic drift as 

populations are isolated for longer. This assumption was empirically tested by Yamamoto et al. 
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(2004), who found that populations of white-spotted charr (Salvelinus leucomaenis) were more 

highly differentiated in rivers with dams that were constructed in the 1960s and 1970s compared 

to a river with a dam that was constructed in the 1990s. 

The studies highlighted above provide strong evidence that habitat fragmentation caused by 

dams influence the genetic characteristics of fish populations. Specifically, fragmentation caused 

by dams can lead to decreases in genetic diversity and increases in genetic structure compared to 

a continuous environment. Therefore, it is important to adopt management tactics that can 

mitigate the impact of dams and preserve the genetic integrity of species. The complete removal 

of dams is a potential management strategy for genetic and ecological restoration (e.g. Baraboo 

River, WI, Catalano et al. 2007) that would facilitate connectivity between previously isolated 

populations (Gregory et al. 2002; Blanchet et al. 2010). However, complete removal of dams is 

not often feasible (Bednarek 2001).  

An alternative option is to create fish passages. Fish passages allow the movement of fish 

between populations above and below a dam, which can improve connectivity between 

populations, facilitate gene flow, and reduce the chance that populations will become genetically 

differentiated due to fragmentation (Neraas & Spruell 2001; Yamamoto et al. 2004). Types of 

fish passage systems include fish ladders, which allow passive movement of fish and are used for 

jumping fish species such as salmon (Oncorynchus spp.) in the Columbia River, WA, and fish 

elevators, which rely on active transport of fish from below a dam to above the dam and are used 

for less acrobatic species such as lake sturgeon (Acipenser fulvescens) in the Menominee River, 

WI (Caudill et al. 2007; Jager et al. 2016). Species or populations most genetically affected by 

fragmentation should have the top priority when considering fish passage (Blanchet et al. 2010), 

but effects on other species should also be weighed. If dams are to implement fish passage, dam 
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owners and resource agencies will need to create a passage plan that will retain overall 

ecological integrity, as well as restore genetic diversity among populations, while also following 

current regulations and minimizing the spread of invasive species.  

The Wisconsin River is a large tributary of the Mississippi River that contains 26 dams, 

which has led to a high degree of population fragmentation for the aquatic species that inhabit it. 

The Prairie du Sac (PDS) dam is the first upstream barrier before the Wisconsin River flows into 

the Mississippi River and is primarily used to generate hydroelectric power (Cochran et al. 

2003). The dam was built in 1911, creating Lake Wisconsin, a 10,000 ac reservoir with 52 miles 

of lakeshore (Acton 2016). Because the PDS dam was built over 100 years ago, this dam may 

have already affected the genetic integrity of fish species that once had access to a continuous 

riverine system. Fish found below the PDS dam can move freely to the Mississippi River, 

facilitating gene flow, whereas fish above the dam are isolated within Lake Wisconsin (Figure 

1). The dam has caused local extinctions of multiple fish species in Lake Wisconsin including 

shovelnose sturgeon (Scaphirhynchus platorynchus), paddlefish (Polyodon spathula), and blue 

sucker (Lyons 2005), but the genetic effects of the dam on extant species have not been 

evaluated. Developing a fish passage program at this dam could potentially restore genetic 

connectivity between populations of fish found below and above the dam as well as facilitate 

recolonization from species that have been extirpated. Currently, the Federal Energy Regulatory 

Commission (FERC) requires fish passage at the PDS dam by the year 2020. 

The objective of this project was to determine if genetic structure and differences in diversity 

existed between populations of seven fish species found above and below the PDS dam. Species 

exhibiting differences in spawning behavior, growth, and generation times could show varying 

genetic effects due to fragmentation (Ewers & Didham 2006). Therefore, I selected seven fish 
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species that represented a variety of life history strategies: lake sturgeon (Acipenser fulvescens), 

quillback carpsucker (Carpiodes cyprinus), smallmouth bass (Micropterus dolomieu), shorthead 

redhorse (Moxostoma macrolepidotum), sauger (Sander canadensis), walleye (Sander vitreus), 

and flathead catfish (Pylodictis olivaris; Table 1). The primary goal of this project was to provide 

resource managers with genetic information that can be used to develop management strategies, 

such as fish passage, that will preserve the genetic integrity of populations within the Wisconsin 

River. 

Methods 

Study Area and Sample Collection 

I collected 1,333 tissue samples from seven fish species in the lower Wisconsin River above 

and below the PDS dam (Fig. 1). The Kilbourn Dam located in Wisconsin Dells, WI was the 

upstream boundary of collection, and above dam samples were collected in lentic and lotic 

environments between the Kilbourn Dam and the PDS dam. The U.S. Hwy 12 Bridge (located 

five kilometers downstream from the PDS dam in Prairie du Sac, Wisconsin) was the 

downstream boundary for sample collection, with all below dam samples being collected within 

one mile of the PDS dam tailrace. Fin clips (tissue used for DNA extraction) were collected from 

each fish during the spring and fall of 2015 and 2016 in conjunction with Wisconsin Department 

of Natural Resources Fisheries Department surveys for six of my seven sampled species. Due to 

insufficient sample sizes, flathead catfish sampling was also conducted during 2017. Tissue 

samples were placed in individual collection tubes containing 95% ethanol and length 

measurements were taken (Table 1). Fish were sampled using electrofishing (quillback 

carpsucker, smallmouth bass, shorthead redhorse, sauger, walleye, and flathead catfish), short-

term gill netting (lake sturgeon and flathead catfish), and hoop netting (flathead catfish). 
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Laboratory Analysis 

Laboratory processing of tissue samples was carried out as described in Kapuscinski et al. 

(2013). A 3-mm piece of fin tissue was obtained from each fin clip using a standard biopsy 

punch (Integra™ Miltex™) and genomic DNA was extracted using the Promega Wizard® 

Genomic DNA purification kit (Promega Corp., Madison, Wisconsin), following a 96-well 

configuration. Purified genomic DNA was quantified using a Nanodrop® ND-100 

spectrophotometer (Nanodrop Technologies, Wilmington, Delaware), and normalized to a final 

concentration of 20ng/µL. Polymerase chain reaction (PCR) amplification of 8 – 15 previously 

developed microsatellite loci per species were run using a suite of multiplexes with the same 

annealing temperatures (Tm; Table S1). Loci used for PCR amplification are described in the 

following studies: lake sturgeon (McQuown et al. 2002; Welsh et al. 2003), quillback carpsucker 

(Tranah et al. 2001; Bessert et al. 2007), smallmouth bass (Colbourne et al. 1996; Malloy et al. 

2000; Seyoum et al. 2013), shorthead redhorse (Reid et al. 2008), sauger and walleye (Hammen 

2009), flathead catfish (Liu et al. 1999; Waldbieser & Wolters 1999; Lamkom et al. 2008). Lake 

sturgeon, sauger, and walleye multiplexes and PCR reaction conditions were previously 

developed in the Molecular Conservation Genetics Laboratory (MCGL) at the University of 

Wisconsin-Stevens Point. Quillback carpsucker, smallmouth bass, shorthead redhorse, and 

flathead catfish multiplexes and PCR reaction conditions were tested and developed by checking 

PCR amplicon quality using electrophoresis (1% agarose), and testing multiple Tm when loci 

were combined into multiplexes. An ABI 3730 DNA Analyzer (Life Technologies, Carlsbad, 

California) was used to separate PCR amplicons and determine allele sizes. Allele sizes were 

visually verified using Genemapper® software (Life Technologies, Carlsbad, California) and 

allele calls were collated into a collection of multi-locus data for each individual. Loci and 
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individuals with an initially high failure rate (>50%) were rerun (PCR amplification and 

fragment analysis). After initial genotyping, two lake sturgeon loci (Aox27 and Spl120; Table 

S1) were removed because of a high frequency of polyploidy genotypes, and one quillback 

carpsucker locus (Ce195) was removed due to poor PCR amplification for over half of the 

individuals. 

Population groups used in genetic analysis 

I was able to obtain target sample numbers for populations above and below the dam in each 

sampling year from six of my seven species (all but flathead catfish). Most genetic analyses on 

these six species were conducted on four populations (above and below the dam for each 

sampling year). I also calculated a subset of my statistics for these six species using two 

populations (combined based on sampling location – above and below the PDS dam); which 

herein will be referred to as “pooled” populations, and one population (all four populations 

combined) referred to as the “global” population. Analyses for the six species with sufficient 

sample sizes were conducted on the four populations unless otherwise specified. I was only able 

to collect 133 total fin clips for flathead catfish (74 below, 39 above) over three years (2015 – 

2017), preventing us from utilizing the population groupings described above. Instead, I pooled 

samples across years to form a single above dam and a single below dam group. 

Quality Control 

Various quality control metrics were investigated to ensure that laboratory errors and data 

quality did not influence my results. Individuals missing genotypes in > 30% of loci or loci 

missing > 30% of individuals were removed from further analysis. All loci were examined for 

deviations from Hardy-Weinberg and linkage equilibrium using exact tests implemented in 

GENEPOP v4 (Rousset 2008, alpha < 0.01).  
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To ensure that the presence of hybrids did not influence my results, species that are known to 

hybridize in the area where I sampled [quillback carpsucker with other carpsuckers, and walleye 

with sauger (Billington et al. 1997; Bart et al. 2010)] were analyzed for the presence of hybrid 

individuals using STRUCTURE v2.3.4 (Pritchard et al. 2000). I ran STRUCTURE using K = 1 - 

4, ten runs per K, burn-in period = 100,000, and iterations = 100,000. Results from multiple runs 

were combined using CLUMPAK (Kopelman et al. 2015) and likelihood values were visualized 

with Structure Harvester (Earl & vonHoldt 2012). Individuals with q-values > 0.1 for each 

genetic cluster (i.e. species) were considered hybrids and removed from further analyses. 

Sibling analysis was conducted for all species in Colony v2.0.6.4 (Jones & Wang 2010) to 

ensure that my results were not skewed by cryptic population structure due to sampling family 

groups (Hansen et al. 1997). Each species was analyzed twice in Colony using a female and male 

polygamy mating system, full-likelihood and pair-likelihood score analysis method, and random 

seed values of 1234 and 5678. I tested an error rate of 1% but ended up using an error rate of 

0.1% instead to be more conservative. This may be slightly lower than my true genotyping error 

rate, but I wanted to reduce type II error (i.e. failure to identify true sibling relationships) as 

much as possible to reduce the influence of sibling relationships to my results. I used the 

inclusive probability values from the Best (ML) full-sib family output of Colony to detect 

individuals in the same full sibling group. This probability indicates whether a family can be 

split; the higher the value, the more likely the family cannot be split, and the individuals are full 

siblings. I used an inclusive probability cutoff of 0.75 in Colony for discerning whether to 

remove individuals from a family with related individuals. Full sibling groups that were 

identified in either run were denoted as sibships, and one individual from each sibling group with 
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the least amount of missing data was retained for further analyses. If members of a family had 

the same amount of missing data, a random member was removed. 

Genetic diversity 

I calculated the following population and locus-specific summary statistics in GenAlEx 

(Peakall & Smouse 2006) to investigate genetic diversity: mean number of alleles per population 

(A), and observed and expected heterozygosity (HO and HE). Allelic richness (AR) averaged over 

all loci for each population was calculated using the rarefaction method in HP-RARE 

(Kalinowski 2005) with the minimum number of genes recommended by the program. AR for 

each locus was estimated using FSTAT (Goudet 1995). The number of private alleles (PA) in the 

pooled populations was calculated in the R package Poppr (Kamvar et al. 2014). Statistically 

significant differences in AR and HO between pooled populations were assessed with exact tests 

implemented in FSTAT (Goudet 1995) to determine if there were any differences that may be 

attributed to the PDS dam. 

Inbreeding coefficients (FIS) and 95% confidence intervals for each population were 

calculated in the diveRsity package in R (Keenan et al. 2013). If the intervals did not include 

zero, I deemed the FIS values as significantly different from zero. I also calculated FIS values for 

each locus in GENEPOP v4 (Rousset 2008). Effective population sizes (Ne) for each population 

and for the global population were calculated using the linkage disequilibrium method (Waples 

2006) implemented in NeEstimator 2.01 (Do et al. 2014), with a critical value of 0.02. Ne 

calculations using the linkage disequilibrium method can be biased slightly downward when 

individuals from multiple cohorts are included in the sample due to a slight Wahlund effect [7% 

downward bias on average (Waples et al. 2014)]. However, this small bias should not greatly 

affect the interpretation of the Ne results.  
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Power analysis for detecting population structure 

I utilized the program POWSIM (Ryman & Palm 2006) to evaluate the statistical power for 

detecting pairwise genetic differentiation in each of my study species. POWSIM incorporates 

user defined Nes, generations since divergence, and marker set characteristics to simulate 

population data with a desired amount of genetic differentiation (FST). The program then 

conducts exact tests of genetic differentiation (alpha = 0.05) to determine the power of a given 

marker set for differentiating populations at various levels of differentiation. The levels of 

differentiation that I simulated were based on estimates of population structure found in this 

study (see results) and were as follows: FST values of 0.001, 0.0025, 0.005, and 0.01. I also 

simulated specific scenarios for some species to determine whether certain comparisons could be 

reliably deemed significant. To simulate all scenarios, I used Nes that were similar to those 

observed in my empirical data (500 for smallmouth bass and lake sturgeon; 5,000 for quillback 

carpsucker, shorthead redhorse, sauger, and walleye) and chose generation times that resulted in 

FST values similar to my empirical data based on these Nes. Sample sizes for the simulations 

were determined by taking the average number of individuals sampled from each population for 

each species. POWSIM was performed using all populations as well as the pooled populations, 

and each scenario was simulated 1,000 times. Parameters for Markov chain simulations were a 

burn in of 10,000, 100 batches, and 5,000 iterations per batch. If the proportion of significant 

exact tests was > 0.9 for a given FST, I concluded that I had sufficient power to detect significant 

differentiation. 

Population Structure 

To investigate population structure in my study area, I calculated pairwise FST values (Weir 

& Cockerham 1984) in GENEPOP and conducted exact tests of genetic differentiation (alpha < 
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0.05). This analysis was conducted for all populations and pooled populations. I considered a test 

to be significant if it produced a significant result and the FST exceeded the 0.9 threshold in 

POWSIM simulations. I also conducted principal coordinate analysis of pairwise FST values in 

GenAlEx for smallmouth bass to visualize population structure in this species. I did not conduct 

principal coordinate analysis on any other species because no other species displayed any 

pairwise FST values > 0.01. Next, an analysis of molecular variance (AMOVA) was performed in 

Arlequin 3.5.2.2 (Excoffier & Lischer 2010) to determine the relative importance of sampling 

year and location in shaping genetic structure for all species excluding flathead catfish. 

Populations were grouped by sampling location (above vs. below dam) for this analysis. Finally, 

I calculated locus-specific FST values in GENEPOP. 

Simulations to inform fish passage  

I used simulations to investigate how genetic diversity and differentiation of fish populations 

may be influenced by the PDS dam in the future and to examine the influence of different 

potential fish passage strategies on genetic metrics. To approximate the construction of a dam, I 

simulated scenarios where a barrier was placed between two panmictic populations 20, 40, 60, 

80, and 100 generations ago. I then explored the influence of different effective migration 

(hereafter referred to as migration) rates, Nes, and time since isolation on metrics of genetic 

differentiation (FST) and diversity (HO, AR, and number of private alleles). Scenarios were 

simulated 100 times each in the coalescent-based simulation in program fastsimcoal2 (Excoffier 

& Foll 2011), and all simulations were initialized with two populations that initially exchanged a 

high number of migrants (m = 0.1) before the barrier was constructed. Simulations approximated 

data from 10 unlinked microsatellite-like loci with a mutation rate of 0.0005, and genetic 

statistics were assessed by sampling 50 individuals from each population.  
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The four scenarios that I simulated were no migration after barrier construction, symmetric 

migration, asymmetric migration (no upstream migration), and a scenario where there was 

slightly higher downstream migration than upstream migration that should approximate a trap 

and transfer passage strategy (Table 2). Each scenario was run with Nes of 100 and 1,000 to 

approximate species with relatively low Nes (smallmouth bass, lake sturgeon) and higher Nes (all 

other species included in the study). I also investigated different migration rates (high = 0.1, 

medium = 0.01, low = 0.001) for each scenario and raised the mutation rate to 0.005 for scenario 

11 to ensure that my conclusions were robust across datasets with differing levels of 

polymorphism (Table 2). Summary statistics for each simulation were calculated in diveRsity 

(FST, HO, AR) or Poppr (PA) and visualized using box and whisker plots. 

Results 

Quality control 

I retained 31-50 individuals per population (39-74 per pooled population for flathead catfish) 

and 9-15 loci from each species for analysis (Table 3; Table 4; Table S1). After examining loci 

and individuals for > 30% missing data, one quillback carpsucker, four smallmouth bass, five 

shorthead redhorse, one sauger, and one walleye were removed from the dataset. No loci were 

removed due to > 30% missing data; the greatest amount of missing data per locus for any one 

species was 11.5%. Tests for deviations from Hardy-Weinberg and linkage equilibrium revealed 

three loci exhibiting significant deviations (P < 0.01) in two or more populations (Table S1). 

Shorthead redhorse loci Dlu4296 and Mohulav296 were removed for deviating from Hardy-

Weinberg equilibrium. Smallmouth bass loci Mdo2 and Mdo6 deviated from linkage 

equilibrium; locus Mdo2 was removed from further analysis because it had more missing data. 
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I found and removed 26 putative quillback carpsucker hybrids using STRUCTURE v2.3.4 

and then re-ran analyses for Hardy-Weinberg and linkage equilibrium. Upon re-evaluation of the 

remaining quillback carpsucker samples, locus Ce35 was removed for failing Hardy-Weinberg 

(P < 0.01) (Table S1). No walleye-sauger hybrids were found. 

At least one pair of individuals per species were found to be part of the same family group 

using Colony. Lake sturgeon, walleye, and flathead catfish contained families with up to three 

related individuals. Table 3 contains the original sample totals as well as the number of samples 

retained for genetic analysis. 

Genetic diversity 

Genetic diversity was not statistically different for populations found above and below the 

PDS dam based on exact tests for AR and HO conducted in FSTAT (Table 3). Additionally, there 

was no qualitative evidence of differences in diversity above and below the dam (Table 3). Lake 

sturgeon showed the greatest difference in HO between above and below populations (average 

above HO = 0.54, average below HO = 0.57). Differences in HO above versus below the dam for 

other species ranged from 0.005 – 0.02. There were also no substantial differences in A (0.1 – 

0.73) or AR (0.13 – 0.60) between above and below dam populations for any species. Diversity 

was also similar between sampling years for each species (Table 3). Values of AR and HO for 

flathead catfish were similar for both pooled populations (3.300 – 3.610 and 0.430 – 0.444 

respectively), and the differences in AR, HO, and A values fell within the range of my other 

species (Table 3; Table 4). Estimates of PA were higher in below dam populations than above 

dam populations for all species except quillback carpsucker (equal PA above and below PDS 

dam) and walleye (three more private alleles above PDS dam than below; Table 5).  
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Overall, genetic diversity varied widely among species (Table 3); shorthead redhorse showed 

the highest genetic diversity (average HO = 0.86), while smallmouth bass showed the lowest 

genetic diversity (average HO = 0.46). However, comparing diversity among different suites of 

microsatellites is difficult due to inherent differences in marker diversity (Kapuscinski et al. 

2013). Inbreeding coefficients (FIS) indicated relatively little heterozygous or homozygous 

excess for all species (FIS range -0.01 – 0.09 across all species, Table 3). Only six population-

specific values were deemed significant after calculating confidence intervals in diveRsity 

(bolded values in Table 3), and all significant tests were due to positive values indicating excess 

homozygosity). 

Estimates of Ne were relatively small for smallmouth bass, flathead catfish, and lake sturgeon 

(global population Nes ~ 250), whereas Nes for all other species were much higher (global 

population Nes > 1,000 with confidence intervals including infinity; Table 1). Population-specific 

Nes showed similar trends but were much more variable (Table 3). For example, Nes for 

smallmouth bass ranged from 26 for the above dam population in 2015 to infinite for the below 

dam population in 2015. Estimates of Ne were higher below the dam for five of seven species, 

but confidence intervals still generally overlapped for above dam and below dam populations 

(Table 3). 

Power analysis for detecting population structure 

Results from POWSIM indicated that I had adequate power to detect genetic differentiation 

at an FST > 0.01 for five of six species using four populations and an FST > 0.005 when samples 

above and below the dam were pooled across years (Fig. 2). The marker sets for shorthead 

redhorse and sauger were the most powerful as these species reached the 0.9 threshold of 

significant tests at an FST of 0.005 for the four populations and 0.0025 for the pooled populations 
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(Fig. 2). The marker panel for lake sturgeon was the least powerful, likely due to the relatively 

low number of alleles per locus (average = 4.83).  

Population structure 

Little genetic structure was found for five of seven species (Tables 1, 6). Specifically, all 

pairwise FST values for both the four populations and pooled populations were less than 0.01 for 

all species except smallmouth bass and flathead catfish. Although FST values were low, 

significant differentiation was found in five species (lake sturgeon, smallmouth bass, shorthead 

redhorse, sauger) using four populations (Table 6) and four species (flathead catfish, smallmouth 

bass, shorthead redhorse, sauger) when samples were pooled (Table 1). POWSIM analysis 

verified some, but not all, low FST values as being statistically significant based on my cutoff 

threshold (Fig. 2). Taking this into account, significant comparisons were found in smallmouth 

bass and shorthead redhorse (Tables 1, 6). Smallmouth bass displayed the largest pairwise FST 

values, with the greatest genetic differentiation (largest pairwise FST = 0.04) found between 

individuals sampled above the PDS dam in 2015 (lake habitat) and those sampled above the dam 

in 2016 (riverine habitat). Principal coordinate analysis for smallmouth bass revealed that 

individuals sampled above the PDS dam in 2015 (riverine habitat) were highly diverged from the 

other three populations, which formed a relatively tight cluster (Fig. 3). The FST value for 

flathead catfish sampled above versus below the dam was the fourth largest observed in the study 

(FST = 0.01, Table 2). However, it is difficult to interpret this value given that robust temporal 

sampling was not successful for this species.  

Analysis of molecular variance provided evidence that more variation was partitioned 

between sampling years than between populations located above and below the dam for five out 

of six species (Table 7). Only quillback carpsucker displayed more variation between above and 
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below dam samples. The vast majority of genetic variation in my samples were found within 

populations (98.08 – 100.06%; Table 7), an expected result given the low levels of genetic 

differentiation that I observed.  

Simulations to inform fish passage 

Simulations revealed that differences in migration rates and Nes substantially influenced 

estimates of FST, HO, Ar, and Pa and that general trends in genetic metrics were similar across 

marker sets with different levels of polymorphism (Figs S2-S9). An in-depth comparison of all 

simulations is outside the scope of this study, therefore, I compared simulation results with my 

empirical data to identify three scenarios that best approximated the characteristics of fish 

populations above and below the PDS dam. These were asymmetric migration with m = 0.01 

(scenario 3 in Table 2), symmetric migration with m = 0.01 (scenario 6), and trap and transfer 

with m upstream = 0.001 and m downstream = 0.01 (scenario 9). A downstream migration rate 

of 0.01 with no upstream migration simulated a FST value very similar to the FST values obtained 

using my empirical data assuming some downstream migration and no upstream migration. I also 

isolated my in-depth analysis to scenarios with Ne = 1,000 because most of my species had Nes 

near or above this number.  

Results from the three scenarios that I analyzed in depth revealed that estimates of FST and 

PA varied substantially across simulations with different migration regimes, while estimates of 

HO and AR did not (Figs S2-S9). The average FST was nearly twice as high after 100 generations 

in the asymmetric migration and trap and transfer scenarios compared to the symmetric 

migration scenario (Fig. 4). Additionally, the number of private alleles were similar in 

populations above and below the dam in the symmetric migration scenario, but consistently 

lower in the below dam population in both the asymmetric migration and trap and transfer 
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scenarios (Fig. 4). Notably, metrics of genetic differentiation and diversity were similar in the 

asymmetric migration (downstream migration only) and trap and transfer scenarios, suggesting 

that the low level of upstream migration in the trap and transfer scenario was unlikely to 

substantially influence genetic metrics. Estimates of HO for each scenario ranged from 0.65 to 

0.67 and there were only slight differences between above and below dam populations. Estimates 

of AR followed a similar pattern to HO and ranged from 5.14 to 5.46. 

Discussion 

Little impact of PDS dam on genetic diversity and population structure 

My results indicated that the PDS dam has had little effect on the genetic integrity of fish 

species in the study area. Studying seven fish species that span a wide range of life history traits, 

ultimately representing a community-wide range of species, allowed us to evaluate how species 

can be affected differently by fragmentation (Blanchet et al. 2010). Nonetheless, measures of 

genetic diversity were similar in above and below dam populations across all species, and 

genetic differentiation between above and below dam populations was generally low. 

Contrastingly, most previous studies investigating the impact of dams on genetic metrics have 

suggested that habitat fragmentation created by dams leads to decreased genetic diversity and 

increased genetic differentiation in fish populations separated by barriers (Neraas & Spruell 

2001; Yamamoto et al. 2004; Blanchet et al. 2010; Horreo et al. 2011). Population genetic 

metrics are influenced by three major factors: generation time (G), Ne, and migration rates (m; 

Allendorf & Luikart 2009). Therefore, the contrasting results between this study and previous 

research on the genetic impacts of dams are likely explained by differences in these three 

attributes. 
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The fact that I did not observe substantial differences in genetic metrics between above and 

below dam populations could be the effect of the PDS dam being “evolutionarily new.” The PDS 

dam was built 104 years ago, which corresponds to about four generations for lake sturgeon (G = 

15-20 years) and about 20 generations for my other species (G ~ five years). At this timescale, it 

would likely be difficult to detect significant genetic structure unless Nes were small (Waples 

1998). For example, the FST between two populations with Ne = 500 separated for 20 generations 

is expected to be approximately 0.01, a level of differentiation that would be difficult to 

differentiate from statistical noise (Waples 1998). Results from Deiner et al. (2007), who found 

no genetic structure or differences in diversity between populations of rainbow trout 

(Oncorhynchus mykiss) sampled above and below dams constructed 5-10 generations before the 

study are also in line with this theoretical expectation. Interestingly, the genetic impacts of dams 

can even be difficult to detect hundreds of years after they are constructed. For example, 

Blanchet et al. (2010) examined the genetic impact of barriers built over 500 years ago on four 

fish species and found relatively low levels of differentiation (FST from 0.01 to 0.03 across 

species). However, multiple studies have suggested that dams built in the last 100 years have had 

significant effects on the genetic integrity of fish populations (Yamamoto et al. 2004; Bessert & 

Ortí 2008; Horreo et al. 2011). 

The contrasting results between my study and other studies that document significant genetic 

effects of dams over relatively few generations could be the result of differences in Ne or life 

history traits among study species. My Ne estimates indicated population sizes for species in my 

study were quite large considering their life history strategies; hundreds of fish for lake sturgeon 

and smallmouth bass, and thousands of fish for the remaining four species. Additionally, while 

most of my species use large areas of river habitat (10s of kms), lake sturgeon display a true 
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migratory life history (10s to 100s of km; Becker 1983). Most previous studies that have 

documented significant genetic effects of dams over small timescales have focused on 

salmonids, which typically have smaller Nes than my study species (Jorde & Ryman 1996; 

Rieman & Allendorf 2001; Heath et al. 2002) and display both migratory and resident life history 

strategies (Neraas & Spruell 2001; Yamamoto et al. 2004; Horreo et al. 2011). Disrupting 

migration patterns in salmonids can lead to extreme population declines (Raymond 1988). For 

example, Neraas and Spruell (2001) and Yamamoto et al. (2004) documented substantial 

population declines in bull trout (Salvelinus confluentus) and white-spotted charr (Salvelinus 

leucomaenis) after the construction of dams. These types of population declines can have rapid 

effects on Ne, genetic diversity, and genetic differentiation (Allendorf & Luikart 2009), likely 

explaining the significant genetic effects of dams over short timescales that have been 

documented in previous studies (e.g. Neraas & Spruell 2001; Yamamoto et al. 2004; Horreo et 

al. 2011). I have no evidence that the PDS dam has caused substantial population declines in any 

of my species. It is therefore unsurprising that I did not document any significant genetic 

differences between above and below dam populations in my study system.  

The lack of significant genetic differences between above and below dam populations in my 

study system could also be partially attributed to downstream movement of adults or juveniles. 

Fish are unable to move upstream above the PDS dam but based on tagging data collected by the 

Wisconsin Department of Natural Resources, some downstream movement of juveniles and 

adults from above the PDS dam occurs (unpublished data). This unidirectional gene flow may be 

reflected in my data. Specifically, Ne estimates were slightly higher below the PDS dam for five 

out of seven species, and more private alleles were found below the PDS dam for five out of 

seven species. However, it is important to note that fish populations below the PDS dam have 
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access to the Mississippi River, and previous studies have demonstrated that a portion of fish 

tagged in the Mississippi River use the lower Wisconsin River (Knights et al. 2002; Zigler et al. 

2003). It is therefore possible that the higher Ne estimates and number of private alleles in below 

dam populations are functions of connectivity between the lower Wisconsin and Mississippi 

Rivers. 

Strategy to detect subtle genetic impacts of the PDS dam 

Detecting low levels of structure and determining if they are biologically relevant is 

extremely difficult (Waples 1998; Palsbøll et al. 2007). Approaches that can be used to build a 

body of evidence for biological relevance include analyzing a large number of samples, 

analyzing temporal replicates, investigating a large number of loci, testing statistical power of 

marker sets, partitioning genetic variation into spatial and temporal components, and 

incorporating non-genetic data into analyses (Waples 1998). I adopted a number of these 

approaches to ensure that the conclusions about genetic structure that I made were biologically 

relevant. First, I sampled an adequate number of individuals from each location and collected 

samples over two years for temporal replication. I also used at least eight highly variable loci per 

species, helping to minimize locus-specific variation that could influence FST values. I then 

critically evaluated the power of my marker panels for detecting genetic structure, and any 

values of genetic differentiation that I could not reliably differentiate were not considered 

significant. Finally, I ran an AMOVA to partition genetic variation into spatial and temporal 

components. I documented several statistically significant pairwise-FST values that could have 

led us to conclude that the PDS dam has influenced the genetic structure of my study species. 

However, because I used temporal sampling, I was able to attribute most of my observed genetic 

variation to sampling year rather than location. Additionally, power analysis indicated that I 
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could not reliably differentiate many of the pairwise comparisons that were statistically 

significant according to exact tests. My robust sampling and analysis strategy allowed me to 

conclude that the genetic diversity and population structure of my study species have not been 

significantly impacted by the PDS dam.  

High population structure in smallmouth bass above the PDS dam 

Smallmouth bass displayed the highest population structure in my study, with pairwise-FST 

values nearly an order of magnitude higher than another other species (up to 0.04). Interestingly, 

the highest genetic differentiation was observed between lentic and lotic sites above the PDS 

dam. Smallmouth bass have a relatively unique life history compared to the other species in my 

study, because they are nest spawners and have small home ranges and population sizes (Cooke 

et al. 2003). Smallmouth bass have also demonstrated life history variation associated with lentic 

and lotic habitats (Barthel et al. 2008). Evidence for this variation was documented by Barthel et 

al. (2008), who tagged male smallmouth bass in a connected river-lake system and found two 

discrete life history types: males that remained in the lake throughout the year and males that 

migrated from the lake to the river to spawn. It is possible that the high genetic differentiation 

observed between lentic and lotic habitats in my study system could reflect similar life-history 

variation. However, the relatively short amount of time that Lake Wisconsin has existed makes 

this hypothesis somewhat unlikely.  

The best explanation for the structure that I observed was that high homing fidelity and small 

home ranges have led to fine-scale genetic differentiation in this species (Ridgway & Shuter 

1996; Hodgson et al. 1998; Stepien et al. 2007). Genetic structure in smallmouth bass is high 

across the Great Lakes region at both large and small spatial scales (Stepien et al. 2007; Stepien 

et al. 2017). Therefore, it is likely that many genetically differentiated populations of smallmouth 
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bass exist in the Wisconsin River, and that genetic differentiation among populations occurred 

prior to construction of dams. Nonetheless, conducting genetic analysis of smallmouth bass 

populations in lentic and lotic environments throughout the Wisconsin River would be useful to 

test the hypothesis that fine-scale genetic structuring in smallmouth bass is at least partially due 

to life-history variation between lentic and lotic forms. 

Potential for population structure in flathead catfish 

Without being able to obtain an adequate sample size of flathead catfish, I was unable to 

draw complete conclusions about how the PDS dam may be affecting genetic diversity and 

population structure in this species. However, I can speculate about the impacts of the PDS dam 

on flathead catfish based on preliminary genetic results, life history traits, and the results I 

obtained from my other study species. Flathead catfish had lower Nes and higher population 

structure than seen for most other species, suggesting smaller population sizes and a nesting life-

history that could be causing flathead catfish to be more susceptible to fragmentation. Genetic 

diversity metrics, on the other hand, were similar between above and below dam populations 

suggesting that the PDS dam has not yet impacted diversity metrics. Future research that 

includes a more comprehensive sampling strategy will be necessary to determine whether my 

results are representative of population genetic patterns or can be attributed to sampling error and 

lack of temporal replication. 

Simulation results and conservation implications 

The combination of my empirical and simulated data provides a framework that could be 

used to design fish passage strategies that restore and preserve the genetic integrity of 

populations above and below the PDS dam. Simulations with a symmetric migration rate of 0.01 

resulted in a similar number of private alleles in above and below dam populations and low 
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differentiation (FST ~ 0.01), whereas simulations with only downstream movement (asymmetric 

migration rates) resulted in differences in the number of private alleles found above versus below 

the dam and higher differentiation (FST ~ 0.02). These results demonstrate that fish passage is 

likely necessary to ensure that the genetic integrity of populations above and below the PDS dam 

is preserved into the future. 

It is possible to roughly estimate the number of fish necessary to pass to achieve a target 

migration rate by implementing my empirical data and applying a few simplifying assumptions. 

Given an Ne/N ratio of 0.1, which is near the median for wild populations reported by Palstra and 

Ruzzante (2008), I can assume that approximately 10% of the adults passed above and below the 

dam would contribute offspring in a given generation. Therefore, to achieve a migration rate of 

0.01 in a species with an Ne of 1,000, it would be necessary to pass at least 100 adults above the 

dam per generation. Additionally, at least 100 fish would need to move from above to below the 

PDS dam per generation, either through the spillway or through active transport. It is clear that 

these types of “back-of-the-envelope” calculations are imperfect due to many factors including 

variance around estimates of Ne and N, mortality or stress in passed fish that may influence 

reproductive success, variation in sex ratios for species whose sex cannot be accurately 

determined, and accuracy of generation time estimates for various species. For these reasons, I 

recommend that managers pass more fish than suggested by the “back-of-the-envelope” 

calculations to ensure that the desired migration rate is achieved.  

Conclusions and future directions 

My study indicates the PDS dam has not significantly impacted genetic diversity or genetic 

structure of fish populations that were isolated by its construction. Despite this result, my 

simulations suggest that detectable differences in genetic diversity and population structure will 
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manifest in the future. Therefore, it will likely be important to implement a fish passage strategy 

that will preserve the genetic integrity of populations found above and below the dam. 

My study included samples from many species as well as sufficient temporal replication to 

support my conclusions. However, there are still many areas of research that would help to 

inform fish passage at the PDS dam. For example, gathering more data on demographic 

characteristics of fish populations in the study area including a better estimate of downstream 

migration through tagging, mark-recapture, or telemetry studies, would be beneficial for 

developing a framework to calculate migration rates the number of fish necessary to pass. In 

addition, conducting further flathead catfish sampling, especially above the PDS dam, would be 

beneficial to gain a better understanding of their genetic status within the Wisconsin River. 

Sampling lake sturgeon over a longer time frame (additional years) could provide a better 

understanding of their genetic status as well, since lake sturgeon migrate longer distances, live 

longer, have longer generation times, and don’t spawn every year. Additionally, investigating the 

genetic characteristics of other species with different life histories than the ones I examined (e.g. 

small darters and minnows), would improve the understanding of relationships between fish life 

histories and their genetic structuring above and below the PDS. This would help to inform fish 

passage strategies if other species are considered for passage, or if species extirpated above the 

PDS dam are considered for re-introduction. Finally, understanding the genetic characteristics of 

fish species both above and below Lake Wisconsin (e.g. Petenwell and Castle Rock Flowages) 

and in the lower Wisconsin River (from the PDS dam to Prairie du Chien), would provide 

important information on which species are the best candidates for passage. Understanding 

population structure in the Wisconsin River between the PDS dam and Prairie du Chien is 

especially important given that any trap and transfer efforts will likely occur in this region, and it 
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is necessary to know whether fish captured in various segments of the river are appropriate to 

pass above the PDS dam. 

In conclusion, my data suggest that a trap and transfer fish passage implementation could be 

sufficient for moving the desired number of fish necessary to maintain genetic connectivity 

above and below the PDS dam. I would also suggest that implementation of any fish passage 

strategy should be paired with genetic monitoring to determine whether the strategy is operating 

as intended, and whether the passed fish are contributing their genetic information to the next 

generation. 
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Fig 1. Map of sampling locations in the Wisconsin River, Wisconsin, USA. Circles represent 

sampling locations in 2015, diamonds represent sampling locations from 2016. Information on 

each species is found in Table 1 and sample sizes are in Table 3.  
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Fig 2. Results from POWSIM analysis using a) four populations and b) populations pooled by 

sampling location (i.e. above and below the Prairie du Sac dam). The y-axis (proportion of 

significant tests) indicates the proportion of simulations where a Fisher’s exact test of genetic 

differentiation was significant (α = 0.05). A threshold of > 0.9 was used to determine the FST 

values necessary to conclude that populations were significantly differentiated. 
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Fig 3. Principal coordinate analysis of four Smallmouth Bass populations (above and below the 

Prairie du Sac dam) based on pairwise FST values calculated in Genepop. 
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Fig 4. Boxplots of simulation results from three scenarios: asymmetric downstream migration (m 

downstream = 0.01, m upstream = 0.00), symmetric migration (m = 0.01 for upstream and 

downstream), and trap and transfer (m downstream = 0.01, m upstream = 0.001). Each scenario 

was simulated 100 times, and the Ne used for all three scenarios was 1,000. FST was 

differentiation between simulated above and below dam populations, and private alleles are the 

number of private alleles in the above dam populations (left bar for each generation time) versus 

below dam populations (right bar for each generation time). Estimates of AR and HO did not vary 

substantially across scenarios therefore I did not graph them. 
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Table 1. Relative life history traits and population statistics for seven fish species found in the Wisconsin River, WI. Relative life 

history traits were determined from (Becker 1983). Numbers in parenthesis under the Ne (effective population size) column represent 

95% confidence intervals. Significant FST (genetic differentiation) values are bolded (P < 0.05). Values that were significant and 

above the FST required to reliably determine that populations are significantly differentiated according to POWSIM analysis are in 

bold and italics. 

 

 

 

 

 

 

 

 

Species 

Generation 

Time 

Reproductive 

Strategy 

Spawning 

Migration 

Life 

Span 

Population 

Size 

Average Total 

Length (mm) 

 

Ne 

 

FST 

Lake sturgeon Long Broadcast Long Long Low 1378.40 261 (156 – 592) 0.0000 

Quillback carpsucker Short Broadcast Medium Short High 443.53 Inf (1080 – Inf) 0.0027 

Smallmouth bass Short Nesting Short Short Low 297.80 237 (175 – 347) 0.0082 

Shorthead redhorse Short Broadcast Medium Short High 430.30 3275 (1121 – Inf) 0.0019 

Sauger Short Broadcast Long Short High 302.74 51211 (1602 – Inf) 0.0017 

Walleye Short Broadcast Medium Short High 307.08 Inf (1187 – Inf) 0.0000 

Flathead catfish Long Nesting Long Long Low 759.876 152.3 (74.2 – 770.1) 0.0103 
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Table 2. List of simulation conditions for eleven scenarios run using fastsimcoal2. All scenarios 

were conducted using 20, 40, 60, 80, and 100 generations and two effective population sizes 

(100, 1,000); each scenario was simulated 100 times to develop confidence intervals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Migration Scenario Upstream Rate Downstream Rate Mutation Rate 

Scenario 1 No migration 0.0000 0.0000 0.0005 

Scenario 2 Asymmetric 0.0000 0.1000 0.0005 

Scenario 3 Asymmetric 0.0000 0.0100 0.0005 

Scenario 4 Asymmetric 0.0000 0.0010 0.0005 

Scenario 5 Asymmetric 0.0000 0.0001 0.0005 

Scenario 6 Symmetric 0.0100 0.0100 0.0005 

Scenario 7 Symmetric 0.0010 0.0010 0.0005 

Scenario 8 Symmetric 0.0001 0.0001 0.0005 

Scenario 9 Trap & Transfer 0.0010 0.0100 0.0005 

Scenario 10 Trap & Transfer 0.0001 0.0010 0.0005 

Scenario 11 High mutation 0.0000 0.0100 0.0050 
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Table 3. Summary of genetic diversity metrics calculated for each species with four population groups at the PDS dam. Numbers in 

parenthesis under the Ne column represent 95% confidence intervals. Significant FIS values (CI did not include zero) are in bold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

N1 = total samples collected, N2 = samples used for genetic analysis, Ne = effective population size, A = number of alleles, AR = allelic 

richness, HO = observed heterozygosity, He = expected heterozygosity, FIS = inbreeding coefficient 

Species Population Year N1 N2 Ne A AR Ho He FIS 

Lake sturgeon Below 2015 50 44 1936 (103 – Inf) 4.80 4.80 0.56 0.57 0.02 

  2016 50 45 Inf (2704 – Inf) 5.00 4.98 0.57 0.58 0.02 

 Above 2015 50 49 141 (60 – Inf) 4.90 4.85 0.53 0.58 0.07 

  2016 50 48 82 (43 – 288) 4.70 4.67 0.55 0.57 0.04 

Quillback carpsucker Below 2015 50 46 Inf (537 – Inf) 11.44 10.52 0.64 0.67 0.06 

  2016 50 48 Inf (418 – Inf) 10.89 10.03 0.59 0.64 0.09 

 Above 2015 50 47 1336 (220 – Inf) 11.33 10.41 0.60 0.66 0.08 

  2016 50 31 293 (84 – Inf) 10.44 10.41 0.61 0.64 0.07 

Smallmouth bass Below 2015 50 49 Inf (262 – Inf) 5.93 5.53 0.47 0.49 0.03 

  2016 50 49 143 (75 – 710) 5.67 5.38 0.44 0.47 0.08 

 Above 2015 50 47 26 (20 – 33) 5.27 5.06 0.48 0.48 0.03 

  2016 50 50 138 (71 – 745) 4.87 4.66 0.46 0.48 0.03 

Shorthead redhorse Below 2015 50 50 708 (280 – Inf) 19.22 18.38 0.88 0.88 0.00 

  2016 50 49 790 (278 – Inf) 18.67 18.11 0.84 0.87 0.05 

 Above 2015 50 47 Inf (509 – Inf) 19.44 18.86 0.85 0.87 0.02 

  2016 50 46 637 (246 – Inf) 18.78 18.46 0.86 0.88 0.03 

Sauger Below 2015 50 49 Inf (1081 – Inf) 15.40 15.22 0.79 0.81 0.03 

  2016 50 50 Inf (544 – Inf) 15.90 15.65 0.79 0.84 0.06 

 Above 2015 50 49 Inf (464 – Inf) 15.70 15.58 0.80 0.82 0.03 

  2016 50 50 Inf (423 – Inf) 14.30 14.16 0.82 0.82 0.02 

Walleye Below 2015 50 50 Inf (756 – Inf) 11.10 10.99 0.72 0.78 0.08 

  2016 50 49 907 (220 – Inf) 10.20 10.16 0.80 0.78 -0.01 

 Above 2015 50 48 512 (178 – Inf) 11.10 11.10 0.78 0.78 0.01 

  2016 50 50 764 (218 – Inf) 11.50 11.39 0.77 0.78 0.03 
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Table 4. Summary of genetic diversity metrics calculated for flathead catfish. Numbers in 

parenthesis under the Ne column represent 95% confidence intervals. 

 

 

 

N1 = total samples collected, N2 = samples used for genetic analysis, Ne = effective population 

size, A = number of alleles, AR = allelic richness, HO = observed heterozygosity, He = expected 

heterozygosity, FIS = inbreeding coefficient 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Population N1 N2 Ne A AR HO HE FIS 

Below 74 72 113.4 (53.6 – 745.9) 3.90 3.61 0.44 0.46 0.028 

Above 39 33 54.1 (19.7 – Infinite) 3.30 3.30 0.43 0.45 0.031 
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Table 5. Private alleles calculated using pooled population for each species. Below-above 

indicates the difference in number of PA below and above PDS dam.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species Below Above Below-Above 

Lake sturgeon 2 1 1 

Quillback carpsucker 10 10 0 

Smallmouth bass 27 20 7 

Shorthead redhorse 22 18 4 

Sauger 23 15 8 

Walleye 9 12 -3 

Flathead catfish 6 0 6 
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Table 6. Pairwise FST values for each species. Significant values are in bold (P < 0.05). Values 

that were significant and above the FST required to reliably determine that populations are 

significantly differentiated according to POWSIM analysis are in bold and italics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Population Below 15 Below 16 Above 15 

Lake sturgeon    

Below 16 0.0020 
  

Above 15 0.0056 0.0038 
 

Above 16 -0.0043 0.0005 0.0069 

Quillback carpsucker    

Below 16 0.0002   

Above 15 0.0014 0.0021  

Above 16 0.0028 0.0035 -0.0022 

Smallmouth bass    

Below 16 0.0018 
  

Above 15 0.0146 0.0016  

Above 16 0.0278 0.0349 0.0447 

Shorthead redhorse    

Below 16 0.0027   

Above 15 0.0056 0.0041  

Above 16 0.0022 0.0024 0.0041 

Sauger    

Below 16 0.0027   

Above 15 0.0031 0.004  

Above 16 0.0036 0.0014 0.0025 

Walleye    

Below 16 0.0032   

Above 15 -0.003 0.0009  

Above 16 -0.0002 -0.0012 -0.0003 
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Table 7. AMOVA results for each species. All four populations from each species were used for 

this analysis, and populations were grouped by sampling area (above vs below the dam). 

Significant values are in bold (P < 0.05). Higher variation among populations within groups 

(variation among years) indicates that more variation is attributed to sampling year than 

sampling location (among groups).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source of variation d.f. Sum of 

squares 

Variance 

components 

Percentage 

of variation 

Lake sturgeon 
    

Among groups 1 2.67 -0.01 -0.30 

Among populations 

  within groups 

2 8.62 0.02 0.52 

Within populations 368 1068.95 2.90 99.78 

Quillback carpsucker     

Among groups 1 4.49 0.01 0.34 

Among populations 

  within groups 

2 5.61 -0.00 -0.04 

Within populations 340 988.52 2.91 99.70 

Smallmouth bass 
    

Among groups 1 9.43 -0.01 -0.26 

Among populations 

  within groups 

2 22.51 0.08 2.17 

 Within populations 386 1374.83 3.56 98.08 

Shorthead redhorse 
    

Among groups 1 5.35 0.00 0.04 

Among populations 

  within groups 

2 10.09 0.01 0.33 

Within populations 380 1456.26 3.83 99.63 

Sauger     

Among groups 1 5.65 0.00 0.04 

Among populations 

  within groups 

2 10.64 0.01 0.30 

Within populations 392 1609.71 4.11 99.66 

Walleye 
    

Among groups 1 2.80 -0.01 -0.24 

Among populations 

  within groups 

2 9.25 0.01 0.18 

Within populations 390 1534.78 3.94 100.06 
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Fig S1. Structure plot of Quillback Carpsucker for all population groups using data from 

CLUMPAK. Each bar represents one individual; populations are separated by a white line. 

Samples collected below the PDS dam in 2015 = 1, below PDS 2016 = 2, above PDS 2015 = 3, 

above PDS 2016 = 4. The Quillback Carpsucker genetic group is colored blue. Individuals with 

q-values < 0.9 for the Quillback Carpsucker genetic group were removed from the study. 
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Fig S2. FST boxplot simulations for Ne = 100. Scenarios are found in Table 2. 
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Fig S2 continued. 
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Fig S2 continued. 

 

 

 

 

 

 

 

 



 

55 
 

 

 

Fig S3. FST boxplot simulation for Ne = 1,000. Scenarios are found in Table 2. 
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Fig S3 continued. 
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Fig S3 continued. 
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Fig S4. AR (allelic richness) boxplot simulation for Ne = 100. Scenarios are found in Table 2. For 

each generation time the box-whisker plot on the left represents the below dam population and 

the box-whisker plot on the right represents the above dam population. 

 

 

 

 

 

 



 

59 
 

 

 

Fig S4 continued. 
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Fig S4 continued. 
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Fig S5. AR (allelic richness) boxplot simulation for Ne = 1,000. Scenarios are found in Table 2. 

For each generation time the box-whisker plot on the left represents the below dam population 

and the box-whisker plot on the right represents the above dam population. 
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Fig S5 continued. 
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Fig S5 continued. 
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Fig S6. HO (observed heterozygosity) boxplot simulation for Ne = 100. Scenarios are found in 

Table 2. For each generation time the box-whisker plot on the left represents the below dam 

population and the box-whisker plot on the right represents the above dam population. 
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Fig S6 continued. 
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Fig S6 continued. 
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Fig S7. HO (observed heterozygosity) boxplot simulation for Ne = 1,000. Scenarios are found in 

Table 2. For each generation time the box-whisker plot on the left represents the below dam 

population and the box-whisker plot on the right represents the above dam population. 
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Fig S7 continued. 

 

 

 

 

 

 

 

 

 

 



 

69 
 

 

Fig S7 continued. 
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Fig S8. Private allele (PA) boxplot simulation for Ne = 100. Scenarios are found in Table 2. For 

each generation time the box-whisker plot on the left represents the below dam population and 

the box-whisker plot on the right represents the above dam population. 
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Fig S8 continued. 
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Fig S8 continued. 
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Fig S9. Private allele (PA) boxplot simulation for Ne = 1,000. Scenarios are found in Table 2. For 

each generation time the box-whisker plot on the left represents the below dam population and 

the box-whisker plot on the right represents the above dam population. 
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Fig S9 continued. 
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Fig S9 continued. 
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Table S1. Summary statistics and PCR conditions for each locus. Annealing temperature (Tm), mean number of alleles (A), allelic 

richness (AR), observed heterozygosity (HO), expected heterozygosity (HE,), genetic differentiation (FST), inbreeding coefficient (FIS). 

Source Species Locus Source Multiplex Tm A AR HO HE FST FIS 

Lake Sturgeon AfuG9 Welsh et al. 2003 A 54 6 6.00 0.715 0.728 0.003 0.018  
AfuG56 Welsh et al. 2003 C 54 3 3.00 0.462 0.480 0.000 0.041  
AfuG63 Welsh et al. 2003 B 54 5 5.00 0.489 0.537 0.000 0.093  
AfuG68b Welsh et al. 2003 B 54 11 11.00 0.866 0.864 0.005 -0.004  
AfuG74 Welsh et al. 2003 B 54 3 3.00 0.414 0.424 0.001 0.024  
AfuG112 Welsh et al. 2003 A 54 9 9.00 0.726 0.779 0.000 0.071  
AfuG122 Welsh et al. 2003 A 54 8 8.00 0.656 0.769 0.013 0.142  
AfuG160 Welsh et al. 2003 D 54 4 4.00 0.405 0.426 0.003 0.050  
AfuG195 Welsh et al. 2003 D 54 2 2.00 0.492 0.496 0.001 0.011  
AfuG204 Welsh et al. 2003 C 54 2 2.00 0.306 0.315 0.000 0.032  
Aox27* McQuown et al. 2002 D 54 

      

  Spl120* McQuown et al. 2002 C 54             

Quillback Carpsucker Ce13s Bessert et al. 2007 2 54 29 28.91 0.791 0.944 0.003 0.164  
Ce35* Bessert et al. 2007 1 54 

      

 
Ce49 Bessert et al. 2007 A 50 8 7.98 0.788 0.796 0.007 0.007  
Ce52 Bessert et al. 2007 B 50 7 6.97 0.576 0.590 0.002 0.027  
Ce104 Bessert et al. 2007 C 50 4 3.98 0.117 0.111 0.000 -0.046  
Ce126 Bessert et al. 2007 B 50 6 6.00 0.267 0.351 0.000 0.242  
Ce146 Bessert et al. 2007 D 50 7 7.00 0.719 0.786 0.004 0.085  
Ce195* Bessert et al. 2007 3 54 

      

 
Ce215 Bessert et al. 2007 A 50 28 27.97 0.870 0.953 0.000 0.092  
Dlu45 Tranah et al. 2001 D 50 4 4.00 0.376 0.480 0.000 0.221 

  Dlu4184 Tranah et al. 2001 C 50 28 27.94 0.970 0.935 0.000 -0.035 

Smallmouth Bass Lma10 Colbourne et al. 1996 E 54 10 9.85 0.646 0.690 0.000 0.067 
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Mdo1 Malloy et al. 2000 A 54 6 6.00 0.544 0.562 0.014 0.024  
Mdo2* Malloy et al. 2000 A 54 

      

 
Mdo3 Malloy et al. 2000 E 54 4 4.00 0.405 0.422 0.015 0.031  
Mdo5 Malloy et al. 2000 A 54 3 2.94 0.394 0.503 0.013 0.211  
Mdo6 Malloy et al. 2000 B 54 3 3.00 0.515 0.488 0.010 -0.062  
Mdo7 Malloy et al. 2000 B 54 5 4.85 0.056 0.060 0.000 0.064  
Mdo8 Malloy et al. 2000 C 54 8 8.00 0.706 0.741 0.034 0.024  
Mdo9 Malloy et al. 2000 B 54 4 4.00 0.634 0.661 0.007 0.039  
Mdo10 Malloy et al. 2000 C 54 4 4.00 0.103 0.128 0.003 0.194  
Mdo11 Malloy et al. 2000 C 54 4 4.00 0.289 0.283 0.000 -0.019  
Msa1 Seyoum et al. 2013 D 54 11 11.00 0.508 0.546 0.026 0.053  
Msa5 Seyoum et al. 2013 D 54 10 9.92 0.621 0.691 0.051 0.068  
Msa14 Seyoum et al. 2013 D 54 34 33.54 0.839 0.889 0.015 0.049  
Msa31 Seyoum et al. 2013 E 54 3 2.93 0.154 0.168 0.031 0.065 

  Msa32 Seyoum et al. 2013 E 54 7 6.92 0.492 0.531 0.063 0.029 

Shorthead Redhorse Dlu45 Reid et al. 2008 D 50 28 27.98 0.918 0.944 0.001 0.030  
Dlu405 Reid et al. 2008 D 50 21 20.92 0.862 0.916 0.005 0.058  
Dlu4184 Reid et al. 2008 B 48 24 23.79 0.885 0.919 0.002 0.039  
Dlu4296* Reid et al. 2008 B 48 

      

 
Mohulav194 Reid et al. 2008 D 50 29 29.00 0.939 0.950 0.000 0.013  
Mohulav198 Reid et al. 2008 C 50 8 7.95 0.513 0.601 0.004 0.146  
Mohulav296* Reid et al. 2008 C 50 

      

 
Mohulav305 Reid et al. 2008 C 50 19 18.90 0.863 0.876 0.005 0.013  
RR13 Reid et al. 2008 A 50 27 26.94 0.884 0.911 0.008 0.026  
RR38 Reid et al. 2008 B 48 23 22.94 0.906 0.915 0.004 0.009 

  RR55 Reid et al. 2008 A 50 35 34.83 0.958 0.936 0.002 -0.023 

Sauger Svi2 Hammen 2009 A 60 18 17.98 0.904 0.895 0.005 -0.011  
Svi4 Hammen 2009 A 60 15 15.00 0.848 0.881 0.000 0.041 
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Svi6 Hammen 2009 A 60 38 37.86 0.884 0.909 0.007 0.025  
Svi7 Hammen 2009 A 60 21 20.99 0.858 0.890 0.000 0.039  
Svi17 Hammen 2009 B 52 6 6.00 0.437 0.468 0.000 0.072  
Svi20 Hammen 2009 C 50 17 16.99 0.903 0.908 0.007 0.003  
Svi26 Hammen 2009 B 52 27 26.98 0.852 0.889 0.001 0.043  
Svi33 Hammen 2009 B 52 24 23.95 0.904 0.936 0.002 0.036  
SviL5 Hammen 2009 C 50 20 19.95 0.832 0.861 0.002 0.036 

  SviL9 Hammen 2009 C 50 9 9.00 0.562 0.679 0.009 0.169 

Walleye Svi2 Hammen 2009 A 60 10 10.00 0.740 0.748 0.000 0.018  
Svi4 Hammen 2009 A 60 7 7.00 0.629 0.699 0.003 0.100  
Svi6 Hammen 2009 A 60 16 16.00 0.832 0.816 0.000 -0.018  
Svi7 Hammen 2009 A 60 8 8.00 0.751 0.774 0.000 0.034  
Svi17 Hammen 2009 B 52 9 9.00 0.594 0.627 0.000 0.057  
Svi20 Hammen 2009 C 50 18 18.00 0.807 0.833 0.003 0.031  
Svi26 Hammen 2009 B 52 18 18.00 0.832 0.866 0.000 0.044  
Svi33 Hammen 2009 B 52 11 11.00 0.797 0.801 0.007 0.002  
SviL5 Hammen 2009 C 50 14 13.99 0.868 0.867 0.000 0.003 

  SviL9 Hammen 2009 C 50 25 24.97 0.792 0.828 0.001 0.046 

Flathead Catfish AU1081 Lamkom et al. 2008 3 52 4 3.99 0.400 0.405 0.000 0.021  
IP41 Liu et al. 1999 B 50 8 7.99 0.667 0.757 0.029 0.112  
IP44 Liu et al. 1999 A 50 4 4.00 0.486 0.516 0.001 0.064  
IP357 Liu et al. 1999 D 58 4 4.00 0.548 0.662 0.000 0.182  
IP365 Liu et al. 1999 D 58 3 3.00 0.333 0.404 0.061 0.157  
IP372 Liu et al. 1999 1 54 6 5.99 0.638 0.596 0.003 -0.067  
IP401 Liu et al. 1999 B 50 2 2.00 0.486 0.497 0.009 0.024  
IP443 Liu et al. 1999 C 50 3 3.00 0.648 0.629 0.004 -0.027  
IP554 Liu et al. 1999 E 54 3 3.00 0.125 0.119 0.021 -0.059 

  IPCG0043 Waldbieser & Wolters 1999 3 52 2 2.00 0.067 0.065 0.000 -0.025 
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