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Abstract 

 

Native fish reintroduction can be a valuable conservation tool used to curb declines in 

biodiversity. Previous native fish reintroduction projects have focused on monitoring population 

responses of the target species, yet potential changes in the resident fish assemblages have 

received less attention. The reintroduction of the Bluebreast Darter (Etheostoma camurum) to the 

Upper Licking River basin in Ohio was used as a model to understand how reintroduction may 

alter resident fish assemblages. This reintroduction began in 2016, with one additional year of 

stocking in 2017, and yearly follow-up surveys through 2019. Fish community, water-chemistry, 

and fluvial geomorphic measurements were also performed at the reintroduction sites. I found 

that the benthic fish assemblage diversity and evenness increased over time in response to the 

reintroduction, with coarser substrate emerging as an important mechanism of reintroduction 

success. Both diversity and evenness increased post reintroduction, peaking in 2018 and then 

dropping back down to similar levels at the beginning of the project. This research helps to better 

understand how reintroductions may impact aquatic assemblage architecture and inform future 

reintroduction efforts. 
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Introduction 

Many native freshwater fishes have experienced dramatic declines in their population 

numbers and reductions in their geographic ranges in the previous century due to anthropogenic 

effects on aquatic ecosystems such as pollution and habitat degradation (Jelks et al. 2008; Karr et 

al. 1985; Andreen, 2003).  However, with the gradual improvement in water quality over the past 

50 years stemming from stricter environmental regulations, aquatic habitat has been restored in 

many areas making fish reintroductions feasible (Shute et al. 2009).  Native fish reintroduction 

has become an increasingly popular conservation tool used by organizations across the world to 

restore aquatic biodiversity in areas where native species have been extirpated or significantly 

reduced in their native ranges (Jelks et al. 2008).  Over the past 40 years, many different 

reintroduction projects have taken place with varying degrees of success, which presents a broad 

set of evidence for how to effectively reintroduce species (Shute et al. 2009).                                                                 

In particular, benthic riffle fishes of the eastern United States have been heavily studied 

for reintroduction projects due to their high diversity and sensitivity to water quality (Simon, 

2006). Riffle habitats provide complex niches where adaptive radiation has led to diverse benthic 

fish assemblages (Near & Benard, 2004). Darters of the genera Etheostoma include over 150 

recognized species, and many species can overlap even within a small stretch of riffle habitat 

(Van Snik Gray, Ellen, et al., 1997). Therefore, habitat niche partitioning is important for darters 

when interspecific competition is high (Van Snik Gray, Ellen, et al., 1997). Abiotic variables like 

water depth, water velocity, and substrate have been shown to exhibit a strong influence on this 

partitioning (Welsh and Perry, 1998). 

The Bluebreast Darter (Etheostoma camurum) is a small benthic riffle fish found 

throughout moderate to large streams and rivers in the Ohio River basin from western New York 
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to eastern Illinois, and south to the Tennessee River in North Carolina and Tennessee in the USA 

(Rice & Zimmerman, 2019) (Figures 1, 2). Bluebreast Darters typically occupy cobble bed riffles 

with moderate to swift current, and forage on small stream invertebrates (Tiemann, 2008). 

Darters have also been the subject of conservation concern in recent years, due to their declining 

populations throughout their range (Tiemann, 2008). Specifically, Bluebreast Darters have seen a 

precipitous drop in their range throughout Ohio, although they have begun to recover in recent 

years in some areas due to improved habitat and water quality (Honick et al., 2017).  

The Upper Licking River basin is a 48-km long segment of the Licking River located in 

central Ohio, with the city of Newark situated at the confluence of the North and South Forks. 

The Bluebreast Darter is native to the basin but has been extirpated since the early 1900s due to 

poor water quality throughout the 20th century (Sullivan, Zimmerman, & Symonds, 2015).  Over 

the past 40 years, drastic improvements in environmental regulation in the area has caused the 

waterway to improve enough to again support the Bluebreast Darter (EPA 2008).  However, 

Dillon Reservoir Dam prevents movement between the upper and lower Licking River basins. 

Reintroduction efforts of the Bluebreast Darter (Etheostoma camurum) to the Upper Licking 

River basin in Ohio by Dr. Sullivan’s Stream and River Ecology (STRIVE) Lab led to a total of 

1,914 fish tagged and translocated between 2016 and 2017. Translocation occurred in various 

riffles throughout the basin, with stocking ending in 2018 due to evidence of population 

establishment (Sullivan, Zimmerman, & Symonds, 2015).    

The resident benthic riffle fish assemblage of the Upper Licking basin includes many 

species that may have strong interactions with the Bluebreast Darter. The Rainbow (E. 

caeruleum), Greenside (E. blennioides), Fantail (E. flabellare), Banded (E. zonale), and Johnny 

(E. nigrum) darters are all part of the native Etheostoma assemblage (Trautman, 1981). The 
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Johnny Darter is least likely to overlap in habitat, with most of their habitat consisting of slack 

backwater pools: areas of slow moving water that do not coincide with riffle habitat (Rice and 

Zimmerman, 2019).  However, Rainbow, Greenside, Banded, and Fantail Darters all inhabit 

moderate to swift currents in riffles with cobble and boulders, leading to the strong likelihood of 

sympatry and some degree of interspecific competition between these species (Rice and 

Zimmerman, 2019).  Other potential interacting species include the Stonecat Madtom (Noturus 

flavus), and the Northern Mottled Sculpin (Cottuse bairdii), most likely through predation (Rice 

and Zimmerman, 2019).  Although darters have been shown to occupy diverse niches that 

minimize overlap (Welsh and Perry, 1998), studies have also shown that similarity in diets cause 

overlaps regardless of how specialized the niche is (White and Aspinwall, 1984). One study 

found that when invertebrate taxa are limited, there is substantial overlap in taxa consumed 

between darter species (Van Snik Gray et al., 1997).  In addition, competition has been shown to 

be more impactful in assemblage organization at local scales (i.e., riffle) due to these overlapping 

microhabitats (Jackson et al. 2001). Thus, it is plausible that Bluebreast reintroduction may 

influence assemblage structure across various spatial scales.    

While the reintroduction of an extirpated stream fish is not expected to mimic the 

introduction of an invasive species, it may prove instructive to consider theoretical constructs of 

invasion ecology to better understand the potential impact a native reintroduction can have on the 

native fish assemblage.  The basic steps of an invasion consist of transport, inoculation, 

establishment, spread, and integration (Moyle and Marchetti 2006), which also serves as a useful 

outline for reintroduction projects.  For the sake of this study, I propose focusing on that last two 

phases: spread and the impact this spread has on integration.  Although it is common to view 

invasion impacts through measures of decline in native diversity (Carey and Wahl, 2010), I plan 
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to focus on changes in assemblage composition of the resident fish assemblage that might be 

expected to change following the reintegration of species that have been absent for decades. The 

Shannon-Wiener diversity index (Qinghong, 1995), biomass, and population densities before and 

after introduction are all common metrics used to analyze effects of invaders on the native 

ecosystem (Carey and Wahl, 2010).  Applying this invasion framework to reintroductions may 

help to better inform future reintroductions by raising new considerations for success, mainly 

more of a focus on the native fish assemblage structure and diversity.                                                                                 

The overall aim of this study is to assess the potential impacts of Bluebreast Darter 

reintroduction on native fish assemblages. I hypothesize that the reintroduction of the Bluebreast 

Darter will lead to significant alterations in diversity of the resident fish assemblage. 

Specifically, I predict that reintegrating Bluebreast Darter will increase competition among 

darters of the genus Etheostoma for food and niche habitat, resulting in changes to the relative 

abundance of species within the assemblage. I also predict that the heterogeneity of habitat at 

individual stream sites will create variability in Bluebreast abundance owing to the Bluebreast 

Darter’s preference for large cobble.    
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Methods 

Reintroduction of the Bluebreast Darter to the Upper Licking River basin occurred in the 

summers of 2016 and 2017. Six reintroduction sites were established (LR1, LR2, NB1, NB2, 

SB1, SB2), along with three control sites (LRC, NBC, SBC), representing sites similar in 

physicochemical characteristics but where no darters were reintroduced (Figure 3). Two 

“reference” sites from the Kokosing basin where Bluebreast Darters were never extirpated were 

also included. These two sites were used to represent a benthic darter assemblage that is at a 

stable equilibrium to which the Licking sites may eventually shift. Within each site, three riffles 

were chosen based on visual assessments indicative of habitat suitable for Bluebreast Darter 

establishment (Honick et al., 2017) and assigned designations of “A”, “B”, or “C”.  

 

Fish Surveys 

Every autumn (and spring for 2016 and 2017), the fish community was surveyed using a 

Smith-Root LR-24 Backpack Electroshocker (Smith-Root, Inc., Vancouver, Washington, USA) 

and 3 m seine with a standardized unit effort (Shute et al., 2009). Riffles were electroshocked 

and kicked towards a seine in order to disturb the fish living in the riffles into the seine roughly 

every 7 m of riffle (Shute et al. 2009). This was done for a standardized time and attempts. 

Lengths and individual weights of Bluebreast Darters, as well as counts and batch weights of all 

other species, were recorded. Introduced Bluebreast Darters were tagged using Visible Implant 

Elastomer (Northwest Marine Technology, Inc., Anacortes, WA) to enable identification of 

when and where individual fish were reintroduced during future sampling and to differentiate 

fish that were born after the reintroduction. 
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Fish community surveys also occurred in the year prior to the reintroduction began (2015). 

However, these surveys were done without a Smith-Root LR-24 Backpack Electroshocker and 

instead were just conducted using standard kick-seining methods. Therefore, these samples are 

not used directly in the analysis, but are instead used as a descriptive reference for composition 

of the resident fish assemblages prior to reintroduction. All fish surveys were conducted under 

IACUC protocols 2010A00000172-R2 and 2010A00000172-R3 and Ohio Division of Wildlife 

Wild Animal Collection Permit #21-134 (Appendix 1). 

 

Physicochemical Variables 

In addition to these community surveys, abiotic variables were also taken at each site. 

Pebble counts were conducted at each riffle by measuring 100 clasts at 3 transects (Wolman, 

1954). These data were subsequently used to calculate the median substrate size (D50). 

Additional physicochemical data collected at each site before fish community sampling included 

water temperature, pH, conductivity, and dissolved oxygen (DO). Water samples were also 

collected at each individual riffle sampled for concentration of nutrients. Samples were 

refrigerated before submission to The Ohio State University's Service Testing and Research 

(STAR) Laboratory for analysis of total nitrogen (N; mg L−1) and total phosphorus (P; mg L−1). 

Total N and P were analyzed using flow injection analysis (Latchat Quick Chem 8500 Flow 

Injection Analyzer, Hach Company, Loveland, Colorado) 

 

Statistical Analysis 

All statistical analyses and graphs were created using R Studio (Core team 2013). 

Diversity metrics were run by first creating a matrix of the entire fish assemblage sampled and 
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then calculating rarefied species richness, Fisher's alpha, and Hill number diversity for each 

sampling event (Chao et al., 2014). These same calculations were then run on a subset of the 

matrix to only include benthic riffle species (i.e., excluding species from the families 

Centrarchidae and Cyprinidae), as this was hypothesized to have more predictive power based 

on stronger competition between species within this subset. 

Central Stoneroller (Campostoma anomalum) abundances were extremely high relative to 

all other species, in some cases 3x higher than the total abundances of all other species 

combined. To account for the possibility that Central Stoneroller abundances overwhelmed other 

important relationships, analyses were run on the full data set as well as without Central 

Stonerollers. Year, treatment, season sampled, and Bluebreast abundance (in the models not 

using Bluebreast abundance as the response variable) were used as predictors with the covariates 

of D50 and nutrient concentrations to create multiple linear mixed models (LMM) assessing the 

random effect of these variables on Hill number diversity, assemblage evenness, and Bluebreast 

Darter abundance. Post-hoc analyses of the LMM’s were done using a pairwise Tukey method in 

an estimated marginal means package in R (Russel, 2021). Graphical assessments and post-hoc 

regressions of various predictor variables such as D50 and nutrient concentrations with response 

variables were also run to analyze some of the more direct relationships in the study.   

 

Results 

 The top four most abundant benthic species sampled throughout the entire project in 

descending order were Banded Darters, Rainbow Darters, Mottled Sculpins, and Greenside 

Darters (Figure 5). While specific abundances varied widely among sites, these four species 

represented roughly 90% of assemblage composition across the entire study (Figure 5). Response 
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variables also varied widely between sites. Bluebreast Darter abundance averaged around 5 

individuals per reach, (SD = 10.2) (Figure 5). Diversity (as measured by Hill numbers) ranged 

from 1.285 to 5.866, and evenness ranged from 0.320 to 1 (a completely even assemblage) 

(Figure 6).  

Although data from 2015 was not included in these aforementioned descriptive statistics, 

the following presence/absence data provides important baseline assemblage information. 2015 

surveys caught Greenside, Fantail, Banded, Rainbow, Johnny, Orangethroat, and Logperch 

Darters, indicating a nearly identical darter assemblage composition as subsequent surveys 

(Blackside Darters were caught in very small abundances in 2018). Additional benthic 

assemblage species caught included Mottled Sculpin, Stonecat Madtom, White Sucker, Northern 

Hogsucker, and Channel Catfish.  

 After model comparison between different response variables, it was decided to use 

evenness and Hill number as the primary metrics of changes in assemblage structure. Shannon’s, 

Simpson’s, and Inverse Simpson’s were all still calculated as lower level diversity statistics 

(Figure 4), but none of them were used in subsequent analyses, due to the predicative power of 

Hill numbers.  

Bluebreast Darter abundance was different by treatment (F2, 26.4 = 30.11, p < 0.001), year 

(F4, 144 = 2.67, p = 0.035), and D50 (F1,101.7 = 4.57, p = 0.035). Treatment differences were driven 

by the reference sites in the Kokosing basin, and no relationship was found when those sites 

were excluded (F1, 7.67 = 3.15, p = 0.116).  Both Bluebreast abundance (F1, 10.2 = 9.16, p < 0.001) 

and year (F4, 155.8 = 3.57, p = 0.008) influenced diversity (as measured by Hill numbers). 

Evenness was different by treatment (F2, 9.79 = 3.14, p = 0.036) and year (F4, 145.56 = 2.56, p = 

0.041), and also showed a trend with Bluebreast Darter abundance (F1, 127.1, p = 0.078). Season 
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emerged as a salient predictor for Bluebreast Darter abundance (F1, 142 = 21.7, p < 0.001) and 

diversity (F1, 154 = 17.5, p < 0.001), but not for evenness.  

The relationship between Mottled Sculpin abundance and Bluebreast abundance was 

explored graphically (Figure 5), lending evidence to the hypothesis that Mottled Sculpin may be 

acting as an invasion barrier for Bluebreast Darter reintroduction. However, a Pearson’s r of        

-0.11 indicated a weak overall relationship, due to skew in the graph. D50 was positively related 

to Bluebreast Darter abundance (r2 = 0.113, F1, 176 = 23.8, p < 0.001); i.e., larger substrate was 

associated greater Bluebreast Darter abundance.  

Post-hoc analysis of pairwise differences revealed a consistent nonlinear change in all 

three response variables over time. Hill diversity peaked in 2018, and then trended back down in 

2019 and 2020 (Figure 7a). Evenness showed a similar trend to Hill in absolute numbers, but 

there was no significant difference between years (Figure 7b). Bluebreast Darter abundance 

peaked in 2017 (the last year of reintroductions), then dropped back down in subsequent 

sampling years (Figure 7c).    

Estimated marginal means were also used to explore the effect of treatment on response 

variables. Bluebreast Darter abundance (Figure 8a) and evenness (Figure 8c) showed no 

significant difference between control and introduction sites, but a difference between control 

and reintroduction sites and the Kokosing reference sites for Bluebreast Darter abundance 

amounting to 8x more abundance at the reference sites (p < 0.0001). For Hill diversity, there was 

a difference between all three treatments, with introduction sites being between the higher values 

of control sites and lower values at reference sites (p = 0.0097, 0.0230).  

An ANOVA between the Hill number diversity model and the same model including 

Central Stonerollers in the diversity index yielded AIC’s of 487.88 and 495.53 respectively, 
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indicating that excluding Central Stonerollers from the analyses improved model fit. This was 

expected, and therefore none of the previous models included Central Stonerollers in any of the 

indices. No relationship was found between phosphate or nitrate levels and any of the response 

variables (p > 0.05). 

 

 

Discussion 

 Native fish reintroduction projects are an important tool for bolstering the ranges of 

imperiled species (Jelks et al. 2008; Karr et al. 1985; Andreen, 2003). However, these projects 

are often focused on the target species, leaving out crucial data on the resident fish assemblage. 

Through this study, I identified various ways in which the reintroduction of an extirpated benthic 

darter species can alter current benthic fish assemblages. Hill number diversity for the benthic 

fish assemblage changed over time and in relation to Bluebreast abundance, indicating a 

changing fish assemblage post-reintroduction. This is consistent with literature on 

reintroductions in terms of impact on native assemblages (Kiffney et al., 2009), but unique in 

how it shows specific abundances of species within the assemblage changing. Evenness had a 

similar trend in which the reintroduction of Bluebreast Darters altered the distribution of species, 

but differences were small enough that no significant relationship was found over time.  

 With the lack of comparable pre-reintroduction data, it is difficult to make assertions 

about how the fish assemblages changed in direct response to the reintroduction. However, the 

presence/absence data that is available provides a rough glance at the assemblage structure in 

2015. Considering all of the species found before the reintroduction are still found in the follow-

up surveys, it is possible to conclude that the reintroduction of Bluebreast Darters did not 
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fundamentally alter the benthic fish assemblage structure through competitive exclusion. 

However, little can be said about how the specific metrics such as diversity and evenness have 

changed since then. 

 Post-hoc analyses revealed a trend in metrics consistent with other reintroduction 

projects. With 2017 being the last year of physical reintroduction of Bluebreast Darters, it 

follows reason that that would also be the year of the highest Bluebreast Darter abundance 

throughout this short-term monitoring of populations. However, the trend in Hill diversity and 

evenness that illustrated peaking in 2018 and then declining in subsequent years was not fully 

expected. While it is difficult to point to specific mechanisms that may have caused this, one 

plausible explanation is that Bluebreast Darters originally acted as competitors (i.e., in the first 

few years) (Welsh and Perry, 1998), but then adapted to unfilled niche space once their numbers 

declined.  

 By looking at the reintroduction through the lens of invasion ecology, how Bluebreast 

Darters spread and the impact that this spread has on integration yields an interesting view of 

reintroductions. According to definitions outlined in invasive species literature (Moyle and 

Marchetti, 2006), Bluebreast Darters became fully established in the Upper Licking basin, but 

their impact on the resident fish assemblage was quite different than a traditional invader. The 

slower spread of Bluebreast Darters following their establishment is indicative of evolutionary 

co-adaptation with the resident fish assemblage worth further investigation. 

 The strong positive effect of D50 on Bluebreast Darter abundance was expected and 

speaks to the importance of habitat considerations when attempting to understand the community 

dynamics of a reintroduction project. While this preference for large cobble is known to 

literature (Tiemann, 2008), this analysis takes it a step further in establishing how this plays a 
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role in the distribution of benthic fish assemblages. Considering how Etheostoma tend to have 

very specific microhabitats (Welsh and Perry, 1998), this relationship lends additional evidence 

towards the mechanism of specific substrate acting as refugia for different species. This 

reintroduction may have had a stronger influence on the resident fish assemblage at first, then 

trended towards less impact as Bluebreast were able to adjust to their differing microhabitats and 

become established in the proper refugia/substrate for their life history.  

As previously mentioned, the Bluebreast Darter abundance and diversity models showed 

high significance between sampling seasons. This was expected, as it most likely indicates that 

spring sampling at the beginning of the study may not have been fully indicative community 

surveys. High water levels and differing life history of benthic riffle dwelling species means that 

spring samples are typically not used for fish community surveys (Shute et al., 2009). Spring 

samples were originally done to attempt to have a more robust sampling of the fish assemblages, 

so including them in this analysis proved valuable in its ability to give weight to these 

assumptions on the poor quality of spring samples.  

The weak correlation between Bluebreast Darter and Mottled Sculpin abundances can be 

attributed in part to the skew of the values. While there is a clear relationship of low Mottled 

Sculpin populations at sites with high Bluebreast Darter abundance and vice versa, the trend is 

lost at intermediate values and therefore is difficult to interpret. More complex statistical 

analyses of this relationship in the future may yield more informative results, but based on the 

existing analysis, little can be said. Ultimately, Mottled Sculpin abundance was removed from 

the mixed models for this reason.  

This project analyzed the change in fish assemblages over time following the 

reintroduction of Bluebreast Darters. Despite promising results indicating a changing benthic fish 
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assemblage, the nuanced effects of interspecies competition between benthic darter species 

becomes difficult to quantify when control and introduction sites are connected within the same 

basin and there are many confounding stressors of a relatively urbanized watershed. Original site 

selection criteria were also heavily based on choosing areas where Bluebreast Darters would 

have the greatest success, and therefore were highly variable between sites. That being said, 

important potential mechanisms in the assemblage structure were identified, and insights about 

the establishment and spread of a previously extirpated species provided a new perspective on 

invasion theory. In conclusion, future studies with more controlled conditions between 

treatments are needed to further understand the effects of reintroducing a benthic fish species.  

 

 

 

Acknowledgements 

 I am incredibly thankful to Brian Zimmerman and Dr. Mažeika Sullivan for allowing me 

to conduct this study based off the existing reintroduction data that they have gathered over the 

past 6 years. I also would like to thank Drs. Lauren Pintor and Suzanne Gray for sitting on my 

honors committee. Lastly, I would like to thank the many different STRIVE lab members and 

volunteers who have helped with the field work for this project over the years, as well as Dr. 

Jason Bohenek for his help with creation of the dataset and analyses in R.  

 

 

 

 



16 
 

References: 

Honick, Anthony S., et al. "Expanded Distributions of Three Etheostoma Darters (Subgenus 

Nothonotus) within the Upper Ohio River Watershed." Northeastern Naturalist 24.2 

(2017): 209-234. 

NatureServe Explorer 2.0, 

explorer.natureserve.org/Taxon/ELEMENT_GLOBAL.2.103976/Etheostoma_camurum. 

Simon, Thomas P. "Biodiversity of fishes in the Wabash River: status, indicators, and threats." 

Proceedings of the Indiana Academy of Science. Vol. 115. No. 2. 2006. 

Near, Thomas J., and Michael F. Benard. "Rapid allopatric speciation in logperch darters 

(Percidae: Percina)." Evolution 58.12 (2004): 2798-2808. 

Van Snik Gray, Ellen, et al. "Food resource partitioning by nine sympatric darter species." 

Transactions of the American Fisheries Society 126.5 (1997): 822-840. 

Rice, Daniel L., and Brian Zimmerman. A Naturalist's Guide to the Fishes of Ohio. Ohio 

Biological Survey, 2019. 

Fridley, J. D., et al. “The Invasion Paradox: Reconciling Pattern And Process In Species 

Invasions.” Ecology, vol. 88, no. 1, 2007, pp. 3–17. 

Sullivan, S. Mažeika & Zimmerman, Brian & Symonds, Daniel. (2015). Translocation of the 

Bluebreast Darter, Etheostoma camurum, to the Upper Licking River Basin of Ohio. 

Tiemann, Jeremy S. "Distribution and life history characteristics of the state-endangered 

bluebreast darter Etheostoma camurum (Cope) in Illinois." Transactions of the Illinois 

State Academy of Science 101.3, 2008: 235-246. 

Welsh, Stuart A., and Sue A. Perry. "Habitat partitioning in a community of darters in the Elk 

River, West Virginia." Environmental Biology of Fishes 51.4, 1998: 411-419. 

Poly, William J. “Design and Evaluation of a Translocation Strategy for the Fringed Darter 

(Etheostoma Crossopterum) in Illinois.” Biological Conservation, vol. 113, no. 1, 2003, 

pp. 13–22., 

Shute, J. R., et al. “Guidelines for Propagation and Translocation for Freshwater Fish 

Conservation.” Fisheries, vol. 34, no. 11, 2009, pp. 529–545., doi:10.1577/1548-8446-

34.11.529. 



17 
 

Trautman, Milton B. The Fishes of Ohio: with Illustrated Keys. Ohio State University Press in 

Collaboration with the Ohio Sea Grant Program Center for Lake Erie Area Research, 

1981. 

Biological and Water Quality Study of the Licking River And Selected Tributaries, 2008. Ohio 

EPA, www.epa.state.oh.us/portals/35/documents/2008lickingtsd.pdf. 

Jelks, Howard L., et al. “Conservation Status of Imperiled North American Freshwater and 

Diadromous Fishes.” Fisheries, vol. 33, no. 8, 2008, pp. 372–407., doi:10.1577/1548-

8446-33.8.372. 

Carey, Michael P., and David H. Wahl. “Native Fish Diversity Alters the Effects of an Invasive 

Species on Food Webs.” Ecology, vol. 91, no. 10, 2010, pp. 2965–2974., doi:10.1890/09-

1213.1. 

White, Matthew M., and Nevin Aspinwall. “Habitat Partitioning among Five Species of Darters 

(Percidae: Etheostoma).” Environmental Biology of Darters Developments in 

Environmental Biology of Fishes, 1984, pp. 55–60., doi:10.1007/978-94-009-6548-5_7. 

Jackson, Donald A., Pedro R. Peres-Neto, and Julian D. Olden. "What controls who is where in 

freshwater fish communities the roles of biotic, abiotic, and spatial factors." Canadian 

Journal of Fisheries and Aquatic Sciences 58.1 (2001): 157-170. 

Karr, James R., Louis A. Toth, and Daniel R. Dudley. "Fish communities of midwestern rivers: a 

history of degradation." BioScience 35.2 (1985): 90-95. 

Andreen, William L. "Water quality today-has the clean water act been a success." Ala. L. Rev. 

55 (2003): 537. 

Qinghong, Liu. "A model for species diversity monitoring at community level and its 

applications." Environmental monitoring and assessment 34.3 (1995): 271-287. 

Page, Lawrence M., and Douglas W. Schemske. "The effect of interspecific competition on the 

distribution and size of darters of the subgenus Catonotus (Percidae: Etheostoma)." 

Copeia (1978): 406-412. 

Chao, Anne, et al. "Rarefaction and extrapolation with Hill numbers: a framework for sampling 

and estimation in species diversity studies." Ecological monographs 84.1 (2014): 45-67. 

Russell V. Lenth (2021). emmeans: Estimated Marginal Means, aka Least-Squares Means. R 

package version 1.5.4. https://CRAN.R-project.org/package=emmeans 



18 
 

Wickham et al., (2019). Welcome to the tidyverse. Journal of Open Source Software, 4(43), 

1686, https://doi.org/10.21105/joss.01686 

Jari Oksanen, et al., (2020). vegan: Community Ecology Package. R package version 2.5-7. 

https://CRAN.R-project.org/package=vegan 

Kiffney, Peter M., et al. "Changes in fish communities following recolonization of the Cedar 

River, WA, USA by Pacific salmon after 103 years of local extirpation." River Research 

and Applications 25.4 (2009): 438-452. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 
 

Tables: 

 

Table 1. Descriptive statistics for benthic riffle fishes considered in the fish assemblage metrics 

 

Table 2. Descriptive statistics for each of the response variables (excluding Bluebreast Darter abundance, 

which is included in Table 1) 
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Figures:  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Distribution of the Bluebreast Darter throughout the Eastern United States (NatureServe 

Explorer 2.0).  

 

 

 

 

 

 

 

 

Figure 2. Female (top) and Male (bottom) Bluebreast Darters (Etheostoma camurum) with blue VIE 

directly below the front dorsal fin. Images courtesy of Brian Zimmerman.  
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Figure 3. Map of sites for the reintroduction to the Upper Licking River. Red dots represent 

reintroduction sites, and blue dots represent control sites with similar physicochemical characteristics but 

where no fish were reintroduced. Black stars and squares represent urban areas.  

 

 

Figure 4. H (Shannon’s diversity), simp (Simpson’s diversity), invsimp (Inverse Simpson’s diversity), r.2 

(Species richness), and hill (Hill number diversity) plotted against each other to show the relationship 

among diversity indices.  
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Figure 5. Bluebreast Darter abundance (bb) vs. Mottled Sculpin abundance (sculp), with different years 

represented by different color points.  

 

Figure 6. Substrate D50 vs. Bluebreast Darter abundance. Sites with D50 > 90mm were excluded, as they 

were indicative of bedrock and therefore the relationship became reversed due to lack of cover.  
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(a) 

 

(b) 

 

 
(c) 

Figure 7. Differences in estimated marginal means (emmean) of (a) Hill number diversity, (b) evenness, 

and (c) abundance by year. Different letters (A, B) indicate significant differences. 
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Figure 8. Differences in estimated marginal means (emmean) of (a) Bluebreast Darter abundance, (b) 

evenness, and (c) Hill number diversity by treatment. Different letters (A, B) indicate significant 

differences. 
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Appendix: 

 

 


