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ABSTRACT 

Freshwater fauna worldwide are becoming increasingly imperiled as a result of 

anthropogenic influence over the past several centuries (Ricciardi and Rasmussen 1999; 

Jelks et al., 2008). The largest threats to freshwater biodiversity are flow and habitat 

alterations (Poff et al. 1997), pollution (Lloyd 1992), invasive species (Johnson et al. 

2008), and human exploitation (Dudgeon et al. 2006). Freshwater fishes are more 

sensitive to environmental degradation than other taxa, and as many as 20% of species 

globally are extinct (Moyle and Leidy 1992; Duncan and Lockwood 2001).  

There are currently 9,966 recognized species of freshwater fish arranged in 111 

families (Nelson 1994). Freshwater fishes contribute to ecosystem structure and function 

(Northcote 1988) yet details of their responses to ecosystem variation and factors that 

contribute to their persistence or decline are poorly understood (Richter et al. 1997, 

Duncan and Lockwood 2001). Freshwater fishes are found across the Nearctic, 

Palearctic, Neotropical, Ethiopian, Oriental, and Australian bioregions and exhibit a 

variety of adaptations and niches. These adaptations are most apparent in morphological 

variation yet the underlying mechanisms and ramifications of such morphological 

diversity are not wholly established.   

A thorough understanding of freshwater fish ecology will be essential for 

conservation and management of freshwater fish fauna. Macroecology provides a holistic 

perspective for discerning broad patterns from a combination of evolutionary, ecological, 

zoogeographical, and palaeontological data (Brown 1999; Heino 2011). Large scale 

morphological analyses have the potential to improve understanding of the patterns 

which delineate interspecific and intraspecific spatial and temporal variability and 
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provide a novel perspective of the ecological and evolutionary influences on freshwater 

fishes. The purpose of this dissertation is to contribute to our understanding of 

morphological diversity across spatial, temporal, and ecological gradients.       

The first chapter of this dissertation assessed the covariation of morphology with 

variation in habitat use and geographic range in North American freshwater fishes for the 

following families: Catostomidae (suckers), Cyprinidae (minnows), Salmonidae (trout 

and salmon), Ictaluridae (catfish), Centrarchidae (sunfish), Percidae (perch and darters), 

and Cottidae (sculpin). Geometric morphometric techniques with phylogenetic 

comparative methods were used to assess morphological patterns with habitat use and 

geographic distribution at two taxonomic scales: all species combined and by family. The 

combined analysis indicated a general morphological relationship whereby taxa with 

larger caudal peduncle areas, narrower dorsal and anal fin bases, and more posteriorly 

positioned dorsal, anal, and pelvic fins utilized more available habitat and exhibited 

larger geographic ranges. Morphological variation of species within families was 

partially explained by either variation in habitat use or geographic range. However, these 

relationships varied among families. Analysis of phylogenetic signal indicated that 

morphological variation among all 512 taxa was more similar than expected while 

variation in habitat use and geographic range was less similar than expected. 

Phylogenetic signal analyses of morphological variation for each family varied among 

families. Morphological variation of North American fishes has coevolved with variation 

in habitat use and geographic range. A better understanding of the diversification of 

morphology and variation in habitat use and geographic distribution of North American 

fishes has both theoretical and applied implications. These results facilitate understanding 
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of macroecological patterns in freshwater fish and potentially provide improved 

conservation and ecological inference.   

The second chapter of this dissertation assessed morphological variation in 

response to long term hydrologic variation. Flow regimes have been increasingly altered 

in recent years due to anthropogenic hydrologic modifications. However, the effects of 

long term hydrologic alterations on biota are poorly understood. This study used historic 

museum collections of five species of cyprinidae (minnows) and US Geological Survey 

daily discharge records to model morphological variation as a function of hydrology over 

the past 100 years. Shapes of cyprinidae taxa were increasingly robust with extremes in 

daily minimum flow, and were more fusiform with increased maximum flow and high 

baseflow. The morphological response of males to altered hydrology was stronger than 

females when a sex based difference was present. Changes in ecosystem properties, 

community assembly patterns, and conservation focus should be considered with changes 

in function following morphological changes in organisms.  

The third chapter of this dissertation assessed the relative influence of 

development, sex, and environment on a single taxon across a large Midwestern US river. 

Intraspecific morphology frequently varies with phylogeny, body size, sex, and 

phenotypic plasticity. However, the relative influence of these variables is unknown for 

most taxa. Morphological variation of freshwater drum Aplodinotus grunniens in the 

Wabash River, USA was described using geometric morphometrics. A MANCOVA 

model of shape indicated that morphological variation was primarily influenced by 

allometry (body size), sex, and river location. At least 50% of the variability in 

morphology was a product of body size while sex and river km collection position 
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accounted for 10% and 5% of the variability in shape, respectively. The contributions of 

allometry, sex, and river location on freshwater drum morphology suggest that 

morphological variation is largely a result of a combination of development, sexual 

constraints, and environment.  

Through extensive field, museum, and observational approaches this study makes 

a unique contribution to our understanding of morphological diversity in freshwater 

fishes by linking intraspecific and interspecific morphological variation to phylogeny, 

allometry, sex, habitat niche, geographic niche, hydrology, and long term environmental 

change.    
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Abstract 

The study assessed the covariation of morphology with variation in habitat use 

and geographic range in North American freshwater fishes for the following families: 

Catostomidae (suckers), Cyprinidae (minnows), Salmonidae (trout and salmon), 

Ictaluridae (catfish), Centrarchidae (sunfish), Percidae (perch and darters), and Cottidae 

(sculpin). Geometric morphometric techniques with phylogenetic comparative methods 

were used to assess morphological patterns with habitat use and geographic distribution 

at two taxonomic scales: all species combined and by family. The combined analysis 

indicated a general morphological relationship whereby taxa with larger caudal peduncle 

areas, narrower dorsal and anal fin bases, and more posteriorly positioned dorsal, anal, 

and pelvic fins utilized more available habitat and exhibited larger geographic ranges. 

Morphological variation of species within families was partially explained by either 

variation in habitat use or geographic range. However, these relationships varied among 

families. Analysis of phylogenetic signal indicated that morphological variation among 

all 512 taxa was more similar than expected while variation in habitat use and geographic 

range was less similar than expected. Phylogenetic signal analyses of morphological 

variation for each family varied among families. Morphological variation of North 

American fishes has coevolved with variation in habitat use and geographic range. A 

better understanding of the diversification of morphology and variation in habitat use and 

geographic distribution of North American fishes has both theoretical and applied 

implications. These results facilitate understanding of macroecological patterns in 

freshwater fish and potentially provide improved conservation and ecological inference.   
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Introduction 

Morphological variation is linked to the evolutionary ecology of organisms 

(Williams, 1966; Pianka, 2000; Cooper & Purvis, 2009). Understanding morphological 

variation is also critical to the development and application of many niche concepts 

(Grinnell, 1917; Elton, 1927; Hutchinson, 1957; Lack, 1971) which relate to variation in 

organismal shape. Intraspecific morphological variation is predicted to vary with local 

conditions (e.g., habitat; Van Valen, 1965). The covariation of morphology with niche 

results from form and function relationships that largely dictate resource allocation, 

performance, and physiology (see Wainwright & Reilly, 1994). The majority of 

ecomorphological studies, however, are focused at the intraspecific level and test for 

relationships with individual local environmental attributes (Jacquemin et al., in press). 

The importance of morphological patterns at broader ecological or taxonomic scales (e.g. 

family, order) that are a product of environmental variation is unknown. The purpose of 

this study is to test if morphology is correlated with variation in habitat use and 

geographic range at higher taxonomic scales.   

 Morphology may vary with environmental variables at lower taxonomic levels 

(e.g. intraspecific) that are a result of phenotypic plasticity with a wide range of habitat 

use, resource types, or distribution (Jacquemin et al., in press). In addition, taxa that 

utilize more habitat types tend to occupy larger geographic ranges compared with habitat 

specialists (Gaston, 2003).  Pyron (1999) identified a positive link between habitat 

variation and geographic range in two North American freshwater fish families. The as 
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yet untested expectation is that this relationship translates into morphological variation 

with both variation in habitat use and geographic range.  

 Morphological patterns within species may scale up to higher taxonomic levels 

(e.g. family, order) as a combined result of these smaller scale patterns. A test for how 

morphology varies with habitat use variation, geographic distribution, or phylogeny can 

also provide information about the evolution of these traits (Pyron, 1999; Ruber et al., 

1999; Langerhans & DeWitt, 2004; Mitteroecker & Gunz, 2009; Buckley et al., 2010). In 

a recent study of morphological variation among several freshwater fish clades, Clabaut 

et al. (2007) found shape to be independent of phylogeny and hypothesized that 

morphological variability resulted from differences in resource allocation and habitat 

variation. However, no studies incorporate variation in habitat utilization, geographic 

range, and phylogeny as predictors of morphological variation in multiple taxa.    

 The incorporation of phylogenetic signal into comparative biology provides an 

additional tool for understanding the evolutionary patterns of morphology and species 

traits (Blomberg et al., 2003; Ackerly, 2009; Kamilar & Muldoon, 2010). Phylogenetic 

signal is a measure of correlation between a given trait (e.g. morphology or variation in 

habitat preference) and the phylogenetic position of taxon (Revell et al., 2008). This 

methodology has been used to assess evolution of niches (Losos, 2008; Kamilar & 

Muldoon, 2010), diversification rates (Ackerly, 2009), and extinction risks in 

conservation ecology (Corey, 2010). The null expectation is that phylogenetic signal 

exhibits a Brownian motion pattern and morphological or other descriptive traits do not 

covary in predictable patterns. However, similar hypotheses have not been tested with 

morphological and niche variation at taxonomic scales beyond species level. 
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 In freshwater fishes, morphology covaries within and among species with biotic 

and abiotic variables including local habitat, water quality, diet, geographic range size, 

competition, phylogeny, and community structure (Hart, 1952; Schmitt & Holbrook 

1984; Meyer, 1987; Laurent & Perry, 1991; Schluter, 1994; Hegrenes, 2001; Langerhans 

et al., 2003; Langerhans & Makowicz, 2009). Variability in habitat use, geographic 

distribution, and phylogeny has been used to explain ecological variation (Pianka, 2000), 

resulting in a refined understanding of large-scale morphological patterns. For example, 

Langerhans et al. (2003) and Carlson and Wainwright (2003) identified morphological 

variation across a large scale that varied with local habitat use in Neotropical fishes and 

North American Percidae, respectively. Similarly, Hollander (2008) identified increased 

morphological variation in marine invertebrates and attributed morphological variation 

for taxa with larger geographic range size to dispersal rate and not directly to habitat 

utilization. These examples suggest that shape attributes vary predictably with habitat use 

and geographic distributions. Identification of these macroecological patterns may 

improve ecological understanding of freshwater fishes (Taylor & Gotelli, 1994; Oliveira 

et al., 2009).           

 

Objectives  

The objectives of this study were to test if variation in habitat use and geographic 

range are correlated with body shape variation in North American freshwater fish taxa 

and whether phylogenetic signal can be detected for shape variation. This is a test to 

determine if 1) morphology covaries with habitat and geographic range variation, 2) 
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patterns are similar in all taxa within families, and 3) morphology and variation in habitat 

use and geographic range exhibit phylogenetic signal.  

 

Methods 

Morphological data and statistical analysis 

Species shapes were obtained from scaled consensus line images by Page and 

Burr (1992). The taxa for analyses are the seven largest families of North American 

freshwater fishes (512 species): Catostomidae (52), Cyprinidae (192), Salmonidae (25), 

Ictaluridae (38), Centrarchidae (30), Percidae (151), and Cottidae (24). Only species that 

are native to North American were included. Morphologic data collection and analyses 

used geometric morphometric methodologies (Zelditch et al., 2004; Mitteroecker & 

Gunz, 2009). Geometric morphometrics is an analytical approach to describe shape 

variation that uses landmarks or outlines placed in a commonly scaled x-y plane 

facilitating individual comparisons to a common shape configuration. Images of 

morphology were digitized (by SJJ) using a series of predefined landmarks (Table 1; Fig. 

1) in tpsDig (ver. 2.11, Rohlf, 2001). The general procrustes method (GPA; least squares 

method) was used to reduce effects of size, translation, and orientation through 

isomorphic scaling and rotation, and provide a preliminary shape treatment and analysis 

(Zelditch et al., 2004). Following GPA, relative warp analysis (RWA) was performed to 

assess shape variation among individuals (Rohlf, 1993) using tpsRelw software (Rohlf, 

2010). RWA is a morphometric ordination technique that compares the relative position 

of homologous landmarks in a species or sample in reference to a consensus or Procrustes 

configuration (Zelditch et al., 2004). RWA generates a principal components analysis of 
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a covariance matrix generated from sampled individuals and is interpreted according to a 

series of orthogonal axes which explain a portion of the shape variation (Rohlf & Marcus, 

1993). Axes that explained > 10% variation were retained for interpretation. Shape 

variation was quantified as ordination distance from consensus, described by the thin 

plate spline method, and interpreted through deformation grids analogous to D’Arcy 

Thompson (1917) warped grid outlines (Querino et al., 2002). Implementation of RWA 

in the tps software used default settings (alpha = 0, Bookstein component, and λ = 0).  

 

Species trait data 

Fish habitat and geographic traits were from the online Fish Traits Database 

(Frimpong & Angermeier, 2009) and additional textbook sources (e.g., Lee et al., 1980; 

Trautman, 1981; Simon, 1999; Appendix 1). Fish habitat traits included associations with 

particular substrate types, woody debris, submerged vegetation, flow type and speed, 

water body size, and elevation and were scored as binary presence/absence. Substrate 

types were muck (e.g. detritus, POM, etc.), clay/silt, sand, gravel, cobble, boulder, and 

bedrock. Flow type and speed categories included lentic and lotic preferences subdivided 

into slow, moderate, and fast current. Water body sizes included large and small rivers, 

spring systems, and creeks. Elevation preferences were categorized as lowland, upland, 

or montane. Fish habitat traits (substrate type, vegetation, etc.) were scored as binary and 

summed as an estimate of the variation in habitat use, or niche breadth (Pyron, 1999). 

Species distribution traits were geographic range size (km
2
), range perimeter (km), and 

latitudinal and longitudinal range (km).   
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Phylogenetic analyses of morphological and species trait data 

Correlations of independent contrasts (Felsenstein, 1985) of geometric 

morphometric RWA shape axes were tested with contrasts of ecological niche breadth 

and four geographic range attributes (area, perimeter, and latitudinal and longitudinal 

range distances). Independent contrasts accounts for the lack of evolutionary 

independence that result from shared evolutionary history (Brooks & McLennan, 1991; 

Garland and Janis, 1993) and is robust compared to models that do not incorporate 

evolutionary relationships (Harvey & Pagel, 1991). We assumed a Brownian motion 

model and used standard branch lengths of ‘1’ (Garland and Janis, 1993). Compatibility 

of branch lengths was assessed by significant relationships between absolute value of 

independent contrasts for morphological, niche, or geographic traits with square root 

sums of branch lengths (Garland and Janis, 1993). When a significant relationship was 

detected, indicating that assumptions were violated, we transformed variables. 

Independent contrasts were calculated using composite cladograms constructed from the 

cladistic hypotheses of Smith (1992; Catostomidae), Doosey et al. (2010; Catostomidae), 

Mayden et al. (2006; Cyprinidae), Simons et al. (2003; Cyprinidae), Schönhuth and 

Mayden (2010; Cyprinidae), Hardman and Hardman (2008; Ictaluridae), Vuorinen et al. 

(1998; Salmonidae); Crespi and Fulton (2005; Salmonidae), Near et al. (2005; 

Centrarchidae), Near (2002; Percidae), Near et al. (2011; Percidae), and Kinziger et al. 

(2005; Cottidae) as in Appendix 2. Given the well-studied relationship between body size 

and large scale variables (e.g. geographic range; Gaston, 2003) morphological axes were 

regressed against body size to test for effects of body size on shape RWA axes. No 

significant effects were detected and these results are not further presented.  



9 

 

 

Analyses of all taxa and families of North American fishes 

Analyses of morphological (RWA scores) and macroecological traits (habitat 

breadth and geographic traits) independent contrasts were tests for correlations of: 1) all 

taxa in all families for patterns across all taxa and 2) separate analyses of taxa for each 

family. All morphological analyses utilized identical shared landmarks (Table 1, Fig. 1). 

Independent contrasts were calculated using the PDAP (version 1.15; Midford et al., 

2009) package in the software Mesquite (version 2.73; Maddison & Maddison, 2010).  

Phylogenetic signal was estimated using the ‘K’ statistic of Blomberg et al. 

(2003) and calculated using the Picante package (Kembel et al., 2010) in the statistical 

language R (version 2.14.1, R Development Core Team, 2011). Phylogenetic signal of 

each significant combined taxon and family-specific shape axis were estimated. In 

addition, overall phylogenetic signal of habitat variation and geographic range metrics in 

the combined data set were calculated. The K statistic utilizes a phylogenetic ratio of 

observed descriptive traits to expected trait values given a Brownian motion and produces 

a statistic that ranges from 0 to infinity (Blomberg et al., 2003). K values less than one 

denote trait values among closely related taxa that are more disparate than expected (low 

phylogenetic signal), values equivalent to one denote expected trait values equal to 

expected (null hypothesis), and values more than one denote trait values more similar 

among closely related taxa than expected (high phylogenetic signal; Revell et al., 2008; 

Kamilar & Muldoon, 2010).  

Alpha was 0.05 for all analyses. To adjust for experimental error inflation due to 

increasing numbers of pairwise comparisons the false discovery rate approach of 
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quantifying Type I error proportion rather than chance was used to describe significance 

(Storey 2002). QVALUE software (version 1.1; << 

http://genomics.princeton.edu/storeylab/qvalue/>>) by Dabney and Storey (2004) was 

implemented in the statistical language R (version 2.14.1, R Development Core Team, 

2011) to calculate q values (Storey 2002).        

    

Results 

Analyses included 512 species encompassing Catostomidae, Cyprinidae, 

Salmonidae, Ictaluridae, Percidae, Centrarchidae, and Cottidae (Appendix 1). Mean 

variation in habitat use for all species was 10.1 and ranged from 4 to 20. Centrarchidae 

and Catostomidae had the highest mean variability in habitat use followed by Ictaluridae, 

Cyprinidae, Salmonidae, Percidae, and Cottidae, respectively (Table 2). Variation in 

habitat use had low phylogenetic signal (K = 0.19, p < 0.001). Mean geographic range 

was 8.2 x 10
5  

km
2 

and ranged from 1,400 to 1.1 x 10
7
 km

2
. Salmonidae had the highest 

mean total ranges followed by Centrarchidae, Catostomidae, Cottidae, Ictaluridae, 

Cyprinidae, and Percidae, respectively (Table 2). Geographic range had low phylogenetic 

signal (K = 0.42, p < 0.001). Mean range perimeter was 5,180 km
 
and ranged from 141

 
 to 

5.6 x 10
4  

km. Salmonidae had the highest mean perimeter followed by Centrarchidae, 

Catostomidae, Ictaluridae, Cottidae, Cyprinidae, and Percidae, respectively (Table 2). 

Perimeter had low phylogenetic signal (K = 0.35, p < 0.001). Mean latitudinal and 

longitudinal ranges were both 1,075 km and ranged from 36 to 5,147 km and 42 to 6,702 

km, respectively. Salmonidae had the highest latitudinal and longitudinal ranges followed 

by Centrarchidae, Catostomidae, Cottidae, Cyprinidae, Ictaluridae, and Percidae, 
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respectively (Table 2). Latitudinal (K = 0.49, p<0.001) and longitudinal (K = 0.46, p < 

0.001) range had low phylogenetic signal. Body size was not significantly correlated with 

shape variation across families.  

  

Combined analyses 

Relative warp analysis (RWA) of the combined dataset (512 taxa) explained 85% 

of the total shape variation with three significant axes. Overall variance of each 

morphological landmark was highest at dorsal and pelvic fin origins indicating the 

highest degree of differences among species was associated with these points. Minimum 

convex polygons of RW1 and RW2 indicated that Catostomidae occupied the greatest 

morphospace (highest within family shape variation), followed by Cyprinidae, 

Centrarchidae, Salmonidae, Percidae, Ictaluridae, and Cottidae (least variation), 

respectively (Fig. 2). Analyses of the combined dataset resulted in strong significant 

correlations between morphology and total range area, latitudinal range, and longitudinal 

range and weaker relationships between shape and habitat breadth (Table 3). RW1 

explained 64% (eigenvalue 1.5 x 10
2
) of the variation and differentiated high positive 

loadings of taxa in Cottidae and Percidae from high negative loadings of taxa in 

Catostomidae and Cyprinidae (Figs. 2, 3). Decreasing scores on RW1 were associated 

with larger geographic range area (Table 2). RW1 had high phylogenetic signal (K = 

6.38, p < 0.001). RW2 explained 11% (eigenvalue = 100) of the total morphological 

variation and differentiated highly negative loading Centrarchidae taxa from all other 

families (Figs. 2, 3). Increasing scores on RW2 were associated with increased 

longitudinal range (Table 3). RW2 had low phylogenetic signal (K = 0.87, p < 0.001). 
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RW3 explained 10% (eigenvalue 72) of the morphological variation and differentiated 

higher loadings of Ictaluridae and Percidae from all other families (Figs. 2, 3). 

Decreasing scores on RW3 were associated with greater habitat breadth, geographic 

range, latitudinal, and longitudinal range area (Figs. 2, 3). RW3 had high phylogenetic 

signal (K = 1.17, p < 0.001). A power 
2
 transformation of niche breadth, latitudinal and 

longitudinal range met the branch length assumption.  

 

Catostomidae 

Relative warp analysis (RWA) of the Catostomidae explained 61% of the total 

shape variation with three significant axes. Overall morphological landmark variance was 

highest at dorsal and pelvic fin origins. Significant relationships were present for 

morphology with total range area, range perimeter, and latitudinal range (Table 3). RW1 

explained 48% (eigenvalue 180) of the variation and differentiated positive loadings of 

increasingly robust bodied taxa from negative loadings of fusiform taxa (Fig. 4). 

Decreasing scores on RW1 were associated with larger total range areas occupied. RW1 

had high phylogenetic signal (K = 1.95, p<0.001). RW2 explained 13% (eigenvalue 100) 

of the variation and differentiated positive loadings of robust taxa that exhibited anterior 

shifted pelvic fin origins from negative loadings of fusiform taxa with posterior 

positioned pelvic fin (Fig. 4). Increasing scores on RW2 were associated with larger total 

range, perimeter, and latitudinal range area occupied. RW2 had low phylogenetic signal 

(K = 0.5, p<0.001). RW3 explained 11% (eigenvalue 80) of the variation and 

differentiated positive loadings of taxa with greater caudle peduncle area and compressed 

downturned head shapes compared with negative loadings of less robust taxa that 
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exhibited decreased caudle peduncle area and comparatively larger head proportions (Fig. 

4). RW3 had low phylogenetic signal (K = 0.45, p=0.03). A log10 transformation of niche 

breadth met the branch length assumption.  

 

Cyprinidae 

Relative warp analysis (RWA) of Cyprinidae explained 60% of the total shape 

variation across three significant axes. Overall morphological landmark variance was 

highest at dorsal fin origins. No significant relationships between morphology and habitat 

breadth or any geographic metric were identified (Table 3). RW1 explained 30% 

(eigenvalue 170) of the variation and differentiated positive loadings of robust bodied 

taxa with decreased caudal peduncle area and arched dorsal surface from negative 

loadings of fusiform taxa exhibiting shorter anterior dorsal fin bases and larger caudal 

peduncles (Fig. 5). RW1 had low phylogenetic signal (K = 0.34, p=0.03). RW2 explained 

17% (eigenvalue 120) of the variation and differentiated positive loadings of robust taxa 

that exhibited higher arching dorsal surfaces and narrower caudle peduncles from 

negative loadings of fusiform taxa (Fig. 5). RW2 did not indicate significant phylogenetic 

signal. RW3 explained 13% (eigenvalue 6.7 x 10
1
) of the variation and differentiated 

positive loadings of fusiform taxa with reduced and more posterior dorsal fin base 

placement compared with negative loadings of robust taxa (Fig. 5). RW3 did not indicate 

significant phylogenetic signal.   

 

Salmonidae 
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Relative warp analysis (RWA) of the Salmonidae explained 72% of the total 

shape variation across three significant axes. Overall morphological landmark variance 

was highest at dorsal and mandible origins. Significant relationships were present for 

morphology and habitat breadth (Table 3). RW1 explained 43% (eigenvalue 220) of the 

variation and differentiated high positive loadings of increasingly fusiform taxa with 

comparatively narrower heads and smaller gapes from high negative loadings of more 

robust and larger gaped taxa (Fig. 6). Increasing scores on RW1 were weakly associated 

with larger range perimeter. RW1 had high phylogenetic signal (K = 1.22, p<0.001). 

RW2 explained 17% (eigenvalue 140) of the variation and differentiated high positive 

loadings of more robust bodied taxa with increasingly anterior dorsal fin origin placement 

from high negative loadings of more fusiform taxa with posterior positioned dorsal fin 

(Fig. 6). Increasing scores on RW2 were positively associated with niche breadth (Table 

2). RW2 had high phylogenetic signal (K = 2.81, p<0.001). RW3 explained 12% 

(eigenvalue 120) of the variation and differentiated high positive loadings of robust taxa 

with smaller gape and caudal region sizes from high negative loadings of more fusiform 

taxa with larger gapes and comparatively smaller anal fin origin (Fig. 6). RW3 did not 

indicate significant phylogenetic signal.   

 

Ictaluridae 

Relative warp analysis (RWA) of the Ictaluridae explained 68% of the total shape 

variation across three significant axes. Overall morphological landmark variance was 

highest at caudal and anal fin origins. Significant relationships were present for 

morphology and range perimeter (Table 3). RW1 explained 40% (eigenvalue 160) of the 
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variation and differentiated positive loadings of taxa with reduced caudal peduncle 

regions from negative loadings of taxa with increased caudal peduncle area (Fig. 7). RW1 

had low phylogenetic signal (K = 0.88, p<0.001). RW2 explained 17% (eigenvalue 110) 

of the variation and differentiated positive loadings of robust taxa with increased caudal 

peduncle area from negative loadings of fusiform taxa (Fig. 7). Increasing scores on RW2 

were positively associated with range perimeter, total range area, and longitudinal range 

(Table 2). RW2 did not indicate significant phylogenetic signal. RW3 explained 11% 

(eigenvalue 100) of the variation and differentiated positive loadings of robust taxa with 

reduced caudal peduncle area from negative loadings of more fusiform taxa with 

increased caudal area (Fig. 7). Decreasing scores on RW3 were weakly associated with 

increased total range area and longitudinal range (Table 2). RW3 did not indicate 

significant phylogenetic signal. Latitudinal range was log10 transformed to meet branch 

length assumption.  

 

Centrarchidae 

Relative warp analysis (RWA) of the Centrarchidae explained 74% of the total 

shape variation across three significant axes. Overall morphological landmark variance 

was highest at dorsal and anal fin origins. Significant relationships were present for 

morphology and range area (Table 3). RW1 explained 42% (eigenvalue 100) of the 

variation and differentiated positive loadings of fusiform taxa with larger gape sizes from 

negative loadings of robust taxa with decreased gapes (Fig. 9). RW1 did not indicate 

significant phylogenetic signal. RW2 explained 17% (eigenvalue 58) of the variation and 

differentiated positive loadings of more fusiform taxa with larger gapes and higher lateral 
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position of the pectoral fin from negative loadings of more robust taxa with compressed 

head regions, lower lateral positioning of pectoral fin origins, and distended abdominal 

areas (Fig. 9). Increasing scores on RW2 were weakly associated with total range area 

and latitudinal range (Table 2). RW2 did not indicate significant phylogenetic signal. 

RW3 explained 15% (eigenvalue 49) of the variation and differentiated positive loadings 

of taxa with lower positioned pectoral fin and enlarged anal fin base from negative 

loadings of taxa with higher positioned pectoral fin and minimized anal fin (Fig. 9). 

Increasing scores on RW3 were positively related to latitudinal range and negatively 

related to total range area (Table 2). RW3 did not indicate significant phylogenetic signal. 

Range perimeter was log10 transformed to meet branch length assumption.  

 

Percidae 

Relative warp analysis (RWA) of the Percidae explained 59% of the total shape 

variation across three significant axes. Overall morphological landmark variance was 

highest at dorsal and anal fins. Significant relationships were present for morphology and 

range area (Table 3). RW1 explained 24% (eigenvalue 180) of the variation and 

differentiated positive loadings of taxa with reduced caudal peduncle regions from 

negative loadings of taxa with increased caudal peduncle area (Fig. 8). RW1 had low 

phylogenetic signal (K = 0.47, p<0.001). RW2 explained 22% (eigenvalue 140) of the 

variation and differentiated positive loadings of more fusiform taxa from negative 

loadings of robust taxa (Fig. 8). Increasing scores on RW2 were associated with total 

range area (Table 2). RW2 had low phylogenetic signal (K = 0.54, p<0.001). RW3 

explained 13% (eigenvalue 110) of the variation and differentiated positive loadings of 
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taxa with more compressed and robust head regions from negative loadings of taxa with 

more fusiform and elongated heads (Fig. 8). RW3 had low phylogenetic signal (K = 0.33, 

p<0.001). Habitat breadth and all geographic range variables were power 
2
 transformed to 

meet branch length assumption.  

 

Cottidae 

Relative warp analysis (RWA) of the Cottidae explained 59% of the total shape 

variation across three significant axes. Overall morphological landmark variance was 

highest at dorsal and anal fin origins. Significant relationships were present for 

morphology and range area (Table 2). RW1 explained 25% (eigenvalue 170) of the 

variation and differentiated positive loadings of elongated and more fusiform taxa with 

from negative loadings of robust taxa with increased caudal peduncle area (Fig. 10). 

Increasing scores on RW1 were positively related with niche breadth (Table 3). RW1 did 

not indicate significant phylogenetic signal. RW2 explained 20% (eigenvalue 160) of the 

variation and differentiated positive loadings of taxa with reduced caudal peduncle area 

from negative loadings of taxa with increased caudal peduncle area (Fig. 10). RW2 did 

not indicate significant phylogenetic signal. RW3 explained 15% (eigenvalue 1.1 x 10
2
) 

of the variation and differentiated positive loadings of robust taxa with reduced caudal 

peduncle area from negative loadings of more fusiform taxa with increased caudal area 

(Fig. 10). Decreasing scores on RW3 covaried with increased latitudinal and longitudinal 

range. RW3 did not indicate significant phylogenetic signal.    

 

Discussion  
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Variation in habitat use and geographic range were correlated with morphology of 

North American freshwater fishes. These results support linkages between morphology 

and local environment (Van Valen, 1965) and geographic range (Lack, 1971). This 

implies a functional link between shape and both habitat and geographic niche. In 

general, taxa with larger caudal peduncle areas, narrower dorsal and anal fin bases, and 

more posteriorly positioned dorsal, anal, and pelvic fins have increased variation in 

habitat use and larger geographic ranges. When analyzed at the family level, 

morphological variation was partially explained by either variation in habitat use or 

geographic range (with the exception of Cyprinidae). Phylogenetic signal values above 

one indicated that overall shape variation among all North American freshwater fishes 

combined was more similar than expected under a Brownian motion model of evolution. 

However, when examined at the family level, phylogenetic signal tended to be either 

non-significant (Brownian motion) or significantly less than one.  

  

Phylogenetic signal 

 Evolutionary rate or process mechanisms cannot be readily identified from 

phylogenetic signal information (Revell et al. 2008; Ackerly 2009). High K values 

indicate greater evolutionary diversification early in the evolution of a clade (Revell et 

al., 2008). The detection of high phylogenetic signal among all taxa and families 

Salmonidae and Catostomidae indicates that primary morphological diversification we 

quantified occurred early in the evolution of these clades. Conversely, low phylogenetic 

signal along the primary morphological axes in Ictaluridae, Cyprinidae, and Percidae 

families suggests more recent morphological diversification (Ackerly, 2009). In addition, 
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several of the primary morphological axes at the family level (Centrarchidae, Cottidae) 

resulted in variation as expected under a Brownian motion model. These disparate 

evolutionary patterns for morphology indicate that all families did not have identical 

evolutionary trends.      

 North American fish phylogenies can provide inference into diversification 

patterns, selective pressures, respective taxon niches, and resulting ecological 

communities (Losos, 2008). Low phylogenetic signal for variation in habitat use and 

geographic range across all taxa indicates that closely related taxa do not utilize similar 

habitats and geographic ranges. Thus, taxa using a wide range of habitats (e.g. 

generalists) are not necessarily sister to other generalists, compared to taxa that use less 

available habitat space (e.g. specialists). One interpretation of low K values is that 

phylogenetic niches are not conserved as a result of adaptive radiation (Losos, 2008). 

Interestingly, high K values of shape evolution occurred in the analysis of all North 

American taxa while the majority of families showed low K values.  

 

Potential study concerns 

 Potential confounding issues in macroecological studies that compare the 

evolution of traits for multiple families include species richness differences among 

families, varied evolutionary divergence times, and exclusion of ancestral or extinct 

species. Although a true value of ‘species richness’ in North American lineages may be 

difficult to determine due to species delineation issues (see De Queiroz, 2007), general 

patterns are discernible (e.g. numbers of Percidae or Cyprinidae species are greater than 

Centrarchidae; Carlson and Wainwright, 2010). However, variation in species richness 
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among families in the current study of North American fishes does not follow the pattern 

observed for morphological variation (Carlson and Wainwright, 2010). In a comparison 

of Percidae and Centrarchidae taxa, Peterson et al. (1999) and Collar et al. (2009) 

attributed the incongruence of species richness and morphological diversity to functional 

adaptations to habitat and resource utilization.  

 The fossil record provides support for a functional-based adaptive hypothesis. The 

majority of North American families presented in the current analyses first appear in the 

fossil record of the Oligocene –or Eocene epoch boundary circa 34-39 MYA 

(Catostomidae Juan & Mee-mann, 2009; Cyprinidae Cavender, 1991; Centrarchidae 

Near et al., 2005; Percidae Near et al., 2011). Thus, time since divergence does not likely 

explain the variation in observed morphology within families. However, these analyses 

excluded extinct species, which may have confounded results. Given the paucity of the 

fossil record, analyses for the majority of these extinct lineages is difficult or impossible. 

 In addition to potential issues with taxon diversity and divergence differences 

among clades, body size may contribute to the observed correlations between 

morphology, habitat and geographic range. Although a relationship between body size 

and shape was not detected in this study, body size is a proxy for dispersal potential 

(Knouft & Page, 2003) and covaries with multiple large-scale traits of freshwater fishes 

including speciation patterns, geographic range, geographic location, and habitat use 

(Costa et al., 2008; Knouft & Page, 2011). Thus, body size should be recognized as a 

contributor to these species traits that directly covary with shape.        

 

Ecomorphological implications  
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 Although ecomorphological analyses using geometric morphometrics are 

becoming increasingly common, the majority focus on taxon or single-population 

morphological relationships with abiotic and biotic variables (see Wainwright & Reilly, 

1994). An obvious limitation of this study is not including intraspecific morphological 

variation that likely varies with niche (Bolnick et al., 2003). This study would benefit 

from analyses at additional scales organized at taxon levels below families (e.g. 

populations, species, genera) to further test for morphological trends. Intraspecific studies 

provide useful models to hypothesize potential mechanisms that may control observed 

large scale morphological patterns in North America freshwater fishes. One caveat is that 

these morphological patterns must be explained from an adaptive (e.g. functional) 

perspective or be relegated to spurious effects of an unmeasured variable or phylogenetic 

baggage (Gould & Lewontin, 1979).  

  

Morphology application to hydrology, conservation, and assemblage structure  

 Large scale macroecological patterns likely are a cumulative result from selective 

processes operating across populations (Brown 1995). Flow regime provides an 

overarching influence on abiotic and biotic stream environments (Harris et al., 2000) and 

likely contributes to the morphological patterns that emerge at higher taxonomic levels. 

Langerhans (2008) attributed morphological variation to genetic divergence and 

phenotypic plasticity and suggested that differences in flow regime are the ultimate cause 

of such diversity. Variation in flow regime is linked to speciation events and the niches of 

North American freshwater fishes (Knouft & Page, 2003). Morphological variation 
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associated with flow regime has implications for conservation efforts because global lotic 

ecosystems are continually altered (Poff et al., 1997).    

 Relationships for morphological and habitat covariation have the potential to 

provide methods for assessing species conservation priorities (e.g., Rabinowitz, 1981) by 

predicting phenotypic responses of organisms to environmental alterations. If species can 

be categorized into morphological bauplans by use of habitat variation and geographic 

range then susceptibility to habitat perturbation and prioritizing of conservation efforts 

may be predictable. For example, identifying a morphology typical of habitat and 

geographic range specialists may provide inference into conservation priorities or 

understanding and prediction of taxon presence / absence in a given area. This approach 

could be expanded based on morphological and habitat or geographic phylogenetic signal 

results by providing inference into understudied taxa with established phylogenies.     

 Application of morphological and habitat relationships to community ecology can 

also improve understanding of local assembly patterns. Assemblage membership has 

broad implications for ecosystem structure and function that can be improved using 

morphological data (Douglas and Matthews, 1992). Traditional assemblage-environment 

studies such as Jackson et al. (2001) frequently identify a suite of scale dependent (local 

vs. regional) abiotic and biotic factors that determine assemblage membership. Given that 

morphology is linked with both habitat and geographic range, shape may provide 

understanding for which habitats (abiotic) are suitable for a species and a potential 

species pool based on geographic availability. Furthermore, application of phylogenetic 

signal models can improve prediction of habitat and geographic niche. Models that 
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estimate community assembly may be particularly useful in understanding colonization 

and metapopulation dynamics (Gotelli and Taylor, 1999).         

 

Conclusion 

 The morphologies of fishes are a tradeoff between maneuverability, velocity, and 

cruising whereby phenotypes suited for one environment constrain performance in 

alternative environments (Webb, 1994; Blob et al., 2010). The results of the current study 

indicate the presence of morphological gradients that covary with habitat use and/or 

geographic distribution in multiple taxa, and a high phylogenetic signal in both shape and 

traits. This suggests that habitat use and geographic range coevolved with morphology of 

North American freshwater fishes. The strongest patterns that emerged in this study are 

likely the result of environmental variation on morphology, while differences among 

families may be a result of canalization and ancestral evolutionary constraints (Salazar-

Ciudad, 2007). Future study should expand this study to include additional regions 

beyond the Nearctic. Furthermore, morphological analysis with a functional perspective 

can be used to test for selective pressures with the potential to drive speciation, 

community assembly patterns, and resulting ecological niche and distribution (Ricklefs 

and Miles 1994).          
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Table 1.1 Landmarks used in morphological analyses. See Fig. 1.1 for placement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Landmark Position 

1 Anterior snout rostrum edge 

2 Posterior edge of cranium 

3 Anterior dorsal fin origin 

4 Posterior dorsal fin origin 

5 Dorsal caudal fin origin 

6 Ventral caudal fin origin 

7 Posterior anal fin origin 

8 Anterior anal fin origin 

9 Anterior pelvic fin origin 

10 Anterior pectoral fin origin 

11 Anterior gill juncture isthmus 

12 Posterior mandible  

13 Medial ocular socket 
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Table 1.2. Mean trait values of range area (km
2
), perimeter (km), latitudinal range (km), 

longitudinal range (km), and habitat breadth (metric score) by family.  

Trait 
Catostom

-idae 

Centrarch

-idae 

Cott-

idae 

Cyprin-

idae 

Ictalur-

idae 

Perc-

idae 

Salmon-

idae 

Range area  1014507 1355511 896603 751399 763228 420716 2858942 

Perimeter 7044 7306 4859 4837 5481 2967 14687 

Latitudinal 

range 1213 1561 1189 1068.8 991 687.2 3029 

Longitudinal 

range 1233 1510 1231 1045.2 998 689.3 2632 

Habitat 

breadth 11.8 12.0 9.3 10.2 10.6 9.3 9.4 
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Table 1.3. Correlation coefficients from regressions using contrasts of morphology with 

contrasts of niche breadth, range area, range perimeter, latitudinal range, and longitudinal 

range statistic. (q statistic). Degrees of freedom for family-level analyses differ from 

sample sizes due to the use of independent contrasts and presence of polytomies.  

 

Niche 

breadth 
Range area 

Range 

perimeter 

Latitudinal 

range 

Longitudinal 

range 

All taxa  
   

  

RWA1 0.01 (0.10) -0.10 (0.047) -0.05 (0.08) -0.04 (0.08) 0.01 (0.10) 

RWA2 -0.06 (0.06) -0.01 (0.10) 0.02 (0.10) 0.07 (0.06) 0.12 (0.047) 

RWA3 -0.08 (0.051) -0.09 (0.047) -0.06 (0.06) -0.09 (0.047) -0.08 (0.051) 

Catostomidae  
     RWA1 -0.06 (0.10) -0.34 (0.047) -0.22 (0.053) -0.24 (0.053) -0.23 (0.053) 

RWA2 0.11(0.08) 0.52 (0.047) 0.38 (0.047) 0.41 (0.047) 0.48 (0.10) 

RWA3 0.09 (0.09) -0.06 (0.10) -0.08 (0.09) -0.11 (0.08) -0.12 (0.08) 

Cyprinidae  
     RWA1 0.03 (0.10) -0.03 (0.10) -0.02 (0.10) -0.05 (0.09) -0.01 (0.10) 

RWA2 0.04 (0.09) 0.09 (0.07) 0.02 (0.10) 0.07 (0.08) 0.02 (0.10) 

RWA3 -0.10 (0.10) 0.03 (0.10) 0.04 (0.09) 0.01 (0.10) 0.06 (0.08) 

Salmonidae 
     RWA1 0.05 (0.10) 0.01 (0.10) 0.29 (0.051) 0.13 (0.09) 0.20 (0.08) 

RWA2 0.57 (0.047) 0.02 (0.10) 0.01 (0.10) 0.17 (0.08) 0.02 (0.10) 

RWA3 0.01 (0.10) 0.15 (0.08) 0.05 (0.10) 0.07 (0.10) 0.07 (0.10) 

Ictaluridae  
   

Log10  

 RWA1 0.04 (0.10) 0.12 (0.08) 0.19 (0.08) 0.12 (0.09) 0.18 (0.08) 

RWA2 -0.14 (0.08) 0.27 (0.051) 0.31 (0.047) 0.07 (0.10) 0.27 (0.051) 

RWA3 -0.20 (0.08) -0.24 (0.051) -0.13 (0.08) -0.19 (0.08) -0.25 (0.051) 

Centrarchidae  
     RWA1 0.12 (0.09) 0.11 (0.09) 0.03 (0.42) 0.01 (0.11) 0.12 (0.09) 

RWA2 0.16 (0.08) 0.27 (0.051) 0.12 (0.26) 0.27 (0.051) 0.21 (0.08) 

RWA3 -0.10 (0.09) - 0.3 (0.047) - 0.16 (0.08) - 0.33 (0.047) - 0.18 (0.08) 

Percidae  
 RWA1 0.01 (0.10) 0.07 (0.08 -0.01 (0.10) 0.02 (0.10) -0.01 (0.10) 

RWA2 0.09 (0.08) 0.19 (0.047) 0.05 (0.09) 0.08 (0.08) 0.06 (0.08) 

RWA3 -0.13 (0.06) -0.07 (0.08) -0.08 (0.08) -0.11 (0.06) -0.07 (0.08) 

Cottidae  
     RWA1 0.34 (0.047) -0.07 (0.10) 0.01 (0.10) -0.12 (0.09) -0.07 (0.10) 

RWA2 -0.12 (0.09) -0.23 (0.08) -0.32 (0.053) -0.26 (0.07) -0.29 (0.06) 

RWA3 -0.23 (0.08) -0.24 (0.08) -0.32 (0.053) -0.39 (0.047) -0.35 (0.047) 
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Figure 1.1. Location of landmarks used in morphological analyses. See Table 1.1 for 

detailed descriptions.  
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Figure 1.2. Ordination plot of RW1 and RW2 for North American freshwater fishes. 

Percent variation explained by each axis is in parentheses. Families are denoted with 

minimum convex polygons.  
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Figure 1.3. Relative warp analysis positive and negative axis thin plate splines for all 

interpreted axes of North American freshwater fishes. Significant correlations with niche 

breadth, total range, range perimeter, latitudinal range, or longitudinal range are noted 

below associated axis. See text for percent variation explained by axis.    
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Figure 1.4. Relative warp analysis positive and negative axis thin plate splines for all 

interpreted axes in Catostomidae. Significant correlations with niche breadth, total range, 

range perimeter, latitudinal range, or longitudinal range are noted below associated axis. 

See in text for axis specific percent variation explained.     
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Figure 1.5. Relative warp analysis positive and negative axis thin plate splines for all 

interpreted axes in Cyprinidae. Significant correlations with niche breadth, total range, 

range perimeter, latitudinal range, or longitudinal range are noted below associated axis. 

See in text for axis specific percent variation explained.      
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Figure 1.6. Relative warp analysis positive and negative axis thin plate splines for all 

interpreted axes in Salmonidae. Significant correlations with niche breadth, total range, 

range perimeter, latitudinal range, or longitudinal range are noted below associated axis. 

See in text for axis specific percent variation explained.      
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Figure 1.7. Relative warp analysis positive and negative axis thin plate splines for all 

interpreted axes in Ictaluridae. Significant correlations with niche breadth, total range, 

range perimeter, latitudinal range, or longitudinal range are noted below associated axis. 

See in text for axis specific percent variation explained.      
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Figure 1.8. Relative warp analysis positive and negative axis thin plate splines for all 

interpreted axes in Centrarchidae. Significant correlations with niche breadth, total range, 

range perimeter, latitudinal range, or longitudinal range are noted below associated axis. 

See in text for axis specific percent variation explained.     

 

 

 



35 

 

 

 

 

 

Figure 1.9. Relative warp analysis positive and negative axis thin plate splines for all 

interpreted axes in Percidae. Significant correlations with niche breadth, total range, 

range perimeter, latitudinal range, or longitudinal range are noted below associated axis. 

See in text for axis specific percent variation explained.     
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Figure 1.10. Relative warp analysis positive and negative axis thin plate splines for all 

interpreted axes in Cottidae. Significant correlations with niche breadth, total range, 

range perimeter, latitudinal range, or longitudinal range are noted below associated axis. 

See in text for axis specific percent variation explained.    
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CHAPTER 2    

100 YEARS OF HYDROLOGICAL ALTERATIONS AND MORPHOLOGICAL 

VARIATION IN CYPRINIDAE FISHES 
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Abstract 

Flow regimes have been increasingly altered in recent years due to anthropogenic 

hydrological modifications. However, the effects of long term hydrological alterations on 

biota are poorly understood. This study used museum collections of five species of 

Cyprinidae (minnows) and United States Geological Survey daily discharge records to 

model morphological variation as a function of hydrology over the past 100 years. Shapes 

of cyprinid taxa were increasingly deeper-bodied with extremes in low flow conditions, 

and were more fusiform with increased maximum flow and high baseflow conditions. 

The morphological response of males to altered hydrology was stronger than females 

when a sex based difference was present. Changes in ecosystem properties, community 

assembly patterns, and conservation focus should be considered with changes in function 

following morphological changes in organisms.  
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Introduction 

Freshwater ecosystems have become increasingly altered by anthropogenic 

changes in flow regime during the past several centuries (Poff et al. 1997; Richter et al. 

1997; Xenopoulos and Lodge 2006). As a result, measuring the effects of hydrology on 

biota and understanding the implications have become primary conservation issues. 

Identifying species-environmental relationships is an approach that can improve our 

understanding of the impacts of environmental change (Ross et al. 1985). Furthermore, 

understanding the morphology-functional role that these impacted species have in their 

environments can improve predictability and understanding of potential larger scale 

community (Gatz 1979; Winston 1995) and ecosystem level modifications (Tilman et al. 

1997).  

Flow regime provides an overarching abiotic and biotic influence on stream 

ecosystems (Harris et al. 2000). The effects of flow regime alterations on freshwater 

fishes have been documented in numerous taxa and communities (reviewed by Poff and 

Zimmerman 2010). These effects include physical habitat homogenization and 

degradation (Dewson et al. 2007), changes in aquatic assemblage (Taylor et al. 2008), 

reductions in ecological community resilience (Johnson et al. 2008), changes in 

assemblage functional attributes (Poff and Allan 1995; Pyron and Lauer 2004), changes 

to structure of assemblage level morphological diversity (Hoagstrom and Berry 2008), 

and long term hydrology effects on contemporary assemblages (Webb et al. 2011). 

Studies that link long term changes in freshwater fish taxa and hydrology are few (Koel 

and Sparks 2002).    
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Natural history museum collections coupled with archived hydrology data provide 

an opportunity to link long term changes in hydrology with traits of taxa. In the 

midwestern United States, long term daily hydrology data are available from 1900 to 

present (http://waterdata.usgs.gov/) and museum lots containing preserved fish specimen 

collections date from 1880 to present (Forbes and Richardson 1908; Smith 1979). These 

data resources facilitate ecological hypotheses across a large temporal scale of taxa, 

assemblages, and adaptations (Pyke and Ehrlich 2010).  

Freshwater fishes display a range of ecomorphological patterns across a wide 

variety of environmental conditions (Gatz 1979; Wainwright and Reilly 1994; Eklöv and 

Svanbäck 2006). Intraspecific morphological variation has been hypothesized to result 

from a combination of genetic divergence and phenotypic plasticity (Langerhans 2008). 

These observed morphological patterns covary with resource utilization, behavior, and 

habitat use (i.e. ecological niche, Van Valen 1965). The study of intraspecific 

morphological responses to flow regime and habitat alteration is an understudied topic 

that can provide inferences into population responses to environmental and hydrological 

alterations (Haas et al. 2010). 

Ecomorphological interpretations improve explanations of shape variability and 

provide mechanistic links with performance in different environmental spaces. For 

example, Langerhans et al. (2003) identified increasingly fusiform body shapes of 

Neotropical fishes in main channel habitats compared to lower flow lagoon habitats, and 

simultaneous with variation in performance in alternative flow conditions. Similarly, 

Haas et al. (2010) showed that deeper bodied Cyprinella (Cyprinidae) were indicative of 

reservoir compared to riverine habitats. Further, the effects of local hydrology on 



52 

 

morphology have been reproduced and manipulated in laboratory experiments 

(Pakkasmaa and Piironen 2001).  

 

Objectives  

The objective of this study was to quantify intraspecific shape variation for five 

species in the family Cyprinidae (minnows) relative to spatial and temporal hydrology 

variation over 100 years. The expectation is that hydrology has been altered over the past 

century and that minnow shape has covaried as a result of functional response.   

 

Methods 

Hydrology 

Daily discharge data from USGS stream gauging stations that are within 15 km of 

study sites (http://waterdata.usgs.gov/) were used to quantify site flow conditions (Table 

1). Daily discharge data for all available years were analyzed for trends (by site) with 

year using the Indicators of Hydrologic Alteration (IHA, Richter et al. 1996) flow regime 

software (ver. 7.1, The Nature Conservancy). IHA calculates 33 hydrological variables in 

five categories: magnitude, frequency of occurrence, duration of flow condition, timing, 

and flashiness (Poff et al. 1997), which have been identified as ecologically relevant 

(Richter et al. 1996). In summary, magnitude is a measure of wet volume and can serve 

as an indication of high vs. low flows which have been linked with disruption in taxa life 

cycles, nutrient cycling, and extirpation. Frequency of occurrence is a measure of how 

episodic extremes in flow magnitude (high or low) occur. Duration of flow condition is a 

measure of the longevity of different flow events and has been linked with ecosystem 
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invasibility and alteration of behavioral movement patterns. Timing is a measure of when 

in a Julian water year extreme conditions occur and has been linked with alteration of life 

history cues. Lastly, the flashiness category is a measure of the rate of change attributed 

with variation in flow conditions. IHA variables were calculated by site and summarized 

in separate principal components analyses (PCA). PCAs were calculated in PC-ORD 

(ver. 4.20, McCune and Mefford 1999) using the default program settings including 

standardized cross-product matrix correlations and a randomization procedure. One IHA 

calculated variable, number of zero days, was removed because no system in this study 

met the measurement criterion. All hydrological variables were log (base 10) transformed 

prior to PCA to meet normal distribution assumptions. Axes were retained for 

interpretation following the broken stick eigenvalue method (Jackson 1993) and 

interpreted using the highest loading variables with eigenvector values > 0.25.  

  

Fish and morphology 

Museum collections of five species of Cyprinidae from the Illinois Natural 

History Survey (INHS) were selected based on multiple collections of at least ten 

individuals at the same site:  sand shiner (Notropis stramineus), striped shiner (Luxilus 

chrysocephalus), emerald shiner (Notropis atherinoides), bluntnose minnow (Pimephales 

notatus), and redfin shiner (Lythrurus umbratilis) (Appendix 1). Collection dates ranged 

from 1899-2006 and were from sites in Illinois, USA (Fig. 1; Table 2) in the Sangamon 

River (Champaign/ McLean Co.), Mackinaw River (Tazewell/ Woodford Co.), Little 

Vermillion River (Vermillion Co.), Salt Creek (Logan/ DeWitt Co.), Illinois River 

(LaSalle/Grundy Co.), and Lake Michigan (Cook Co.). Individuals were photographed 
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using a tripod-mounted digital Nikon D70 camera (Nikkor AF-S DX Macro Zoom Lens) 

against a grid display for scale reference. Images were digitized by one person (SJJ) 

using a series of 11 predefined landmarks (see Fig. 2 for landmark placement and 

description) within the software tpsDig (ver. 2.11, Rohlf 2001; Jacquemin et al. in press). 

Four additional lateral landmarks not included in shape analysis were added along the 

midline of each individual to digitally unbend specimens using the ‘unbend module’ 

within tpsUtil (ver. 1.46, Rohlf 2010). Only individuals that were similar in standard 

length (+ / - 5 cm) were photographed and digitized. Centroid size was calculated to infer 

body size of digitized individuals (Zelditch et al. 2004). Sex was determined by gonad 

inspection. Only collections preserved for a minimum of five years were used to avoid 

preservation bias in shape (Jawad 2003).  

The General Procrustes Method (GPA; least squares method) was used to 

superimpose digitized individuals to a reference or consensus shape, by removing effects 

of scaling, rotation, and translation, allowing comparisons among individuals (Zelditch et 

al. 2004). A Relative Warp Analysis (RWA) was used to assess morphological variation 

among individuals. RWA produces a series of non-orthogonal axes ranked by the amount 

of shape variation explained (Rohlf 1993). A separate RWA was performed for each 

species. Morphological analyses were performed using tpsRelw (Rohlf 2010) and 

interpreted using thin plate spline deformation grid methods (Querino et al. 2002).  

 

Modeling morphology and hydrology  

Linear models were used to test the null hypothesis that variation in body shape is 

stochastic. Individual shape axes were modeled as a function of site, sex, body size 
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(centroid size), collection year, and hydrology (PC axes) for each species. In instances 

where the earliest fish collections (year < 1900) preceded hydrological data collection, or 

hydrology data were unavailable (Lake Michigan), individuals from those collections 

were excluded from the hydrological portion of the model but were retained for all other 

model configurations. All possible model configurations, including biologically plausible 

interactions (sex*year and sex*hydrology), were evaluated using AICc selection criteria. 

AICc is a modification of Akaike Information Criteria (Akaike 1974) that is robust to 

increasing explanatory variables and smaller sample sizes (Burnam and Anderson 2002; 

Grueber et al. 2011). Models were selected on the basis of ∆AICc (< 2), parsimony, 

weight, and variation explained. All models were implemented in the statistical language 

R (version 2.14.1, R Development Core Team, 2011) using the MuMIn package (Bartoń 

2012). Alpha was 0.05 for all tests of significance. 

 

Results 

USGS records of daily discharge ranged from 63 to 96 consecutive years across 

the five sites, with the earliest in 1909 (Table 1). Museum collections of cyprinids came 

from the five sites  closest to the USGS daily discharge sites and one additional site (Lake 

Michigan). Specimen collection dates ranged from 1899 to 2006 and spanned 98 to 106 

collection years (mean number of collection events per site = 8.5) across the sites (Table 

2). Number of individuals per collection event included in the analyses ranged from 9 to 

34 (mean number of individuals = 13.9).          

 

Hydrology results 
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Illinois River - The IHA for the Illinois River site resulted in significant 

alterations to 23 of the 32 IHA variables (Table 3). Regression slopes for IHA variables 

with time indicated the largest alterations occurred with the magnitude and duration of 

annual extremes. PCA of the hydrological variables resulted in two significant axes 

which explained 56% of the variation among years (Table 4). PC1 (eigenvalue 10.5) 

explained 33% of the variation and separated years with high positive loadings of number 

of reversals from years with negative loadings of daily minimum flows. PC2 (eigenvalue 

7.3) explained 23% of the variation and separated years with high positive loadings of 

daily maximum flows from years with negative loadings of baseflow index.  

Mackinaw River - The IHA for the Mackinaw River site elicited a significant 

alteration to 1 of the 32 IHA variables (Table 3).  Regression slopes for IHA variables 

with time indicated a reduction in high pulse numbers. PCA of the hydrological variables 

resulted in two significant axes which explained 67% of the variation among years (Table 

4). PC1 (eigenvalue 16.7) explained 52% of the variation and separated years with slight 

negative loadings (coefficients = - 0.23) of fall rate and daily maximum flows. PC2 

(eigenvalue 4.8) explained 15% of the variation and separated years with high positive 

loadings of reversal number and low pulse count and duration.   

Salt Creek - The IHA for the Salt Creek site resulted in significant alterations to 6 

of the 32 IHA variables (Table 3).  Regression slopes for IHA variables with time 

indicated the largest alterations occurred in the magnitude and duration of annual 

extremes. PCA of the hydrological variables resulted in two significant axes which 

explained 56% of the variation among years (Table 4). PC1 (eigenvalue 13.7) explained 

57% of the variation and separated years with high negative loadings of rise rate, high 
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pulse count, and 90-day maximum flow. PC2 (eigenvalue 4.3) explained 14% of the 

variation and separated years with high positive loading of baseflow index and negative 

loadings of high pulse duration and daily maximum flows.   

Sangamon River - The IHA for the Sangamon River site showed significant 

alterations to 9 of the 32 measured IHA variables (Table 3).  Regression slopes for IHA 

variables with time indicated the largest alterations occurred in the magnitude and 

duration of annual extremes. PCA of the hydrological variables resulted in two 

significant axes which explained 60% of the variation among years (Table 4). PC1 

(eigenvalue 15.1) explained 47% of the variation and separated years with negative 

loadings of high daily minimum and maximum flows. PC2 (eigenvalue 4.2) explained 

13% of the variation and separated years with high negative loadings of daily minimum 

flows and baseflow index.   

Little Vermillion River - The IHA for the Little Vermillion River site showed 

significant alterations in 19 of the 32 IHA variables (Table 3). Regression slopes for IHA 

variables with time indicated the largest alterations occurred in the magnitude and 

duration of annual extremes. PCA of the hydrological variables resulted in two 

significant axes which explained 53% of the variation among years (Table 4). PC1 

(eigenvalue 12.4) explained 39% of the variation and separated years with a high positive 

loading of fall rate. PC2 (eigenvalue 4.6) explained 14% of the variation and separated 

years with high positive loadings of daily minimum flows.  

 

Morphology results 
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Sand shiner – Morphometric analyses of 20 sand shiner collections explained 

36% of the variation among individuals with two significant primary shape axes. RW1 

(eigenvalue 79.8) explained 20% of the variation along a positive morphological gradient 

which depicted increasingly deep body shapes with distended abdominal regions (Fig. 3). 

Post hoc linear models indicated that positively loading individuals along RW1 were 

predominately females, individuals with larger body size, and were typical of individuals 

from streams with extremes in daily low flow (Sangamon River PC2  scores), and 

differentiated Mackinaw River individuals from individuals in the Sangamon River 

collections (Table 5, Fig. 3). RW2 (eigenvalue 53.3) explained 16% of the variation 

along a positive morphological gradient which depicted increasingly short caudal 

peduncle regions and larger dorsal fin base (Fig. 3). Post hoc linear models indicated that 

positively loading individuals along RW2 were females and were typical of individuals 

from streams with low flow pulses and reversals (Mackinaw River) and baseflow 

conditions (Sangamon River; Table 5, Fig. 3).  

Striped shiner – Morphometric analyses of 9 striped shiner collections explained 

36% of the variation among individuals along two significant primary shape axes. RW1 

(eigenvalue 85.5) explained 20% of the variation along a positive morphological gradient 

which depicted increasingly deep body shapes with distended abdomens (Fig. 4). Post 

hoc linear models indicated that positively loading individuals along RW1 were females, 

had larger body size, early collection years, and were typical of streams with low 

baseflow and daily minimum flow (Table 5, Fig. 4). RW2 (eigenvalue 52.4) explained 

16% of the variation along a positive morphological gradient which depicted increasingly 

fusiform body shapes (Fig. 4). Post hoc linear models indicated that positively loading 
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individuals along RW2 were from collection years with extremes in daily maximum flow 

and fall rate (Table 5, Fig. 4).  

Emerald shiner – Morphometric analyses of 15 emerald shiner collections 

explained 41% of the variation among individuals along two significant primary shape 

axes. RW1 (eigenvalue 121.0) explained 22% of the variation along a positive 

morphological gradient which depicted increasingly fusiform body shapes (Fig. 5). Post 

hoc linear models indicated that positively loading individuals along RW1 were males 

from early collection years (Table 5, Fig. 5). RW2 (eigenvalue 49.5) explained 19% of 

the variation along a positive morphological gradient which depicted increasingly robust 

head and deep body shapes (Fig. 5). Post hoc linear models indicated that positively 

loading individuals along RW2 were deeper-bodied males with smaller overall body size, 

and were from recent collection years (Table 5, Fig. 5). Interactions among sex and year 

along RW1 and RW2 indicated that male and female morphology changed at different 

rates.       

Bluntnose minnow – Morphometric analyses of 15 bluntnose minnow collections 

explained 37% of the variation among individuals along two significant primary shape 

axes. RW1 (eigenvalue 149.8) explained 22% of the variation along a positive 

morphological gradient which depicted more posterior and narrow dorsal fin position and 

fusiform shape of the caudal region and body (Fig. 6). Post hoc linear models indicated 

that positively loading individuals along RW1 were males, smaller body size, from recent 

collection years, and were typical of reduced high pulse counts and rise rates (Table 5, 

Fig. 6). RW2 (eigenvalue 59.2) explained 15% of the variation along a positive 

morphological gradient which depicted increasingly robust head shapes and non-
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distended abdominal regions (Fig. 6). Post hoc linear models indicated that positively 

loading individuals along RW2 separated Lake Michigan samples from Salt Creek 

samples and were males with smaller body size, and were typical of Salt Creek low 

baseflow and high daily maximum (Table 5, Fig. 6). Interactions among sex and 

hydrology along RW2 and hydrology PC1 indicated that male and female bluntnose 

minnow responded differently to hydrology.       

Redfin shiner – Morphometric analyses of 9 redfin shiner collections explained 

45% of the variation among individuals along two significant primary shape axes. RW1 

(eigenvalue 96.9) explained 25% of the variation along a positive morphological gradient 

which depicted increasingly posterior dorsal fin position and fusiform shape in the caudal 

region and overall body (Fig. 7). Post hoc linear models indicated that positively loading 

individuals along RWA1 were males and from early collections (Table 5, Fig. 7). RW2 

(eigenvalue 54.1) explained 20% of the variation along a positive morphological gradient 

which depicted increasingly deep-bodied shapes (Fig. 7). Post hoc linear models 

indicated that positively loading individuals along RW2 were males that were typical of 

high fall and rise rate and daily minimum flow (Table 5, Fig. 7).      

 

Discussion 

Morphological models identified significant correlations for body shape with 

body size, sex, hydrology, site, and collection years over the past 100 years. Sexual 

dimorphism and body size trends were similar among taxa. Body shape with increasing 

body size and in females compared to males corresponded with deeper-bodied 

morphologies. In addition, hydrological variation provided a significant explanation of 
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shape variation at different sites and across collection years. The morphological changes 

observed for cyprinid taxa were represented by increasingly deep-bodied morphologies 

that were correlated with low flow events and more fusiform morphologies that were 

correlated with high flow events.  

 

Sexual dimorphism and body size 

Morphological differences along body size gradients and between sexes were 

expected as a result of functional selection (Hedrick and Temeles 1989; Parker 1992). 

Body size gradients in shape have been attributed to changes in resource use concurrent 

with ontogeny (Hood and Heins 2000; Svanbäck and Eklöv 2001; Rincón et al. 2007). 

Furthermore, previous studies have attributed sexual gradients in cyprinid morphology to 

fecundity constraints as a result of ovary size relative to testes (Ostrand et al. 2001; 

Skelton 2001; Pyron et al. 2007). However, Douglas (1993) demonstrated that sexual 

shape dimorphism is not ubiquitous in cyprinid taxa. Interestingly, where there were 

interactions between sex and hydrology, male morphologies showed stronger responses 

to flow than females (Douglas 1993). This observation provides further support of 

hypotheses (Hedrick and Temeles 1989; Parker 1992) regarding constraints on female 

morphology with selection for increased fecundity. One caveat is that the Douglas (1993) 

study only used adults within a specific size range and not a complete developmental 

range.    

 

Morphology and hydrology 
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Changes in morphology with hydrology indicate the presence of environmental 

influences on morphology that are additional to ontogenic and sexually selected 

influences. The majority of hydrology - morphology studies address hypotheses 

involving current environmental measurements and current fish samples. Long term 

effects of environmental change on shape have not been tested. The predominant trend 

among intraspecific morphology - hydrology studies is that individuals with deeper-

bodied morphologies tend to occur in lower flow reaches of lotic or in lentic ecosystems, 

whereas individuals with more fusiform morphologies tend to occur in high flow 

conditions (Langerhans et al. 2003; Haas et al. 2010; Jacquemin et al. in press). This 

study found cyprinid taxa exhibited deeper body shapes in low flow conditions compared 

with more fusiform morphologies in high flow conditions. These study results are 

consistent with the expected direction of morphological variation with high and low flow 

patterns. High flows are expected to select for morphology that is a fusiform shape, and 

the opposite with low flows because of the resistance – performance relationship 

resulting from hydrological drag (Vogel 1994).    

Frequency and duration of flow pulses, magnitude and duration of annual 

extremes, and rate and frequency of water changes were identified as the dominant 

hydrological influences on long term changes in morphology. Interestingly, neither 

magnitude of monthly conditions or timing of annual extreme conditions were significant 

predictors of morphology. However, in the IHA analysis, these two hydrology categories 

had significant differences relative to time. This suggests that the timing of flow 

conditions does not contribute to morphological variation compared with the presence 
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and degree of high and low flows. Thus, morphology of cyprinid taxa appears to respond 

most readily to volume of flowing water.    

One caveat to this simple interpretation (shape as a function of flow) is that 

emerald shiner did not conform to this expectation when tested for differences between 

Illinois River and Lake Michigan collections. Although differences between lake and 

river collections were detected in bluntnose minnow (deeper-bodied individuals with low 

flow), emerald shiner collections from the Illinois River were not more fusiform than 

Lake Michigan collections along the primary shape axes. Furthermore, emerald shiner 

morphology exhibited distinct trends with collection year irrespective of site or 

hydrology. This implies either the presence of an unmeasured covariate of time that is 

influencing changes in morphology, or that emerald shiner morphological variation is 

stochastic. Potential explanations will require additional information on such variables as 

assemblage attributes such as abundances of predators or competitors. 

  

Potential limitations 

One overarching limitation of many morphology studies is the lack of causal 

understanding underlying long term morphological variation. Thus, long term studies of 

both shape and environment are needed to fully test for adaptive responses of shape to 

environmental change. Further, the relative contribution of plasticity in response to local 

environmental conditions or population genetic divergence to morphological variation is 

unknown for most taxa (Langerhans 2008). Identification of whether plasticity or 

directional selection towards a specific morphology results in morphological covariation 

with environment can further distinguish potential adaptations. However, this requires 
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genetic information that is difficult or impossible to obtain following formalin fixation 

and long term ethanol museum storage (Chakraborty et al. 2006). Other components, in 

addition to genetic variation, that would improve understanding of cyprinid morphology 

include disentangling the relative contributions from microhabitat, movement and 

dispersal potential, community structure, and phylogenetic history (Hart 1952; Schmitt 

and Holbrook 1984; Meyer 1987; Laurent and Perry 1991; Schluter 1994; Hegrenes 

2001; Langerhans et al. 2003; Langerhans and Makowicz 2009). Incorporation of these 

additional details into cyprinid morphology studies can provide a better understanding of 

large scale ecosystem, community, and conservation issues.     

 

Ecosystem, community, and conservation implications 

Ecosystem attributes such as primary production, nutrient cycling, and stability 

(Loreau et al. 2001) are linked to functional richness and diversity (Norman et al. 2005). 

Further, intraspecific ecomorphology relationships may contribute to variation in large 

scale ecosystem processes (Tilman et al. 1997; Hjelm et al. 2003; Ruehl and DeWitt 

2007; Ellers 2010). For example, in a cyprinid study, Wanink and Witte 2000 

demonstrated morphological differentiation that coincided with a pelagic to benthic niche 

shift as a result of an ecological disturbance. Similarly, Eklöv and Svanbäck (2006) 

identified a predator- and habitat-induced shift in morphology that coincided with 

resource specialization. Despite linkages between morphological variation and ecosystem 

attributes, however, more direct comparisons are necessary.  

Studies which directly address the hypothesis of ecosystem covariation with 

intraspecific morphological variation may be confounded by multiple interspecific 
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population responses contributing to an ecosystem process. In addition, hydrological 

alterations directly influence ecosystem processes and are present in the majority of lotic 

systems worldwide (see Poff and Zimmerman 2010). Thus, the ability to manipulate a 

single population within an ecosystem to measure the indirect effect that morphological 

change has on ecosystem properties may be possible only in laboratories or mesocosms.  

Morphological variation may also impact or influence community structure. Gatz 

(1979) described resource utilization within an assemblage of freshwater stream fishes on 

the basis of their associated morphologies. He discerned similar morphological patterns 

among disparate assemblages indicating non-random distribution of resource niche space. 

Gatz’s (1979) conclusion of non-random morphological assembly was supported by 

Winston (1995) for cyprinid shape where a lack of morphological overlap was attributed 

to interspecific competition. This non-random distribution in morphological space within 

an assemblage could potentially result in large overall impacts following a shift in one or 

more taxa. Environmental alterations that induce a change in morphology and thus 

functional roles could instigate increased or relaxed competition, directly or indirectly.      

Discerning linkages between morphology and hydrology also has conservation 

applications for understanding the capacity of species to respond to changing ecosystems. 

Morphological variation may also aid in understanding the invasion potential for 

ecosystems (Mason et al. 2005) through competition overlap and resilience. One 

prediction of the ecosystem resilience model is that competition among taxa of similar 

shape (Winston 1995) can prevent invasives from becoming established (Mason et al. 

2005). Morphological variation within communities is linked to the zoogeographical 

history of a region (Hoagstrom and Berry 2008) and can be applied at a taxon specific 
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level to better understand historic and current environmental conditions and 

biogeographical patterns. Lastly, understanding individual response mechanisms may 

increase understanding of some of the selective pressures that have influenced the 

evolutionary history of the Cyprinidae.  
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Table 2.1. List of USGS gauging stations by drainage basin and include years.  

 

Site code 

Drainage 

basin 

Site 

Hydrology 

years 

USGS 05582000 Illinois River Salt Creek at Greenview 1940-2003 

USGS 05583000 Illinois River 

Sangamon River at 

Oakford 1909-2005 

USGS 05543500 Illinois River Illinois River at Marseilles 1919-2003 

USGS 05568000 Illinois River 

Mackinaw River at Green 

Valley 1921-2000 

USGS 03339000 Wabash River 

Little Vermillion River at 

Danville 1914-2002 
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Table 2.2. List of taxa with collection site, collection year, and number of collections per 

site.  

 

Species Collection site 
Collection 

years 

Lot 

numbers 

Mean 

sample (SE) 

Striped shiner          

Luxilus chrysocephalus  Sangamon River 1901-2001 9 n=15 (2.4) 

Bluntnose minnow 

Pimephales notatus Salt Creek 1900-2003 9 n=10 (1.0) 

 Lake Michigan 1900-1998 6 n=13 (4.5) 

Sand shiner             

Notropis stramineus Sangamon River 1901-2005 9 n=17 (3.4) 

 Mackinaw River 1901-2000 11 n=14 (2.4) 

Emerald shiner            

Notropis atherinoides Illinois River 1897-2003 8 n=13 (1.2) 

 Lake Michigan 1900-1999 7 n=15 (3.6) 

Redfin shiner       

Lythrurus umbratilis Little Vermillion R. 1899-2002 9 n=14 (2.1) 
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Table 2.3. Results from IHA analyses with time. See Table 2.2 for site descriptions. 

Significant (P < 0.05) slope values are in bold.  
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Table 2.4. Loadings from PCA for IHA variables by site. See Table 2 for site 

descriptions. Only loadings |>0.20| are presented.   
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Table 2.5. Results for linear models by species, predicting shape RW axes from site, sex, 

body size, year, and hydrology. Sites with sand shiner were Sangamon River and 

Mackinaw River, striped shiner in the Sangamon River, emerald shiner in the Illinois 

River and Lake Michigan, bluntnose minnow from Salt Creek and Lake Michigan, and 

redfin shiner were collected on the Little Vermillion River (Table 2.1).  

Model β SE P AICc Weight R
2
 

Sand Shiner        

Sand Shiner RW1 = Site + Sex + Body size + Year + Hydrology -1717.5 0.6 0.25 

Site (Sangamon R vs 

Mackinaw R) 0.005 0.003 0.05    

Sex (m vs f)  -0.02 0.01 0.2    

Body size 1.1 0.04 <0.001    

Year -1.3 0.00003 <0.001    

Sangamon River Hydro PC1 -0.002 0.0006 <0.001    

Sangamon River Hydro PC2 0.001 0.0006 0.05    

       

Sand Shiner RW2 = Sex + Hydrology -1706 0.11 0.10 

Sex (m vs f) -0.0009 0.01 0.1    

Mackinaw River Hydro PC2 -0.001 0.0004 <0.001    

Sangamon River Hydro PC2 -0.002 0.0004 <0.001    

       

Striped Shiner       

Striped Shiner RW1 = Sex + Body size + Year + Hydrology -680.3 0.38 0.27 

Sex (m vs f)  -0.07 0.02 <0.001    

Body size 3.6 0.75 <0.001    

Year -0.004 0.00008 <0.001    

Sangamon River Hydro PC2 0.003 0.0009 <0.001    

       

Striped Shiner RW2 = Hydrology  -678.0 0.25 0.12 

Sangamon River Hydro PC1 -0.005 0.002 <0.001    

Sangamon River Hydro PC2 0.004 0.001 <0.001    

       

Emerald Shiner       

Emerald Shiner RW1 = Sex + Year   -1120 0.15 0.40 

Sex (m vs f)  0.027 0.01 <0.001    

Year -0.0002 0.00004 <0.001    
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Sex * Year -0.0001 0.00005 <0.001    

       

Emerald Shiner RW2 = Sex + Body size + Year   -1108 0.35 0.30 

Sex (m vs f)  0.03 0.01 <0.001    

Body size -0.068 -0.18 <0.001    

Year 0.0002 0.00004 <0.001    

Sex * Year -0.0004 0.00005 <0.001    

       

Bluntnose Minnow       

Bluntnose Minnow RW1 = Sex + Body size + Year 

+Hydrology  -887.0 0.20 0.15 

Sex (m vs f) 0.009 0.003 <0.001    

Body size -0.004 0.001 <0.001    

Year 0.0002 0.00006 <0.001    

Salt Creek Hydro PC1 0.002 0.001 0.08    

Salt Creek Hydro PC2 0.004 0.001 <0.001    

       

Bluntnose Minnow RW2 = Site + Sex + Body size + Hydrology  -991.9 0.25 0.35 

Site (Salt Creek vs Lake 

Michigan) -0.05 0.01 
<0.001 

   

Sex (m vs f) 0.01 0.006 0.05    

Body size -0.008 0.001 <0.001    

Salt Creek Hydro PC1 0.001 0.0009 0.2    

Salt Creek Hydro PC2 -0.001 0.0001 0.02    

Salt Creek Hydro PC1 * Sex -0.003 0.001 <0.001    

       

Redfin Shiner       

Redfin Shiner RW1 = Sex + Year -560.5 0.40 0.25 

Sex (m vs f) 0.01 0.003 <0.001    

Year -0.002 0.00006 <0.001    

       

Redfin Shiner RW2 = Sex + Hydrology -550.1 0.15 0.15 

Sex (m vs f) 0.006 0.003 0.05    

Little Vermillion Hydro PC1 0.001 0.001 0.04    
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Figure 2.1. Map of collection localities and USGS stream gauging stations.  
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Figure 2.2. Location of morphology landmarks. Landmarks correspond to anterior snout 

(1), superior margin of head (2), anterior dorsal origin (3), posterior dorsal origin (4), 

superior posterior caudal peduncle (5), inferior posterior caudal peduncle (6), anterior 

anal fin origin (7), anterior pelvic fin origin (8), superior pectoral fin origin (9), ventral 

opercular isthmus (10), and anterior medial edge of orbital socket (11).       
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Figure 2.3. Sand shiner results: a) scatterplot of RWA1 and RWA2 with significant 

morphological indicators as determined by AIC model selection criteria and b) thin plate 

spline deformation grids depicting shape of axes. Open squares denote samples from 

Sangamon River while closed circles denote samples from Mackinaw River.    
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Figure 2.4. Striped shiner results: a) scatterplot of RWA1 and RWA2 with significant 

morphological indicators as determined by AIC model selection criteria and b) thin plate 

spline deformation grids depicting shape of axes.   
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Figure 2.5. Emerald shiner results: a) scatterplot of RWA1 and RWA2 with significant 

morphological indicators as determined by AIC model selection criteria and b) thin plate 

spline deformation grids depicting shape of axes. 
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Figure 2.6. Bluntnose minnow results:  a) scatterplot of RWA1 and RWA2 with 

significant morphological indicators as determined by AIC model selection criteria and b) 

thin plate spline deformation grids depicting shape of axes. Open squares denote samples 

from Salt Creek while closed circles denote samples from Lake Michigan.    
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Figure 2.7. Redfin shiner results:  a) scatterplot of RWA1 and RWA2 with significant 

morphological indicators as determined by AIC model selection criteria and b) thin plate 

spline deformation grids depicting shape of axes.   
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Abstract 

Morphology frequently varies with phylogeny, body size, sex, and phenotypic 

plasticity. However, the relative influence of these variables is unknown for most taxa. 

Morphological variation of freshwater drum Aplodinotus grunniens in the Wabash River, 

USA was described using geometric morphometrics. A MANCOVA model of shape 

indicated that morphological variation was primarily influenced by allometry (body size), 

sex, and river location. At least 50% of the variability in morphology was a product of 

body size while sex and river km (collection locale) accounted for 10% and 5% of the 

variability in shape, respectively. The contributions of allometry, sex, and river gradient 

on freshwater drum morphology suggest that morphological variation is largely a result 

of a combination of development, sexual constraints, and environment influence.  
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Introduction 

Morphological variation is a central theme in biology because it provides 

inference into evolution, ontogeny, ethology, life history, and ecology. Shape variation is 

expected in freshwater fishes and occurs with development (Gould, 1966), variation in 

body size (Hood and Heins, 2000; Kimmel et al., 2007), sexual maturity (Pyron, 1996), 

species interactions (Shine, 1989), ecology (Schmitt and Holbrook, 1984; Carlson and 

Wainwright, 2010), dispersal (Walker and Bell, 2000), and environmental variation 

(Cadrin and Silva, 2005; Haas et al., 2010).  However, the relative contributions of these 

and other morphological correlates (e.g., mechanisms) is not understood for all 

taxonomic groups and is a focal point of evolutionary and ecological research. 

Morphology is primarily constrained by phylogeny, allometry, and physiology 

(Norton et al., 1995). Phylogeny is expected to be most indicative of interspecific 

morphological variation. However, environmental factors of prey availability, habitat 

variation, geography, and assemblage composition likely contribute to intraspecific 

morphologic variation. Environmental influences on intraspecific morphology act 

through phenotypic plasticity (West-Eberhard, 1989). However, phenotypic plasticity is 

not necessarily independent of phylogeny, allometry, and physiology.  

Ontogeny associated with maturation and body size increase (allometry) is a 

primary source of morphological variation (Hood and Heins, 2000). Ontogenetic 

variation in morphology is frequently attributed to variation in feeding and habitat 

adaptations. For example, Hjelm et al. (2000) attributed morphological allometry for 

feeding functions to changes in diet with increased body size. Similarly, Hugueny and 

Pouilly (1999) identified persistent and convergent morphological patterns across taxa 
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with similar life history strategies for diet, anatomy, and physiology in a phylogenetic 

study of a West African freshwater fish assemblage. One caveat is that the ontogenic 

trends in shape for some proportion of taxa may only represent a covariate of size and not 

be adaptive (Gould, 1966). 

Physiological differences between males and females are an additional major 

source of morphological variation. Sexual dimorphism is expected in fishes as a result of 

selection for female fecundity, male-male competition and sperm competition (Parker, 

1992). Sexual dimorphism in shape differs with sex-specific ontogeny and differences in 

timing of sexual maturity and investments of energy into egg and sperm production. For 

example, Pyron et al. (2007) identified sex-specific shape responses to stream discharge 

variation, suggesting a tradeoff between sexual selection and natural selection in a North 

American cyprinid. However, identification that sexual selection is a cause of observed 

morphological variation requires additional evidence of an association with intrasexual 

competition and/or mate preferences.  

Phenotypic plasticity that is revealed by environmental variation is an additional 

component of morphological variation (West-Eberhard, 1989). Given the relationships of 

form and function (ecomorphology sensu Wainwright and Richard, 1995), the ability of a 

single genotype to produce multiple phenotypes likely contributes to the persistence, 

distribution, and ecology of organisms. For example, Langerhans et al. (2003) identified 

morphological shifts within populations of several Neotropical fishes that occurred in 

habitats with different flow variation. Similarly, Haas et al. (2010) identified 

morphological divergence associated with habitat change from lotic to lentic conditions 

that coincided with deeper and more robust body shapes in a species of Cyprinidae. 
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However, phenotypic plasticity is not independent of genetic variation and the relative 

contributions of genetic variation versus phenotypic plasticity is usually unknown.    

This study quantifies the relative contributions of allometry (through body size), 

sex, and phenotypic plasticity (through river location) to shape variation in freshwater 

drum Aplodinotus grunniens (Sciaenidae) of a large midwestern United States river. 

Freshwater drum is a North American fish that attains large body size, has a relatively 

deep body and pronounced nuchal hump (Krumholz and Cavanah, 1968), and represents 

the single freshwater Sciaenidae taxon. In addition, freshwater drum has the largest 

geographical range of North American freshwater fishes (Page and Burr, 1992). Although 

freshwater drum is an understudied taxon (Blackwell et al., 1995), a large gray literature 

(state and federal agency reports) and anecdotal species descriptions exist. Published 

descriptions include freshwater drum ecology and reproductive attributes (Edsall, 1967), 

growth rates (Priegel, 1969; Bur, 1984), trophic ecology (Bur, 1982; Wahl and Bruner, 

1988), sexual dimorphism in body size and growth rates (Rypel, 2007), spatial variation 

in body-depth ratios (Krumholz and Cavanah, 1968), and habitat-specific growth patterns 

(Rypel et al., 2006). However, there are no studies that test for the influences of body 

size, sex, and river location on morphological variation. Disentangling the relative 

contribution of allometry, sex, and environment to freshwater drum morphology can 

contribute to explanations of adaptive life history and ecological strategies, as well as 

elicit mechanisms that potentially influence morphology in other taxa (Hollander, 2008; 

Chevin et al., 2010).  

 

Objectives 
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The objectives of this study were to identify morphological variation of 

freshwater drum that are influenced by 1) ontogenic allometry with body size, 2) sexual 

maturity and sexual dimorphism, and 3) river location. Specific study predictions were 

that freshwater drum morphology would covary with body size, sex, and river location as 

a function of ontongey, selection selection, and phenotypic plasticity.      

 

Methods 

Freshwater drum were collected using a boat electrofisher in the Wabash River 

(Fig. 1) during the summer of 2010. Specimens were measured (total length) and 

dissected to determine gender immediately following collection. Determination of gender 

was from examining gonads. Fish were photographed using a Nikon D70 digital camera 

(Nikkor AF-S DX Macro Zoom 105mm Lens) against a 10mm metric grid display for 

size reference distal to the lens margin to avoid parallax.  

Geometric morphometrics was used to describe individual shape. Geometric 

morphometrics is a modern approach to quantifying shape variation that utilizes 

landmarks placed in an x-y plane in reference to a common scale to describe shape 

configurations relative to multiple individuals. Geometric morphometrics contrasts 

classic ‘truss style’ morphological methodologies, which utilize linear measurements to 

infer shape change but can be confounded by multiple comparison issues and a priori 

assumptions of linear truss placements (Zelditch et al., 2004). Fish images were digitized 

and processed using a series of 13 predefined landmarks (Fig. 2) using tpsDig software 

(ver. 2.11, Rohlf, 2001). Landmarks were chosen based on repeatability to complete 

shape estimation using geometric morphometric methodologies.  
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General procrustes method (GPA; least squares method) was used to superimpose 

digitized individuals onto a mean reference shape. By doing so the effects of scaling, 

rotation, and translation were removed, facilitating inter-individual comparisons (Zelditch 

et al., 2004). Shape configurations were interpreted using thin plate spline deformation 

grid methodology (Querino et al. 2002). The deformation grid approach is similar to the 

D’Arcy Thompson (1917) ‘style’ warped grid outlines and was used to visualize changes 

quantified by all analyses. Relative warp analysis (RWA) was used to extract and assess 

the major gradients that influence shape variation among all individuals. Relative warp 

analysis is a principal components analysis of partial warp scores that uses eigenanalysis 

of landmark position (relative to consensus GPA) to discern variation among individuals 

(Rohlf, 1993). Individual axis scores were used in subsequent linear model analyses. 

Morphologic analyses were performed using tpsRelw (Rohlf, 2010) and MorphoJ 

(Klingenberg, 2008). RWA axes that explained at least 10% of variation were designated 

as major RWA axes and included in subsequent analyses. 

Multivariate analysis of variance (MANOVA) with a Wilks statistic was used to 

discern differences in morphology attributable to sex (categorical variable), body size 

(length in cm), and river location (river km). Primary RWA axes were treated as 

independent response variables and sex, body size, river km and interactions among sex x 

body size and sex x river km were treated as dependent variables. Body size and river km 

were covariates in the model.  

Generalized linear models (GLM) were used to identify significant effects from 

sex, body size, and spatial position on each major RWA axis. Generalized linear models 

used specific RWA axes as independent response variables with sex, body size, river km 
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and interactions between sex x body size and sex x river km as dependent variables. Body 

size and river km were covariates. Full models were initially tested. However, if 

interaction terms were non-significant the full models were dropped and reduced models 

were tested. Post hoc Tukey tests were used to test for morphological differences by sex. 

Strength of shape-independent variable relationships was interpreted using regression 

coefficients.  

Discriminant function analysis (DFA) was used to quantify differences among 

sexually mature male, female and immature individuals. Discriminant function analysis is 

a direct ordination and classification methodology that uses eigenanalysis to discern 

variation patterns among predefined groups (McCune and Grace, 2002). Cross validation 

was used to reduce inherent error in using specimens to both ordinate specimens and 

categorize shapes into groups. Cross validation of geometric morphometric DFA data has 

been used in testing among groups and improved accuracy over similar techniques 

(Valenzuela et al., 2004). Alpha was set at 0.05 for all tests of significance.    

 

Results 

A total of 302 individuals were collected summer 2010 from the Wabash River 

along a continuous reach from river km 300 to 600 (Fig. 1). Individuals ranged in total 

length from 70 to 600mm. Collections included 114 and 116 sexually mature females and 

males, respectively and 72 sexually immature individuals.  

Relative warp analysis produced three significant axes that explained 61% of the 

morphological variation present for freshwater drum morphology (Fig. 3). Significant 

differences in shape by body size, sex, and river km resulted from the MANOVA of 
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RWA scores. Significant interactions for sex x body size and sex x river km were present 

in the MANOVA (Table 1). Body size was the strongest explanatory variable of 

morphology, followed by sex, the sex x body size interaction, the sex x river km 

interaction, and river km (Table 1).  

Differences in morphology by body size, sex, and sex x length were detected 

using the generalized linear model of RW1 (24% variation, eigenvalue 0.0145; Table 2). 

RW1 resulted in a gradient of increasingly robust morphologies with pronounced nuchal 

humps, arched dorsal surfaces, increased caudal peduncle area, and posterior shifts in 

anal and pelvic fin origins (Fig. 3). Individuals tended to become increasingly robust with 

increasing body size (RW1; Fig. 4). The sex x body size interaction indicated that males 

and females exhibited similar morphological change per unit length. However, this 

relationship differed from immature individuals (Figs. 3, 4).  A Post hoc Tukey test 

discerned significant differences between male and female morphology. However, Tukey 

testing did not detect significant differences for immature individuals from individuals in 

either mature sex (Table 2).  

Differences in morphology by body size, sex, and interactions between sex x body 

size and sex x river km were detected using a GLM for RW2 (22% variation, eigenvalue 

0.011; Table 2). RW2 resulted in a gradient of increasingly fusiform morphology with a 

shift in posterior pelvic and pectoral fin placement, upturned head, and reduction of 

nuchal region (Fig. 3). Increasingly fusiform shapes were indicative of immature 

individuals and significantly different from mature male and female morphologies. The 

sex x body size interaction was due to differences among allometric slopes with different 

coefficients for male, female, and immature individuals. Immatures exhibited the highest 
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rate of morphologic change per unit length (Fig. 5). Additionally, morphological change 

per length in immature individuals had a negative slope and was opposite of the positive 

slopes for mature males and females (Fig. 5). The sex x river km interaction indicated 

that immature morphology varied with river km location. Increasingly fusiform immature 

individuals (higher mean RW2 scores) tended to occur in downstream reaches (Fig. 6).    

Differences in morphology by sex, river km, and sex x river km interaction were 

detected using GLM of RW3 (15% variation, eigenvalue 0.05; Table 2). RW3 was a 

gradient of negative to positively loading individuals where fusiform individuals had 

increasingly posterior pectoral fin placement, and elongated caudal regions compared 

with more robust individuals with a more pronounced nuchal region, distended abdomen, 

and anterior positioning of pectoral fin (Fig. 3). The post hoc Tukey test resulted in 

significant differences between more positively loading sexually mature females and 

males and negatively loading immature individuals. There was an increase in RW3 scores 

with body size for all individuals (Fig. 7). Immatures exhibited a significantly different 

slope coefficient of morphology with river km than mature male or female individuals 

(Fig. 8). Immature individuals from downstream reaches tended to have negative axis 

loadings indicating more fusiform shape that increased in robustness in upstream reaches 

(Figs. 3, 8).  

 The DFA supplemented the MANOVA and GLM models and further distinguished 

shape differences among male, female, and immature individuals. DFA correctly 

classified sex categories among the three pairwise comparisons with greater than 70% 

accuracy (Table 3). DFA identified the largest morphological differences between female 
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and immature individuals followed by comparison between male and immature and male 

and female individuals, respectively (Fig. 9; Table 3).  

 

Discussion 

Morphological variation attributed to body size, sex, and environment has been 

extensively documented in freshwater fishes (West-Eberhard, 1989; Parker, 1992; Norton 

et al., 1995; Wainwright and Richard, 1995; Langerhans et al., 2003). This present study 

identified body size contributing more strongly to morphological variation in freshwater 

drum than variation from sex and river location. However, the identification of 

interactions among body size, maturity, and river location suggest that the morphology of 

an individual is not necessarily a straightforward relationship. Rather, it is multifaceted 

and results from a combination of allometry, sex, and river location (i.e. local habitat). 

These conclusions are similar to those of Hood and Heins (2000) and Wund et al. (2012) 

where ontogenic shape patterns in other fish taxa were found to be associated with 

differences in sex, body size, and environmental variation. One caveat is that the degree 

of influence of these factors on shape variation likely is scale-dependent and varies 

among populations over the entire body size range (Rodríguez-Mendoza et al., 2011). 

Morphological allometry likely occurs in the majority of fish taxa and is expected 

to covary with ontogenic changes in resource utilization (Wainwright and Richard, 1995). 

Freshwater drum morphology was not isometric; robust shape (shortened caudal region, 

distension of abdomen, arching of nuchal and dorsal surfaces) increased with body size. 

Ecomorphology posits that a morphological trend with body size results from functional 

adaptations with variation in physiological, habitat, or dietary niche that covary with 
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body size (Norton et al., 1995). Schmitt and Holbrook (1984) identified dietary changes 

from juvenile to adulthood as the mechanism that caused gradual changes in gape 

morphology that were independent from both body size and behavior. Similarly, 

Jacquemin and Pyron (in prep.) also identified covariation of diet with body size in 

Wabash River freshwater drum. However, whether morphological changes directly result 

from dietary shifts is not known.      

Although body size had the strongest influence on shape, significant differences 

in shape between mature males and females and mature and immature individuals were 

also detected. Sexual dimorphism is expected and common among freshwater fish taxa 

(Shine, 1989; Pyron, 1996). Growth rate and maximum body size vary for male and 

female freshwater drum (Rypel et al., 2006; Rypel, 2007). In addition, females exhibited 

a higher allometric slope coefficient compared with males whereby shape variation 

(females were more robust with greater abdominal distension and arched dorsal surfaces 

compared with males) increased with differences in body size. Based on the length – 

shape relationship, shape dimorphism was apparent at a body size of approximately 

250mm. Rypel (2007) found similar results where male and female freshwater drum 

growth rates for the first four years of age diverged progressively with body size. Given 

the strong relationship between body size and shape, these ontogenic trends likely 

contribute to observed sexual dimorphism. Female body shape, including larger body size 

and their allometric morphology coefficient, are likely a result of selection for increased 

fecundity in females. 

  The pattern of morphological covariation with body size and sex also supports the 

distinction identified among sexually mature and immature individuals. The discriminant 
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function analysis revealed the largest differences among mean shapes to be between 

mature (male and female) and immature individuals. However, given the approximately 

50:50 sex ratio those individuals classified as immature likely comprised both sexes. The 

prevailing morphological corollary of length provides the likely explanation for the 

distinction between mature and immature individuals rather than any specific influence of 

sex. This is supported by the results of the GLM model for the primary morphological 

axis. When body size was incorporated as a model covariate, no significant difference 

was discernible between immatures and either mature sex, despite the differences we 

detected among mature male and female individuals.     

  The covariation of immature shape with river location appears to be 

environmentally-induced phenotypic plasticity. Immature individuals from upstream 

locations tended to be more robust. The upstream reaches of the Wabash River exhibited 

lower current velocity, decreased water depth, larger substrate sizes, and distinct fish 

assemblages compared with downstream reaches (Pyron and Lauer, 2004). Habitat 

(Langerhans et al., 2003), local fish assemblage (Svanbäck and Bolnick, 2007), and 

available dietary base (Robinson and Wilson, 1996) all influence morphological 

variation. Additional details for habitat differences among upstream and downstream 

locations may improve explanation of the observed morphological variation.  

The presence of morphological plasticity for a single ontogenic period is novel. 

The lack of ability to predict variation in sexually mature male and female morphology 

from river location may be a result of sex specific convergence on a common shape or 

increased movement and mixing of mature individuals. If there were distinct differences 

in shape of mature individuals with river location increased movement would dilute this 
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signal through increased morphological noise to signal ratio. However, it is not known 

whether individual freshwater drum in the Wabash River frequently move among 

upstream and downstream reaches. Population genetics may deterimne if the Wabash 

River freshwater drum population that we used is a single population or adjunct 

metapopulations. Additional understanding of contributors to morphological variation has 

conservation and management implications as well. The study of environmental factors 

which influence morphology continues to be developed as morphology is being found as 

an increasingly useful predictor of population dynamics and response to environmental 

change. 
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Table 3.1. MANOVA results. Total length and the sex x total length interaction were the 

strongest predictors of morphology followed by river km and the interaction between sex 

and river km.     

 

Effect Wilks λ F df P 
Partial variance 

explained 

Sex 0.36 65.4 6, 584 < 0.001 10% 

Total length (mm) 0.53 84.8 3, 291 < 0.001 46% 

River km 0.95 3.5 3, 291 < 0.001 5% 

Sex x total length 0.83 9.3 6, 584 < 0.001 9% 

Sex x river km 0.91 4.5 6, 584 < 0.001 7% 
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Table 3.2. ANOVA table of GLM results of individual morphology axes with sex, length, 

river km, and interactions of sex with length and river km as independent variables. 

 

Source SS d.f. MS F P Tukey 

RWA1      F(A), M(B), I(AB) 

Sex 0.0024 2 0.0012 5.2 0.006 

 Total length (mm) 0.008 1 0.008 34.9 < 0.001 

 River km 0.0003 1 0.003 1.1 0.3 

 Sex x length 0.0015 2 0.0007 3.17 0.04 

 Error 0.0678 295 0.0002 

   Total 0.161 300 

    RWA2 

     

F(A), M(A), I(B) 

Sex 0.0155 2 0.0078 19.9 < 0.001 

 Total length (mm) 0.005 1 0.005 12.4 < 0.001 

 River km 0.0004 1 0.0004 0.9 0.3 

 Sex x length 0.0151 2 0.0076 19.4 < 0.001 

 Sex x river km 0.0049 2 0.0025 6.3 0.002 

 Error 0.1144 293 0.0004 

   Total 0.1449 301 

    RWA3 

     

F(A), M(A), I(B) 

Sex 0.0046 2 0.0023 9 < 0.001 

 Total length (mm) 0.0027 1 0.0027 10.7 < 0.001 

 River km 0.0039 1 0.0039 15.1 < 0.001 

 Sex x river km 0.0034 2 0.0017 6.7 0.002 

 Error 0.0756 295 0.0003 

   Total 0.0988 301 
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Table 3.3. Discriminant function analysis results of male, female, and immature 

morphology differences.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparison 
Procrustes 

distance 

Mahalanobis 

distance 

T-

square 
Accuracy 

Cross 

validation 
P 

Female - 

Immature 0.0396 3.24 464 

F - 92%;    

I - 94% 

F - 90%;      

I - 94% < 0.001 

Male - 

Immature 0.0285 2.69 321 

M - 90%;   

I - 94% 

M - 86%;   

I - 89% < 0.001 

Female - 

Male 0.0212 1.64 155 

F - 79%;   

M - 77% 

F - 73%;  

M - 69% < 0.001 
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Figure 3.1. Map of continuous Wabash River collection reach area.  

 

 

 



106 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Location of freshwater drum morphology landmarks. Landmarks correspond 

to anterior snout (1), superior margin of head (2), anterior spinous dorsal origin (3), 

posterior spinous dorsal origin (4), anterior rayous dorsal origin (5), superior posterior 

caudal peduncle (6), inferior posterior caudal peduncle, posterior medial caudal fin edge 

(8), anterior anal fin origin (9), anterior pelvic fin origin (10), ventral opercular isthmus 

(11), superior pectoral fin origin (12), and anterior medial edge of orbital socket (13).      
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Figure 3.3. Thin plate spline deformation grids relative to consensus image for three 

morphological axes. See text for details. RW1 depicted an ontogenic gradient that 

covaried positively with body size. RW2 depicted an ontogenic gradient that covaried 

positively with body size and an inverse river km gradient only in immatures. RW3 

depicted an ontogenic gradient that covaried positively relative to body size and a 

positive river km gradient in immatures.  
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Figure 3.4. Scatterplot of RW1 and total length (mm) with regressions for mature male 

and female and immature individuals. Closed circles indicate females, open circles 

indicate males, and open squares indicate immature individuals. Solid line indicates 

female mean shape, light dotted line indicates male mean shape, and heavy (think) dotted 

line indicates immature mean shape. Higher RW1 scores indicate increased robustness – 

see text and Fig. 3.4 for details and deformation gradients.    
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Figure 3.5. Scatterplot of RW2 and total length (mm) with regressions for mature male 

and female and immature individuals. Closed circles indicate females, open circles 

indicate males, and open squares indicate immature individuals. Solid line indicates 

female mean shape, light dotted line indicates male mean shape, and heavy (think) dotted 

line indicates immature mean shape. Lower RW2 scores indicate increased robustness in 

immatures – see text and Fig. 3.4 for details and deformation gradients.    
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Figure 3.6. Scatterplot of RW2 and river km with regressions for mature male and female 

and immature individuals. Closed circles indicate females, open circles indicate males, 

and open squares indicate immature individuals. Solid line indicates female mean shape, 

light dotted line indicates male mean shape, and heavy (think) dotted line indicates 

immature mean shape. Lower RW2 scores indicate increased robustness in immature 

morphologies of upstream reaches – see text and Fig. 3.4 for details and deformation 

gradients.    

 

 

 



111 

 

600400200

0.05

0.00

-0.05

Total length (mm)

R
W

A
3
 (

1
5
%

)

 

 

 

Figure 3.7. Scatterplot of RW3 and total length (mm) with regression line for combined 

male, female, and immature individuals. Closed circles indicate females, open circles 

indicate males, and open squares indicate immature individuals. Solid line indicates 

female mean shape, light dotted line indicates male mean shape, and heavy (think) dotted 

line indicates immature mean shape. Higher RW3 scores indicate reduced snout and 

caudal region and robustness – see text and Fig. 3.4 for details and deformation gradients.    
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Figure 3.8. Scatterplot of RW3 and river km with regressions for mature male and female 

and immature individuals. Closed circles indicate females, open circles indicate males, 

and open squares indicate immature individuals. Solid line indicates female mean shape, 

light dotted line indicates male mean shape, and heavy (think) dotted line indicates 

immature mean shape. Higher RW3 scores indicate increased robust immature 

morphologies in upstream reaches – see text and Fig. 3.4 for detail and deformation 

gradients.  
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Figure 3.9. Consensus images of mature male, female, and immature individuals from 

discriminant function analysis.  
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APPENDIX A1.1. Habitat breadth and geographic range parameter values for all taxa by 

family. Range area is in km
2
 while range perimeter, latitudinal range, and longitudinal 

range are in km. See in text for calculation of variation in habitat use. 

Scientific 

Name 
Common name Family Range 

Perim

eter 

Latitu

dinal 

Longit

udinal 
Habitat 

Ameiurus 

melas blackbullheadcatfish Ictaluridae 4141758 11352 2835 2461 12 

Noturus 

funebris blackmadtom Ictaluridae 155777 1973 479 505 10 

Ictalurus 

furcatus bluecatfish Ictaluridae 1097663 15578 2151 2399 8 

Noturus miurus brindledmadtom Ictaluridae 671595 9000 1607 1860 14 

Ictaluridae spp. broadtailmadtom Ictaluridae 18399 561 196 172 9 

Ameiurus 

nebulosus brownbullheadcatfish Ictaluridae 2592343 22794 2845 3315 12 

Noturus phaeus brownmadtom Ictaluridae 89034 2042 695 580 10 

Noturus taylori caddomadtom Ictaluridae 9262 381 113 112 8 

Noturus 

furiosus carolinamadtom Ictaluridae 27694 635 200 207 9 

Ictalurus 

punctatus channelcatfish Ictaluridae 4899489 15878 2788 2870 15 

Noturus 

flavater checkedmadtom Ictaluridae 34641 847 177 303 7 

Noturus 

elegans elegantmadtom Ictaluridae 42649 1438 388 355 10 

Ameiurus 

platycephalus flatbullheadcatfish Ictaluridae 174193 3331 719 581 14 

Pylodictis 

olivaris flatheadcatfish Ictaluridae 1962136 16069 2322 2399 12 

Noturus 

munitus frecklebellymadtom Ictaluridae 35965 1640 603 537 10 

Noturus 

nocturnus freckledmadtom Ictaluridae 896593 9668 1423 1488 12 

Noturus 

hildebrandi leastmadtom Ictaluridae 49031 1511 138 186 10 

Noturus 

insignis marginedmadtom Ictaluridae 499756 4103 1483 793 16 

Noturus 

eleutherus mountainmadtom Ictaluridae 186968 6782 1084 1282 9 

Noturus 

placidus neoshomadtom Ictaluridae 24913 903 356 258 7 

Noturus 

stigmosus northernmadtom Ictaluridae 145770 5507 978 868 10 

Noturus 

gilberti orangefinmadtom Ictaluridae 13015 454 462 97 7 

Noturus 

lachneri ouachitamadtom Ictaluridae 6608 302 100 82 11 

Noturus albater ozarkmadtom Ictaluridae 53925 1003 267 316 10 

Noturus exilis slendermadtom Ictaluridae 359134 7254 1074 1112 9 

Noturus baileyi smokymadtom Ictaluridae 5534 287 89 97 8 

Ameiurus 

brunneus snailbullheadcatfish Ictaluridae 255550 2945 927 699 15 

Noturus 

leptacanthus speckledmadtom Ictaluridae 494537 3512 740 1124 11 
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Ameiurus 

serracanthus 

spottedbullheadcatfis

h Ictaluridae 36714 1395 314 319 10 

Noturus flavus stonecatmadtom Ictaluridae 2746920 13193 1871 3248 11 

Noturus 

gyrinus tadpolemadtom Ictaluridae 2854181 20969 2843 2585 11 

Ameiurus catus whitecatfish Ictaluridae 723248 5488 1880 1143 12 

Satan 

eurystomus 

widemouthblindcatfis

h Ictaluridae 5788 278 88 86 8 

Ameiurus 

natalis 

yellowbullheadcatfis

h Ictaluridae 3623129 16142 2356 2487 16 

Noturus 

flavipinnis yellowfinmadtom Ictaluridae 23602 898 282 320 10 

Noturus 

crypticus chuckymadtom Ictaluridae 4601 253 86 78 10 

Noturus 

gladiator piebaldmadtom Ictaluridae 35965 1640 603 537 10 

Noturus 

fasciatus saddledmadtom Ictaluridae 4601 253 86 78 10 

Percina kusha bridleddarter Percidae 2630 192 59 53 7 

Etheostoma 

burri brookdarter Percidae 25000 300 363 326 7 

Etheostoma 

bison buffalodarter Percidae 13018 526 106 190 7 

Ehteostoma 

osburni candydarter Percidae 24690 661 255 153 12 

Etheostoma 

brevispinum carolinafantaildarter Percidae 47705 857 285 269 8 

Percina 

bimaculata chesapeakelogperch Percidae 4549 259 60 84 5 

Percina 

jenkinsi conasaugalogperch Percidae 2630 192 59 53 9 

Etheostoma 

uniporum currentdarter Percidae 50000 700 363 326 7 

Percina 

suttkusi gulflogperch Percidae 14000 2000 213 168 6 

Etheostoma 

lawrencei headwaterdarter Percidae 42642 1181 244 419 7 

Etheostoma 

kentuckeense highlandrimdarter Percidae 21246 570 189 181 7 

Etheostoma 

brevirostrum holidaydarter Percidae 7143 390 134 122 10 

Percina kathae mobilelogperch Percidae 96960 1533 477 432 11 

Etheostoma 

tecumsehi shawneedarter Percidae 13732 492 167 152 9 

Percina 

austroperca southernlogperch Percidae 7685 724 174 130 9 

Etheostoma 

fragi strawberrydarter Percidae 25000 300 363 326 7 

Ehteostoma 

lemniscatum tuxedodarter Percidae 19095 789 304 189 9 

Percina 

antesella amberdarter Percidae 9124 354 124 105 11 

Etheostoma 

cragini arkansasdarter Percidae 94353 2191 400 1029 10 

Etheostoma 

euzonum 

arkansassaddleddarte

r Percidae 47921 846 215 308 7 

Etheostoma 

sagitta arrowdarter Percidae 21246 570 189 181 11 

Etheostoma ashydarter Percidae 79048 1474 333 512 8 
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cinereum 

Etheostoma 

zonifer backwaterdarter Percidae 44870 918 263 324 9 

Etheostoma 

zonale bandeddarter Percidae 898499 7658 1416 1495 14 

Etheostoma 

zonistium bandfindarter Percidae 18673 966 316 211 8 

Etheostoma 

obeyense barcheekdarter Percidae 12251 406 136 126 10 

Etheostoma 

rubrum bayoudarter Percidae 6374 294 77 103 11 

Percina 

macrolepida bigscalelogperch Percidae 318020 2892 797 1070 9 

Percina 

nigrofasciata blackbandeddarter Percidae 410736 3702 907 1051 13 

Percina 

maculata blacksidedarter Percidae 2035511 13144 2674 2233 12 

Etheostoma 

duryi 

blacksidesnubnosedar

ter Percidae 51974 1217 277 394 12 

Etheostoma 

blennius blennydarter Percidae 36065 867 207 300 8 

Percina burtoni blotchsidelogperch Percidae 63456 1907 333 604 8 

Etheostoma 

camurum bluebreastdarter Percidae 187014 4504 901 793 9 

Etheostoma 

jessiae bluesidedarter Percidae 70284 1568 346 650 9 

Percian 

cymatotaenia bluestripedarter Percidae 12364 455 83 194 8 

Etheostoma 

chlorosoma bluntnosedarter Percidae 932383 6519 1791 1188 10 

Ethoestoma 

lynceum brighteyedarter Percidae 135306 2103 791 358 8 

Percina 

palmaris bronzedarter Percidae 46461 918 338 244 7 

Etheostoma 

edwini browndarter Percidae 95332 1890 437 670 11 

Etheostoma 

collis carolinadarter Percidae 52101 1059 418 278 9 

Percina 

copelandia channeldarter Percidae 606369 9179 2014 1944 9 

Etheostoma 

etnieri cherrydarter Percidae 4601 253 86 78 10 

Etheostoma 

hopkinsi christmasdarter Percidae 68798 1013 361 300 9 

Etheostoma 

colorosum coastalplaindarter Percidae 94874 1407 493 395 7 

Etheostoma 

ditrema coldwaterdarter Percidae 19974 677 256 199 7 

Etheostoma 

coosae coosadarter Percidae 21681 648 259 167 7 

Etheostoma 

aquali coppercheekdarter Percidae 10545 428 91 162 9 

Etheostoma 

collettei creoledarter Percidae 98100 1447 561 316 9 

Crystallaria 

asperella crystaldarter Percidae 302279 7400 1624 1178 8 

Etheostoma 

proeliare cypressdarter Percidae 585756 4086 970 1109 10 

Etheostoma 

olivaceum dirtydarter Percidae 4974 257 81 80 9 
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Percina sciera duskydarter Percidae 1064724 5856 1481 1608 9 

Etheostoma 

percnurum duskytaildarter Percidae 10645 606 145 262 10 

Ammocrypta 

pellucida easternsanddarter Percidae 392828 3975 1143 1174 7 

Etheostoma ellijaydarter Percidae 7143 390 134 122 10 

Etheostoma 

baileyi emeralddarter Percidae 22298 707 218 182 9 

Etheostoma 

flabellare fantaildarter Percidae 1660604 10801 1527 1949 9 

Ehteostoma 

pyrrhogaster firebellydarter Percidae 8242 394 161 67 9 

Ehteostoma 

fonticola fountaindarter Percidae 4258 240 80 67 10 

Percina 

lenticula freckleddarter Percidae 153017 1881 603 563 12 

Etheostoma 

crossopterum fringeddarter Percidae 23391 1101 270 323 9 

Percina evides giltdarter Percidae 407651 6836 1330 1314 9 

Etheostoma 

vitreum glassydarter Percidae 107819 1523 594 329 12 

Percina 

aurolineata goldlinedarter Percidae 19662 734 336 317 10 

Etheostoma 

parvipinne goldstripedarter Percidae 502650 4978 804 1372 12 

Etheostoma 

jordani greenbreastdarter Percidae 63516 1248 384 359 10 

Etheostoma 

chlorobranchiu

m greenfindarter Percidae 41391 819 226 298 6 

Etheostoma 

blennioides greensidedarter Percidae 818767 7040 1273 1732 11 

Etheostoma 

lepidum greenthroatdarter Percidae 72203 1570 610 743 8 

Etheostoma 

swaini gulfdarter Percidae 290723 2729 757 723 12 

Etheostoma 

histrio harlequindarter Percidae 409938 4108 1080 865 13 

Etheostoma 

exile iowadarter Percidae 3356438 16918 2305 3158 13 

Etheostoma 

nigrum johnnydarter Percidae 3713135 19954 2861 2820 13 

Etheostoma 

kanawhae kanawhadarter Percidae 11128 421 155 120 12 

Etheostoma 

rafinesquei 

kentuckysnubnosedar

ter Percidae 11252 552 100 221 10 

Ehteostoma 

microperca leastdarter Percidae 666515 7894 1434 1552 12 

Percina 

pantherina leoparddarter Percidae 13760 448 106 169 11 

Percina 

caprodes logperch Percidae 3911619 19169 3163 2797 12 

Etheostoma 

neopterum lollypopdarter Percidae 19095 789 304 189 8 

Ehteostoma 

longimanum longfindarter Percidae 17411 579 131 195 9 

Percina 

macrocephala longheaddarter Percidae 161125 2829 857 692 15 

Percina nasuta longnosedarter Percidae 92044 1371 419 425 12 
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Etheostoma 

sellare marylanddarter Percidae 4549 259 60 84 8 

Etheostoma 

tetrazonum 

missourisaddleddarte

r Percidae 40429 761 196 286 7 

Etheostoma 

asprigene muddarter Percidae 477561 5545 1610 751 9 

Percina muscadinedarter Percidae 36263 1053 315 302 9 

Ammocrypta 

beanii nakedsanddarter Percidae 164140 2138 653 546 6 

Etheostoma 

nianguae nianguadarter Percidae 13082 488 128 179 7 

Etheostoma 

okaloosae okaloosadarter Percidae 2964 219 56 81 7 

Percina 

squamata olivedarter Percidae 78933 1086 339 315 9 

Etheostoma 

radiosum orangebellydarter Percidae 38741 792 154 302 8 

Etheostoma 

bellum orangefindarter Percidae 18636 535 142 198 7 

Etheostoma 

spectabile orangethroatdarter Percidae 1107467 8819 1580 1862 7 

Etheostoma 

pallididorsum palebackdarter Percidae 4280 241 66 86 10 

Percina crassa piedmontdarter Percidae 81109 1329 293 470 8 

Etheostoma 

mariae pinewoodsdarter Percidae 8946 367 142 88 7 

Etheostoma 

caeruleum rainbowdarter Percidae 975332 10504 1796 1510 10 

Etheostoma 

luteovinctum redbanddarter Percidae 13018 526 106 190 12 

Etheostoma 

whipplei redfindarter Percidae 360421 4222 810 1062 14 

Etheostoma 

rufilineatum redlinedarter Percidae 165310 2430 452 676 10 

Etheostoma 

grahami riograndedarter Percidae 86801 1441 591 279 12 

Percina 

shumardi riverdarter Percidae 1574637 11764 3034 1678 9 

Percina rex roanokedarter Percidae 66331 1258 321 419 13 

Percina 

roanoka roanokelogperch Percidae 15691 612 123 289 9 

Etheostoma 

rupestre rockdarter Percidae 104193 1537 447 432 10 

Percina vigil saddlebackdarter Percidae 314641 3926 977 721 7 

Sander 

canadensis sauger Percidae 4504013 10370 2618 3407 13 

Etheostoma 

fricksium savannahdarter Percidae 4504013 10370 2618 3407 13 

Etheostoma 

serrifer sawcheekdarter Percidae 17379 479 132 170 10 

Ammocrypta 

vivax scalysanddarter Percidae 148721 2032 711 551 9 

Etheostoma 

thalassinum seagreendarter Percidae 334151 4396 929 840 7 

Ehteostoma 

acuticeps sharpheaddarter Percidae 47705 857 285 269 8 

Percina peltata shielddarter Percidae 231326 2397 953 435 13 

Etheostoma 

smithi slabrockdarter Percidae 23434 723 191 277 9 
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Etheostoma 

boschungi slackwaterdarter Percidae 10912 539 135 158 14 

Percina 

phoxocephala slenderheaddarter Percidae 858392 6548 1437 1420 6 

Etheostoma 

gracile sloughdarter Percidae 811058 6005 1515 1232 9 

Etheostoma 

microlepidum smallscaledarter Percidae 11798 463 134 168 6 

Percian tanasi snaildarter Percidae 16534 536 178 170 8 

Etheostoma 

stigmaeum speckleddarter Percidae 579597 4810 882 1217 9 

Etheostoma 

barrenense splendiddarter Percidae 10194 381 102 136 9 

Etheostoma 

maculatum spotteddarter Percidae 52359 2529 708 750 7 

Percina 

uranidea stargazingdarter Percidae 58841 1610 735 570 7 

Etheostoma 

punctulatum stippleddarter Percidae 74093 1286 376 370 10 

Etheostoma 

striatulum striateddarter Percidae 5143 312 53 133 6 

Percina 

notogramma stripebackdarter Percidae 47091 920 271 316 10 

Etheostoma 

virgatum stripeddarter Percidae 23519 929 272 284 9 

Etheostoma 

kennicotti stripetaildarter Percidae 110627 2577 395 537 7 

Etheostoma 

fusiforme swampdarter Percidae 755085 9595 2295 2040 12 

Etheostoma 

swannanoa swannanoadarter Percidae 42691 950 283 318 10 

Etheostoma 

tallapoosae tallapoosadarter Percidae 14629 546 205 144 9 

Percina 

aurantiaca tangerinedarter Percidae 54649 949 296 324 13 

Etheostoma 

barbouri teardropdarter Percidae 25605 659 182 234 8 

Etheostoma 

simoterum 

tennesseesnubnoseda

rter Percidae 135645 1894 421 653 11 

Etheostoma 

olmstedi tessellateddarter Percidae 694238 6011 2355 1012 12 

Percina 

carbonaria texaslogperch Percidae 104492 1227 355 434 8 

Etheostoma 

tippecanoe tippecanoedarter Percidae 74590 3244 820 726 8 

Etheostoma 

trisella trispotdarter Percidae 7947 414 157 104 10 

Etheostoma 

tuscumbia tuscumbiadarter Percidae 13660 522 130 194 8 

Etheostoma 

variatum variegatedarter Percidae 238398 2112 681 685 11 

Etheostoma 

perlongum waccamawdarter Percidae 6687 311 100 86 6 

Sander vitreus walleye Percidae 7494387 13929 4234 3590 13 

Etheostoma 

bellator warriordarter Percidae 19135 564 192 158 9 

Etheostoma 

nuchale watercressdarter Percidae 3874 241 89 61 7 

Ammocrypta 

clara westernsanddarter Percidae 413942 6901 1874 1261 9 
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Ehteostoma 

vulneratum woundeddarter Percidae 44582 891 275 311 7 

Etheostoma 

raneyi yazoodarter Percidae 1413 141 36 53 5 

Etheostoma 

moorei yellowcheekdarter Percidae 7950 324 98 112 9 

Perca 

flavescens yellowperch Percidae 4757919 14226 3407 4169 15 

Etheostoma 

juliae yokedarter Percidae 33338 752 228 217 9 

Moapa 

coriacea moapadace Cyprinidae 5549 274 95 77 9 

Notropis 

buchanani ghostshiner Cyprinidae 1414397 9632 2185 1965 8 

Notropis 

volucellus mimicshiner Cyprinidae 2561231 21684 2811 2325 9 

Notropis 

stramineus sandshiner Cyprinidae 3024895 16175 2498 2847 10 

Notropis 

procne swallowtailshiner Cyprinidae 301703 2853 1099 590 10 

Luxilus 

cardinalis cardinalshiner Cyprinidae 65623 1903 518 400 10 

Richardsonius 

balteatus redsideshiner Cyprinidae 1579154 7582 2452 1445 11 

Richardsonius 

egregius lahontanredside Cyprinidae 151045 1672 393 659 11 

Campostoma 

anomalum centralstoneroller Cyprinidae 2722903 13332 2556 2818 13 

Notemigonus 

crysoleucas goldenshiner Cyprinidae 5849708 14533 2904 4068 10 

Erimystax 

dissimilis streamlinechub Cyprinidae 292047 5102 986 1326 9 

Hybognathus 

nuchalis 

mississippisilverymin

now Cyprinidae 1562727 11070 2195 2307 10 

Notropis 

atherinoides emeraldshiner Cyprinidae 6004145 13832 3800 3622 10 

Notropis 

perpallidus pepperedshiner Cyprinidae 38730 907 172 366 10 

Lythrurus 

roseipinnis cherryfinshiner Cyprinidae 86803 1397 503 340 7 

Mylocheilus 

caurinus peamouth Cyprinidae 792996 6509 1763 950 8 

Clinostomus 

funduloides rosysidedace Cyprinidae 419731 3755 925 1123 8 

Nocomis 

biguttatus hornyheadchub Cyprinidae 1377116 10859 1688 2631 12 

Cyprinella 

whipplei steelcolorshiner Cyprinidae 497304 7179 1024 1355 10 

Notropis 

longirostris longnoseshiner Cyprinidae 179885 2632 547 761 9 

Notropis 

chalybaeus ironcolorshiner Cyprinidae 667722 10669 2063 2090 6 

Gila nigrescens chihuahuachub Cyprinidae 68011 1218 540 191 8 

Notropis 

chihuahua chihuahuashiner Cyprinidae 131027 3239 633 820 11 

Notropis 

uranoscopus skygazershiner Cyprinidae 15048 803 218 229 10 

Notropis 

hypsilepis highscaleshiner Cyprinidae 30980 836 325 204 11 

Notropis weedshiner Cyprinidae 727910 10720 2186 1521 13 
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texanus 

Gila robusta roundtailchub Cyprinidae 447613 7528 2127 820 12 

Gila cypha humpbackchub Cyprinidae 82749 1543 596 370 10 

Gila atraria utahchub Cyprinidae 203941 2574 1030 399 11 

Gila bicolor tuichub Cyprinidae 398307 4511 1476 781 13 

Plagopterus 

argentissimus woundfin Cyprinidae 41321 1285 578 310 9 

Acrocheilus 

alutaceus chiselmouth Cyprinidae 411948 4216 1521 852 10 

Phenacobius 

catostomus riograndechub Cyprinidae 159688 2241 891 396 9 

Rhinichthys 

cobitis loachminnow Cyprinidae 90998 1476 471 417 11 

Snyderichthys 

copei leathersidechub Cyprinidae 128220 2145 724 419 8 

Agosia 

chrysogaster longfindace Cyprinidae 309289 3073 1124 560 11 

Semotilus 

corporalis fallfish Cyprinidae 950587 5411 1578 1134 11 

Clinostomus 

elongatus redsidedace Cyprinidae 375595 5679 836 1581 8 

Lavinia 

exilicauda hitch Cyprinidae 113180 1586 566 318 11 

Pogonichthys 

macrolepidotus splittail Cyprinidae 74037 1863 766 300 10 

Notropis 

amoenus comelyshiner Cyprinidae 225628 2569 979 408 8 

Ptychocheilus 

grandis sacramentosquawfish Cyprinidae 148354 2102 735 380 13 

Ptychocheilus 

orgenensis northernsquawfish Cyprinidae 980560 5377 1830 945 12 

Mylopharodon 

conocephalus hardhead Cyprinidae 119739 1965 732 395 11 

Orthodon 

microlepidotus sacramentoblackfish Cyprinidae 123890 1934 812 298 11 

Notropis 

potteri chubshiner Cyprinidae 144767 3698 606 947 7 

Ptychocheilus 

lucius coloradosquawfish Cyprinidae 438350 3633 1130 963 10 

Luxilus 

cornutus commonshiner Cyprinidae 2312377 17531 2545 3443 15 

Nocomis 

effusus relictdace Cyprinidae 5336 274 98 76 9 

Eremichthys 

acros desertdace Cyprinidae 5939 283 101 82 7 

Lepidomeda 

mollispinis virginspinedace Cyprinidae 26978 722 226 230 12 

Phenacobius 

mirabilis suckermouthminnow Cyprinidae 1637192 9774 1833 2184 13 

Phenacobius 

teretulus kanawhaminnow Cyprinidae 23356 844 308 146 9 

Phenacobius 

crassilabrum fatlipsminnow Cyprinidae 36692 821 309 237 9 

Lythrurus 

fumeus riffleminnow Cyprinidae 52535 1067 369 300 10 

Phenacobius 

uranops stargazingminnow Cyprinidae 97538 1960 388 591 9 

Exoglossum 

maxillingua cutlipsminnow Cyprinidae 306786 3470 1260 1270 10 
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Platygobio 

gracilis flatheadchub Cyprinidae 2967309 15942 4712 2320 9 

Macrhybopsis 

meeki sicklefinchub Cyprinidae 182805 4591 1900 1375 7 

Macrhybopsis 

gelida sturgeonchub Cyprinidae 619750 5461 2055 1624 8 

Macrhybopsis 

storeriana silverchub Cyprinidae 1695335 9453 2362 1963 10 

Meda fulgida spikedace Cyprinidae 106616 1482 460 500 9 

Couesius 

plumbeus lakechub Cyprinidae 8216453 24365 3970 5289 11 

Iotichthys 

phlegethontis leastchub Cyprinidae 51276 864 323 208 11 

Notropis 

xaenocephalus coosashiner Cyprinidae 53260 1025 317 317 9 

Phoxinus 

neogaeus finescaledace Cyprinidae 2270928 17632 2435 3943 10 

Phoxinus 

erythrogaster southernredbellydace Cyprinidae 937499 7999 1579 2330 8 

Phoxinus oreas 

mountainredbellydac

e Cyprinidae 57352 925 292 267 12 

Phoxinus 

tennesseensis tennesseedace Cyprinidae 47058 1257 425 416 8 

Semotilus 

atromaculatus creeekchub Cyprinidae 4335596 18673 3135 3755 13 

Hemitremia 

flammea flamechub Cyprinidae 65312 1693 360 474 11 

Luxilus 

cerasinus crescentshiner Cyprinidae 35045 814 182 299 14 

Semotilus 

thoreauianus dixiechub Cyprinidae 139262 1634 464 419 13 

Margariscus 

margarita pearldace Cyprinidae 4264944 22707 2568 4234 13 

Campostoma 

oligolepis largescalestoneroller Cyprinidae 563856 5721 1655 1115 9 

Campostoma 

ornatum mexicanstoneroller Cyprinidae 287125 3141 1020 815 10 

Dionda 

episcopa roundnoseminnow Cyprinidae 366725 3873 1079 889 11 

Erimystax x-

punctatus gravelchub Cyprinidae 432654 6398 1192 1574 9 

Erimystax 

cahni slenderchub Cyprinidae 9004 413 113 165 8 

Macrhybopsis 

aestivalis speckledchub Cyprinidae 2749817 9207 2226 2433 11 

Cyprinella 

labrosa thicklipchub Cyprinidae 44982 1142 316 307 9 

Cyprinella 

zanema santeechub Cyprinidae 37102 1213 231 433 7 

Hybopsis 

lineapunctata linedchub Cyprinidae 39797 910 347 216 11 

Hybopsis amnis pallidshiner Cyprinidae 853773 6076 2053 1218 8 

Notropis 

buccatus silverjawminnow Cyprinidae 783183 6025 1517 1305 8 

Oregonichthys 

crameri oregonchub Cyprinidae 35117 950 331 251 9 

Dionda diaboli devilsriverminnow Cyprinidae 12805 449 172 108 8 

Rhinichthys 

osculus speckleddace Cyprinidae 1906209 6342 2169 1600 18 
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Rhinichthys 

falcatus leoparddace Cyprinidae 508511 4266 1500 797 8 

Rhinichthys 

cataractae longnosedace Cyprinidae 7646701 22807 5128 4540 12 

Lythrurus 

umbratilis redfinshiner Cyprinidae 1260469 8709 1751 1600 11 

Lythrurus 

ardens rosefinshiner Cyprinidae 287847 3547 860 993 14 

Relictus 

solitarius ribbonshiner Cyprinidae 448187 4885 1254 1005 8 

Lythrurus 

matutinus pinewoodsshiner Cyprinidae 26266 598 167 208 7 

Notropis 

jemezanus riverchub Cyprinidae 688609 6782 1285 1045 11 

Lythrurus lirus mountainshiner Cyprinidae 77730 2306 576 596 10 

Nocomis asper redtailchub Cyprinidae 65409 1121 291 382 9 

Luxilus 

chrysocephalus stripedshiner Cyprinidae 1200793 9158 1677 1759 15 

Hybognathus 

hayi cypressminnow Cyprinidae 393512 4309 924 897 9 

Opsopoeodus 

emiliae pugnoseminnow Cyprinidae 1492632 10669 2036 1945 11 

Pimephales 

promelas fatheadminnow Cyprinidae 8418203 19254 3872 3933 14 

Notropis 

blennius rivershiner Cyprinidae 1150959 15064 2830 2103 10 

Notropis 

edwardraneyi fluvialshiner Cyprinidae 41715 1093 331 358 7 

Notropis bairdi redrivershiner Cyprinidae 99885 1911 362 753 8 

Luxilus 

albeolus whiteshiner Cyprinidae 85320 1236 380 382 13 

Luxilus pilsbryi duskystripeshiner Cyprinidae 36560 836 229 237 10 

Luxilus 

coccogenis warpaintshiner Cyprinidae 77606 1482 350 546 10 

Cyprinella 

lutrensis redshiner Cyprinidae 2565171 9430 2248 1827 13 

Cyprinella 

proserpina proserpineshiner Cyprinidae 14939 476 181 127 7 

Cyprinella 

galactura whitetailshiner Cyprinidae 190894 2931 423 1163 10 

Cyprinella 

trichroistia tricolorshiner Cyprinidae 25459 842 288 274 10 

Gila pandora riograndeshiner Cyprinidae 199737 4712 1253 941 10 

Notropis 

oxyrhynchus sharpnoseshiner Cyprinidae 62026 1401 461 417 11 

Notropis 

photogenis silvershiner Cyprinidae 481459 3320 1056 780 9 

Notropis 

shumardi silverbandshiner Cyprinidae 436829 15064 2830 2103 6 

Notropis 

stilbius silverstripeshiner Cyprinidae 73048 1680 402 419 10 

Notropis 

scepticus sandbarshiner Cyprinidae 102398 1612 361 558 14 

Notropis 

ariommus popeyeshiner Cyprinidae 132785 3302 835 700 9 

Notropis 

telescopus telescopeshiner Cyprinidae 198246 3280 576 1221 15 

Notropis 

amabilis texasshiner Cyprinidae 159794 1921 631 477 11 
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Notropis 

semperasper roughheadshiner Cyprinidae 10281 397 154 100 9 

Notropis 

ortenburgeri kiamichishiner Cyprinidae 36840 1076 305 321 9 

Cyprinella 

pyrrhomelas fieryblackshiner Cyprinidae 62057 942 310 304 9 

Cyprinella 

callisema ocmulgeeshiner Cyprinidae 34532 699 252 204 12 

Cyprinella 

nivea whitefinshiner Cyprinidae 140250 1489 481 502 10 

Notropis 

ammophilus orangefinshiner Cyprinidae 76343 1512 460 408 14 

Cyprinella 

spiloptera spotfinshiner Cyprinidae 1516050 11371 1684 2051 8 

Notropis 

braytoni tamaulipasshiner Cyprinidae 131027 3239 633 820 10 

Notropis 

hudsonius spottailshiner Cyprinidae 4968887 15473 4165 3615 9 

Notropis 

alborus whitemouthshiner Cyprinidae 56664 976 263 366 13 

Notropis 

anogenus pugnoseshiner Cyprinidae 286050 5424 822 1742 12 

Notropis 

scabriceps newrivershiner Cyprinidae 24805 864 301 184 10 

Notropis 

greenei wedgespotshiner Cyprinidae 112624 1368 400 473 8 

Notropis 

sabinae sabineshiner Cyprinidae 77370 1651 823 494 10 

Erimonax 

monachus spotfinchub Cyprinidae 48943 1588 353 576 9 

Hybopsis 

hypsinotus highbackchub Cyprinidae 58360 967 354 278 9 

Notropis 

baileyi roughshiner Cyprinidae 66131 1378 403 413 12 

Notropis 

lutipinnis yellowfinshiner Cyprinidae 89364 1170 382 376 11 

Notropis 

chlorocephalus greenheadshiner Cyprinidae 10066 462 145 147 8 

Notropis 

chiliticus redlipshiner Cyprinidae 23221 740 254 184 8 

Notropis 

rubricroceus saffronshiner Cyprinidae 45429 969 284 339 9 

Notropis 

leuciodus tennesseeshiner Cyprinidae 133305 1776 356 613 9 

Notropis 

rubellus rosyfaceshiner Cyprinidae 1697659 14694 1890 2043 10 

Notropis 

chrosomus rainbowshiner Cyprinidae 46112 1166 421 293 12 

Notropis 

nubilus ozarkminnow Cyprinidae 197627 3198 1235 550 7 

Notropis 

topeka topekashiner Cyprinidae 344773 3728 826 918 6 

Notropis 

cummingsae duskyshiner Cyprinidae 180629 3256 813 827 12 

Notropis 

harperi redeyechub Cyprinidae 74946 1973 468 588 12 

Notropis 

altipinnis highfinshiner Cyprinidae 108402 1609 516 409 10 

Pteronotropis 

signipinnis flagfinshiner Cyprinidae 72575 1596 279 544 8 
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Pteronotropis 

hypselopterus sailfinshiner Cyprinidae 249041 2927 806 820 10 

Notropis 

maculatus taillightshiner Cyprinidae 578259 5671 1124 1631 9 

Notropis 

spectrunculus mirrorshiner Cyprinidae 40182 1226 350 301 9 

Cyprinidae spp. sawfinshiner Cyprinidae 53523 1026 283 375 10 

Notropis 

ozarcanus ozarkshiner Cyprinidae 43303 920 259 329 16 

Cyprinella 

callistia alabamashiner Cyprinidae 68005 1280 359 430 11 

Cyprinella 

xaenura altamahashiner Cyprinidae 10027 371 115 120 8 

Gila 

alvordensis alvordchub Cyprinidae 7023 307 82 83 11 

Gila orcutti arroyochub Cyprinidae 29002 1037 309 343 13 

Luxilus 

zonistius bandfinshiner Cyprinidae 49316 1242 504 223 11 

Cyprinella 

leedsi bannerfinshiner Cyprinidae 47096 1498 383 334 5 

Notropis 

rupestris bedrockshiner Cyprinidae 6047 296 71 113 8 

Hybopsis 

amblops bigeyechub Cyprinidae 645778 5224 1133 1371 11 

Notropis boops bigeyeshiner Cyprinidae 484561 7065 1115 1331 10 

Notropis 

dorsalis bigmouthshiner Cyprinidae 958883 7338 1324 2518 9 

Notropis 

heterodon blackchinshiner Cyprinidae 888606 6196 854 1871 10 

Rhinichthys 

atratulus blacknosedace Cyprinidae 2539835 16069 2356 2974 12 

Notropis 

heterolepis blacknoseshiner Cyprinidae 2289002 18281 2123 3300 15 

Phoxinus 

cumberlandensi

s blacksidedace Cyprinidae 15846 525 134 202 10 

Notropis 

atrocaudalis blackspotshiner Cyprinidae 116652 2066 536 511 9 

Cyprinella 

venusta blacktailshiner Cyprinidae 903620 5590 1049 1832 12 

Luxilus zonatus bleedingshiner Cyprinidae 60256 1079 355 340 11 

Erimystax 

insignis blotchedchub Cyprinidae 115499 2205 378 624 10 

Gila coerulea bluechub Cyprinidae 32226 715 271 182 10 

Cyprinella 

caerulea bluefinstoneroller Cyprinidae 48828 979 399 209 10 

Campostoma 

pauciradii blueheadchub Cyprinidae 363589 3862 1082 1210 15 

Nocomis 

leptocephalus blueheadshiner Cyprinidae 62385 1385 829 506 10 

Pteronotropis 

hubbsi bluenoseshiner Cyprinidae 98286 2580 624 890 9 

Pteronotropis 

welaka blueshiner Cyprinidae 19352 779 266 228 12 

Cyprinella 

camura bluntfaceshiner Cyprinidae 193247 3621 960 1030 10 

Pimephales 

notatus bluntnoseminnow Cyprinidae 2784561 13947 2193 2406 18 

Notropis simus bluntnoseshiner Cyprinidae 193247 3621 552 364 10 
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Gila elegans bonytail Cyprinidae 364976 3460 1005 899 11 

Hybognathus 

hankinsoni brassyminnow Cyprinidae 2315348 13693 2183 3892 11 

Notropis 

bifrenatus bridleshiner Cyprinidae 219593 4378 1236 685 12 

Pteronotropis 

euryzonus broadstripeshiner Cyprinidae 17224 582 215 123 14 

Pimephales 

vigilax bullheadminnow Cyprinidae 2016028 9761 2166 1120 15 

Notropis 

asperifrons burrheadshiner Cyprinidae 37854 1346 399 269 10 

Hesperoleucus 

symmetricus californiaroach Cyprinidae 159126 2709 1051 465 14 

Notropis 

mekistocholas capefearshiner Cyprinidae 5539 284 69 105 8 

Machrybopsis 

marconis burrheadchub Cyprinidae 47428 813 249 250 8 

Notropis 

petersoni coastalshiner Cyprinidae 344124 3888 1062 1001 11 

Lepidomeda 

copei 

northernleathersidech

ub Cyprinidae 128220 2145 724 419 8 

Margariscus 

nachtriebi northernpearldace Cyprinidae 8216453 24365 3970 5289 11 

Dionda serena 

nuecesroundnosemin

now Cyprinidae 12805 449 172 108 10 

Machrybopsis 

tetranema pepperedchub Cyprinidae 94353 2191 400 1029 7 

Hybognathus 

placitus plainsminnow Cyprinidae 1455537 7768 2044 1782 9 

Cyprinella 

lutrensis redshiner Cyprinidae 2565171 9430 2248 1827 13 

Lythrurus 

fasciolaris scarletshiner Cyprinidae 287847 3547 1056 780 9 

Macrhybopsis 

hyostoma shoalchub Cyprinidae 1150959 15064 2830 2103 7 

Oncorhynchus 

gorbuscha pinksalmon Salmonidae 1302235 17465 4432 2124 10 

Thymallus 

arcticus arcticgrayling Salmonidae 5109614 16629 4143 4667 12 

Coregonus 

artedi lakeherring Salmonidae 5508838 16472 3287 3498 7 

Coregonus 

clupeaformis lakewhitefish Salmonidae 

1011194

9 23877 4375 5855 8 

Prosopium 

cylindraceum roundwhitefish Salmonidae 7216034 25104 4407 6238 12 

Prosopium 

coulterii pygmywhitefish Salmonidae 608168 5565 2594 1927 8 

Salvelinus 

namaycush laketrout Salmonidae 

1050536

2 34249 4120 6020 10 

Salvelinus 

fontinalis brooktrout Salmonidae 4503559 16953 3234 3127 14 

Salvelinus 

alpinus arcticchar Salmonidae 5095407 55707 4598 6702 8 

Salvelinus 

malma dollyvarden Salmonidae 1693029 14348 3198 2002 11 

Oncorhynchus 

clarkii cutthroattrout Salmonidae 2199514 19626 4053 2074 11 

Oncorhynchus 

gilae gilatrout Salmonidae 37757 970 319 523 8 

Oncorhynchus rainbowtrout Salmonidae 2607482 13921 4613 2332 12 



133 

 

mykiss 

Oncorhynchus 

aguabonita goldentrout Salmonidae 8700 355 89 132 9 

Oncorhynchus 

nerka sockeyesalmon Salmonidae 1944365 17363 4588 2184 13 

Oncorhynchus 

kisutch cohosalmon Salmonidae 2412696 16355 4581 2500 11 

Oncorhynchus 

keta chumsalmon Salmonidae 2843609 18368 5147 2856 10 

Oncorhynchus 

tshawytscha chinooksalmon Salmonidae 2596977 15757 4562 2481 10 

Salmo salar atlanticsalmon Salmonidae 1544052 10398 2307 1867 8 

Oncorhynchus 

apache apachetrout Salmonidae 3813 229 74 71 9 

Coregonus hoyi bloater Salmonidae 228358 6082 922 1289 5 

Prosopium 

gemmifer bonnevillecisco Salmonidae 4652 262 72 80 4 

Salvelinus 

confluentus bulltrout Salmonidae 1151325 7533 2517 2521 9 

Coregonus kiyi kiyi Salmonidae 223783 5775 781 1285 4 

Prosopium 

williamsoni mountainwhitefish Salmonidae 2012274 7824 2703 1435 13 

Cottus 

carolinae bandedsculpin Cottidae 384839 4847 840 1332 15 

Cottus extensus bearlakesculpin Cottidae 4512 249 76 72 6 

Cottus baileyi blacksculpin Cottidae 9601 435 155 122 9 

cottus aleuticus coastrangesculpin Cottidae 324316 5514 3514 1843 10 

Myoxocephalus 

thompsonii deepwatersculpin Cottidae 1728574 8741 3011 2940 4 

Cottus princeps klamathlakesculpin Cottidae 2961 219 88 42 9 

Cottus 

klamathensis marbledsculpin Cottidae 38263 1236 267 309 8 

Cottus 

marginatus marginedsculpin Cottidae 6862 321 85 121 8 

Cottus bairdii mottledsculpin Cottidae 3849031 19297 2919 3996 11 

Cottus 

hypselurus ozarksculpin Cottidae 95934 1148 363 326 9 

Cottus 

beldingii paiutesculpin Cottidae 185557 4337 958 1027 7 

Cottus pitensis pitsculpin Cottidae 24291 717 215 231 8 

Cottus girardi potomacsculpin Cottidae 51320 1036 357 267 18 

Cottus asper pricklysculpin Cottidae 1289345 12808 3889 2112 7 

Cottus paulus pygmysculpin Cottidae 2639 192 64 57 7 

Cottus gulosus rifflesculpin Cottidae 216125 3474 1392 434 9 

Cottus confusus shortheadsculpin Cottidae 171671 4888 786 893 10 

Cottus greenei shoshonesculpin Cottidae 2773 202 64 60 8 

Cottus tenuis slendersculpin Cottidae 10820 405 91 164 12 

Cottus 

cognatus slimysculpin Cottidae 8928878 27396 4730 5974 15 

Cottus ricei spoonheadsculpin Cottidae 3721084 14767 3400 6200 10 

Cottus rhotheus torrentsculpin Cottidae 454489 3757 1090 822 9 

Cottus 

echinatus utahlakesculpin Cottidae 3813 229 74 71 6 

Cottus 

leipomus woodriversculpin Cottidae 10780 391 119 124 7 

Moxostoma bigeyejumprock Catostomidae 12733 497 145 140 12 
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ariommum 

Ictiobus 

cyprinellus bigmouthbuffalo Catostomidae 1619309 11389 2433 2300 11 

Ictiobus niger blackbuffalo Catostomidae 817293 10430 1717 2008 15 

Thoburnia 

atripinnis blackfinsucker Catostomidae 7894 395 101 139 9 

Moxostoma 

cervinum blackjumprock Catostomidae 51506 1302 326 253 12 

Moxostoma 

duquesnei blackredhorse Catostomidae 809873 10189 1413 1480 13 

Moxostoma 

poecilurum blacktailredhorse Catostomidae 301625 5043 820 1062 16 

Catostomas 

discobulus blueheadsucker Catostomidae 304644 5068 1125 708 15 

Cycleptus 

elongatus bluesucker Catostomidae 963628 21418 2602 2530 8 

Catostomas 

columbianus bridgelipsucker Catostomidae 432772 3831 1563 633 12 

Moxostoma 

hubbsi copperredhorse Catostomidae 33197 682 231 179 9 

Erimyzon 

oblongus creekchubsucker Catostomidae 1487679 10772 1967 2152 16 

Chasmistes 

cujus cuiiu Catostomidae 5186 261 84 79 7 

Catostomus 

clarkii desertsucker Catostomidae 124241 2762 964 620 12 

Catostomus 

latipinnis flannelmouthsucker Catostomidae 244506 5294 1183 836 14 

Moxostoma 

erythrurum goldenredhorse Catostomidae 1787287 11028 1808 1970 14 

Moxostoma 

congestum grayredhorse Catostomidae 151249 2761 637 929 9 

Moxostoma 

lachneri greaterjumprock Catostomidae 25682 1190 434 183 9 

Moxostoma 

valenciennesi greaterredhorse Catostomidae 319551 10623 1090 1956 11 

Carpiodes 

velifer highfincarpsucker Catostomidae 1110876 11451 1775 1885 9 

Chasmistes 

liorus junesucker Catostomidae 4410 242 81 72 9 

Catostomus 

snyderi 

klamathlargescalesuc

ker Catostomidae 19146 508 141 179 9 

Catostomus  

rimiculus 

klamathsmallscalesuc

ker Catostomidae 41199 907 306 242 12 

Erimyzon 

sucetta lakechubsucker Catostomidae 1172570 13549 1952 2180 13 

Catostomus 

macrocheilus largescalesucker Catostomidae 781905 5437 1735 1000 8 

Catostomus 

catostomus longnosesucker Catostomidae 

1066605

5 29350 4758 6263 9 

Deltistes 

luxatus lostriversucker Catostomidae 17808 649 168 205 8 

Catostomus 

microps modocsucker Catostomidae 6033 286 102 76 11 

Catostomus 

platyrhynchus mountainsucker Catostomidae 1208814 13098 1843 1609 15 

Hypentelium 

nigricans northernhogsucker Catostomidae 1581169 11780 1778 1884 12 

Carpiodes 

cyprinus quillback Catostomidae 2364892 17877 2760 3016 12 
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Xyrauchen 

texanus razorbacksucker Catostomidae 172815 5382 1109 912 14 

Catostomus 

plebeius riograndesucker Catostomidae 48912 1382 642 323 11 

Carpiodes 

carpio rivercarpsucker Catostomidae 2880051 13365 2692 2625 9 

Moxostoma 

carinatum riverredhorse Catostomidae 767770 14086 2097 2015 10 

Hypentelium 

roanokense roanokehogsucker Catostomidae 19059 545 159 180 12 

Moxostoma 

occidentalis sacramentosucker Catostomidae 149992 3141 888 392 15 

Catostomus 

santaanae santaanasucker Catostomidae 9569 395 123 124 14 

Erimyzon 

tenuis sharpfinchubsucker Catostomidae 125072 2139 461 462 11 

Moxostoma 

macrolepidotu

m shortheadredhorse Catostomidae 4840688 20319 2657 3165 14 

Chasmistes 

brevirostris shortnosesucker Catostomidae 6923 345 87 124 9 

Moxostoma 

anisurum silverredhorse Catostomidae 2143450 18104 2414 2929 15 

Moxostoma 

robustum smallfinredhorse Catostomidae 85114 1950 464 455 14 

Ictiobus 

bubalus smallmouthbuffalo Catostomidae 2034511 16984 2663 2529 11 

Catostomus 

insignis sonorasucker Catostomidae 74266 1816 484 483 12 

Minytrema 

melanops spottedsucker Catostomidae 1739172 12225 1940 1992 15 

Moxostoma 

rupiscartes stripedjumprock Catostomidae 77110 1208 374 374 8 

Moxostoma 

pappillosum suckermouthredhorse Catostomidae 59516 1634 374 462 13 

Catostomus 

tahoensis tahoesucker Catostomidae 87310 2107 517 550 14 

Thoburnia 

rhothoeca torrentsucker Catostomidae 24962 808 183 210 10 

Catostomus 

ardens utahsucker Catostomidae 82801 1701 695 295 14 

Catostomus 

commersonii whitesucker Catostomidae 8850545 26569 4015 4759 20 

Micropterus 

notius suwanneebass Centrarchidae 24826 942 235 239 14 

Lepomis 

gulosis warmouth Centrarchidae 3161940 11472 2312 2865 13 

Pomoxis 

annularis whitecrappie Centrarchidae 2985169 9634 2373 2089 13 

Enneacanthus 

obesus bandedsunfish Centrarchidae 329861 5655 1837 1340 11 

Lepomis 

symmetricus bantamsunfish Centrarchidae 353440 3598 1350 731 8 

Enneacanthus 

chaetodon blackbandedsunfish Centrarchidae 232344 3730 1548 688 9 

Pomoxis 

nigromaculatus blackcrappie Centrarchidae 3196197 15968 2578 2255 14 

Lepomis 

macrochirus bluegill Centrarchidae 3574355 15409 2448 2639 10 

Enneacanthus bluespottedsunfish Centrarchidae 477578 5923 1957 1184 12 
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gloriosus 

Lepomis 

marginatus dollarsunfish Centrarchidae 831271 7851 1280 1919 11 

Centrarchus 

macropterus flier Centrarchidae 884493 6951 1237 1733 9 

Lepomis 

cyanellus greensunfish Centrarchidae 3849721 10869 2670 2550 15 

Micropterus 

treculii guadalupebass Centrarchidae 99137 1200 300 455 9 

Micropterus 

salmoides largemouthbass Centrarchidae 3468067 14770 2721 2550 13 

Lepomis 

megalotis longearsunfish Centrarchidae 2693156 13129 2742 2823 12 

Acantharchus 

pomotis mudsunfish Centrarchidae 340317 4278 1569 700 10 

Lepomis 

humilis orangespottedsunfish Centrarchidae 2419949 7161 1989 1728 11 

Ambloplites 

constellatus ozarkbass Centrarchidae 39649 820 240 255 14 

Lepomis 

gibbosus pumpkinseed Centrarchidae 1980638 14033 1863 2455 15 

Lepomis 

auritus redbreastsunfish Centrarchidae 905785 6688 2415 1386 13 

Lepomis 

microlophus redearsunfish Centrarchidae 1523148 6718 1532 2092 12 

Micropterus 

coosae redeyebass Centrarchidae 119043 1697 382 594 12 

Ambloplites 

cavifrons roanokebass Centrarchidae 52066 831 382 182 14 

Ambloplites 

rupestris rockbass Centrarchidae 2204814 14698 1993 2413 15 

Archoplites 

interruptus sacramentoperch Centrarchidae 99826 1606 678 332 9 

Ambloplites 

ariommus shadowbass Centrarchidae 316123 3533 817 1049 13 

Micropterus 

cataractae shoalbass Centrarchidae 47034 928 388 196 13 

Micropterus 

dolomieu smallmouthbass Centrarchidae 1817217 15155 1846 2069 10 

Micropterus 

punctulatus spottedbass Centrarchidae 1315969 5963 1459 1670 14 

Lepomis 

punctatus spottedsunfish Centrarchidae 1322189 7962 1679 2108 11 
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APPENDIX A1.2. Composite phylogenies for North American freshwater fish families.   
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APPENDIX A1.3. Composite phylogeny for Catostomidae (Smith, 2002; Doosey et al., 

2010). 
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APPENDIX A1.4. Composite phylogeny for Cyprinidae (Mayden et al., 2006; Simons et 

al., 2003; Schönhuth & Mayden, 2010). 
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APPENDIX A1.5. Composite phylogeny for Salmonidae (Vuorinen et al., 1998; Crespi 

& Fulton, 2005).  
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APPENDIX A1.6. Composite phylogeny for Ictaluridae (Hardman & Hardman, 2008).  
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APPENDIX A1.7. Composite phylogeny for Centrarchidae (Near et al., 2005).  
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APPENDIX A1.8. Composite phylogeny for Percidae (Near, 2002; Near et al., 2011).  
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APPENDIX A1.9. Composite phylogeny for Cottidae (Kinziger et al., 2005).   
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APPENDIX B2.1. Lot numbers from the Illinois Natural History Survey (INHS).  

 

Species INHS River Year Illinois county 

Luxilus chrysocephalus  8513 Sangamon River 1965 Piatt 

Luxilus chrysocephalus  16093 Sangamon River 1965 Macon 

Luxilus chrysocephalus  21385 Sangamon River 1968 McLean 

Luxilus chrysocephalus  43181 Sangamon River 1989 Champaign 

Luxilus chrysocephalus  84335 Sangamon River 1901 Champaign 

Luxilus chrysocephalus  84370 Sangamon River 1901 Champaign 

Luxilus chrysocephalus  84385 Sangamon River 1901 Champaign 

Luxilus chrysocephalus  91871 Sangamon River 2001 Champaign 

Luxilus chrysocephalus  96038 Sangamon River 1988 Champaign 

Luxilus chrysocephalus  96063 Sangamon River 1987 Champaign 

Luxilus chrysocephalus  98050 Sangamon River 1988 Champaign 

Lythrurus umbratilis 11950 Little Vermilion 1962 Vermilion 

Lythrurus umbratilis 32769 Little Vermilion 1994 Vermilion 

Lythrurus umbratilis 37727 Little Vermilion 1996 Vermilion 

Lythrurus umbratilis 41540 Little Vermilion 1997 Vermilion 

Lythrurus umbratilis 42177 Little Vermilion 1997 Vermilion 

Lythrurus umbratilis 43139 Little Vermilion 1997 Vermilion 

Lythrurus umbratilis 65032 Little Vermilion 1989 Vermilion 

Lythrurus umbratilis 86476 Little Vermilion 1899 Vermilion 

Lythrurus umbratilis 94588 Little Vermilion 2002 Vermilion 

Notropis atherinoides 632 Lake Michigan 1964 Cook 

Notropis atherinoides 25287 Illinois River 1957 Grundy 

Notropis atherinoides 25460 Illinois River 1962 LaSalle 

Notropis atherinoides 25480 Illinois River 1963 LaSalle 

Notropis atherinoides 26591 Lake Michigan 1975 Cook 

Notropis atherinoides 27303 Lake Michigan 1979 Lake 

Notropis atherinoides 49876 Illinois River 1997 Grundy 

Notropis atherinoides 51058 Illinois River 1902 LaSalle 

Notropis atherinoides 51173 Lake Michigan 1998 Cook 

Notropis atherinoides 52188 Illinois River 1999 LaSalle 

Notropis atherinoides 53920 Lake Michigan 1999 Cook 

Notropis atherinoides 84565 Lake Michigan 1900 Cook 

Notropis atherinoides 85583 Illinois River 1897 Mason 

Notropis atherinoides 98018 Illinois River 2003 LaSalle 

Notropis stramineus 8022 Sangamon River 1959 Champaign 

Notropis stramineus 10902 Mackinaw River 1958 Woodford 

Notropis stramineus 14879 Mackinaw River 1963 Tazewell 



150 

 

Notropis stramineus 15063 Mackinaw River 1966 Tazewell 

Notropis stramineus 16134 Sangamon River 1968 Macon 

Notropis stramineus 21240 Sangamon River 1965 McLean 

Notropis stramineus 33080 Mackinaw River 1994 Woodford 

Notropis stramineus 40803 Mackinaw River 1995 Tazewell 

Notropis stramineus 41475 Mackinaw River 1997 Tazewell 

Notropis stramineus 42050 Mackinaw River 1996 Tazewell 

Notropis stramineus 42188 Sangamon River 1997 Champaign 

Notropis stramineus 52941 Mackinaw River 1999 Woodford 

Notropis stramineus 57216 Sangamon River 2000 Macon 

Notropis stramineus 84387 Sangamon River 1901 Champaign 

Notropis stramineus 85832 Mackinaw River 1901 McLean 

Notropis stramineus 93187 Mackinaw River 2000 McLean 

Notropis stramineus 93223 Mackinaw River 2000 McLean 

Notropis stramineus 96042 Sangamon River 1988 Champaign 

Notropis stramineus 99815 Sangamon River 2003 Champaign 

Notropis stramineus 101741 Sangamon River 2005 Macon 

Pimephales notatus 617 Lake Michigan 1964 Cook 

Pimephales notatus 13714 Salt Creek 1963 DeWitt 

Pimephales notatus 13731 Salt Creek 1967 DeWitt 

Pimephales notatus 18681 Salt Creek 1971 Logan 

Pimephales notatus 42450 Salt Creek 1997 DeWitt 

Pimephales notatus 42834 Salt Creek 1997 Logan 

Pimephales notatus 56877 Lake Michigan 1980 Cook 

Pimephales notatus 84567 Lake Michigan 1900 Cook 

Pimephales notatus 85438 Salt Creek 1900 Logan 

Pimephales notatus 85460 Salt Creek 1901 Logan 

Pimephales notatus 89383 Salt Creek 2000 Mason 

Pimephales notatus 96955 Lake Michigan 1999 Cook 

Pimephales notatus 96960 Lake Michigan 1998 Cook 

Pimephales notatus 97146 Lake Michigan 1987 Cook 

Pimephales notatus 97588 Salt Creek 2003 Mason 
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2010  Ball State University – Fisheries Graduate Student of the Year 

2010  American Fisheries Society – North Central Division, Joan Duffy Award 

2010  American Fisheries Society – Indiana Chapter, Best Student Paper Award  

2010  American Fisheries Society – Indiana Chapter, Best Student Poster Award 

2010  Ball State University Recognizable Graduate Student Award 

2010  Ball State University Internal Research Grant (PI) - $750 

2009  American Fisheries Society – North Central Division, Joan Duffy Award 

2009  American Fisheries Society – Indiana Chapter, Best Student Paper Award  

2009  Ball State University Internal Research Grant (PI) - $500 

2009  Ball State University Recognizable Graduate Student Award 

2008   Ball State University ASPiRE Research Grant (PI) - $500 

2004-2008 Ohio Choice Grant Award  

2004-2008 Ohio Northern University Trustee Recognition Award  

 

TEACHING EXPERIENCE  

2012-2013 Lecturer, Department of Biology, Ball State University 

 General Biology (BIOL 112), Spring 2013 - Full time lecture instructor. Part time 

laboratory coordinator and instructor. General biology course for science majors. 

Class size approx. 96. 

 

2010-2011 Adjunct Professor, Department of General Studies, Sciences Division, Ivy Tech 

Community College 
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 General Biology (BIOL 105), Fall 2010 – Full time lecture and laboratory 

instructor. General biology course for science majors. Class and laboratory size 

approx. 30. Student evaluation score average 4.5/5. 

 Anatomy and Physiology (BIOL 101), Summer 2011 – Full time lecture and 

laboratory instructor. Class and laboratory size approx. 25. Student evaluation 

score average 4.4/5. 

 

2008-2011 Teaching Assistant, Department of Biology, Ball State University 

 Ichthyology (ZOOL 444), Fall 2008 – Assisted in laboratory preparation and 

presentation  

Invertebrate Zoology (ZOOL 432), Spring 2010 – Assisted in laboratory 

preparation and presentation 

Aquatic Entomology (ZOOL 484/584), Spring 2010 – Assisted in laboratory 

preparation and presentation, lecture, and created exams and assessment 

exercises 

Ichthyology (ZOOL 444/544), Fall 2010 – Full laboratory instructor and assistant 

lecturer 

Ecology (BIOL 216), Fall 2010-2012 - Assisted in course preparation, lecture 

presentation, and student assessment 

Invertebrate Zoology (ZOOL 432/532), Spring 2011 – Assisted in laboratory 

preparation and presentation, lecture, and created exams and assessment 

exercises  

Structure and Development of Vertebrates (ZOOL 330), Spring 2011 – Assisted 

in laboratory preparation, presentation, and assessment 

 

2007-2008 Teaching Assistant, Department of Biological and Allied Health Sciences, Ohio 

Northern University  

 Ichthyology (BIOL 368), 2007 - Assisted in laboratory preparation and 

presentation, lecture, as well as creating exams and assessment exercises. 

 Invertebrate Zoology (BIOL 233), 2007-2008 - Assisted in laboratory preparation 

and presentation, lecture, as well as creating exams and assessment exercises.  

  

2006 Environmental Interpretation, U.S. Fish and Wildlife Service – Okefenokee 

National Wildlife Refuge, GA – Organized public outreach activities including 

lectures, refuge tours, and research efforts.  

 

STUDENT ADVISEMENT EXPERIENCE 
2011-2012 Adam Garza. Undergraduate class project (Ecology Methods BIOL 217) – 

Spatial variation in Physa acuta morphology with drainage area  

2011-2012 Dustin Owen. Undergraduate research project - Age and growth patterns in 

Wabash River freshwater drum 

2011-2012 Anna Settineri. Undergraduate research project - Allometry in shape of 

freshwater pleuroceridae  

2010-2011 Daniel Lopez. Undergraduate research project - Diet variation in freshwater 

drum of the Wabash River 

2009-2012 Brittany Ross. Undergraduate research project - Morphometric variation in 

freshwater gastropods 
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2009-2011 Camille Miller. Undergraduate research project - Use of stable isotopes to 

identify local scale habitat variation in river and reservoir fishes. Best Student 

Poster IAFS 2010.  

2009-2010 Emily Schritter. Undergraduate research project - Morphometric variation with 

time in sand shiner 

    

INVITED PRESENTATIONS 

2013 Wright State University – Biology Seminar. Evolution of morphological variation in 

North American freshwater fishes.  

 

2013 Ball State University – Environmental Sciences PhD Seminar Series. 100 years of 

hydrological alterations and long term effects on fish morphology.  

 

2012 American Fisheries Society – Indiana Chapter (Ball State University). Freshwater drum 

of the Wabash River, USA. 

 

2012 Ball State University – Wildlife Biology Course Guest Lecture. Evolution, ecology, and 

identification of freshwater fishes. Freshwater fish ID workshop. 

 

2012 Ball State University – Ecology Course Guest Lecture. On the Population Distribution 

and Abundance of Kingdom Animalia.  

 

2011 Ball State University – Wildlife Biology Course Guest Lecture. Evolution, ecology, and 

identification of freshwater fishes.  

 

2011 American Fisheries Society – Indiana Chapter (Ball State University). Disentangling the 

spatial, temporal, and ecological correlates of morphological variation among North 

American freshwater fishes. 

 

2011 Ball State University – Natural Resources Sustainability Course Guest Lecture. On the 

importance of sustainable aquaculture in the modern world. 

 

2010 The Wildlife Society – Indiana Chapter. Evolutionary and environmental constraints that 

influence morphological variation in freshwater fishes. 

 

2010 Ball State University - Teachers College. On the integration of experiential learning 

theory into academia.   

 

2010 Ball State University - Teachers College. Towards an understanding on public 

perceptions of biological processes pre and post Darwinian theory.   

 

2010 Ball State University – Wildlife Biology Course Guest Lecture. Evolution, ecology, and 

identification of freshwater fishes.  

 



155 

 

2009 American Fisheries Society – Indiana Chapter (Ball State University). Spatiotemporal 

dynamics of Indiana stream fish assemblages after five decades of environmental change. 

 

2007 Ohio Northern University. The natural environment: mirror of a nation. 

 

2007 Ohio Northern University. Cuba: the keystone of the Caribbean.   

 

2006 Universidad de La Habana, Cuba. Ecological interactions: cycles of life.  

 

CONTRIBUTED PRESENTATIONS 

43. Dillon R, Jacquemin SJ, Pyron M. 2013. Phenotypic plasticity in the freshwater gastropod 

genus Pleurocera: extreme, cryptic, or both? Society for Freshwater Science (NABS), 

Jacksonville, FL. 

 

42. Owen D, Jacquemin SJ, Doll J, Pyron M, Allen M, Lauer T. 2012. Freshwater drum growth 

as a function of hydrology. Midwest Fish and Wildlife Conference, Wichita, KA.  

 

41. Owen D, Jacquemin SJ, Doll J, Pyron M, Allen M, Lauer T. 2012. Do growth rates of large 

river fish coincide with hydrologic variation? Sigma Xi, Muncie, IN.  

 

40. Jacquemin SJ, Pyron M. 2012. Freshwater drum dietary niche and specialization in the 

Wabash River, USA. Poster, American Fisheries Society, Minneapolis, MN. 

 

39. Pyron M, Etchison L, Goforth R, Jacquemin SJ. 2012. Fish assemblages, substrate, and 

current velocity of the Wabash River. Poster, American Fisheries Society, Minneapolis, 

MN. 

 

38. Pyron M, Etchison L, Goforth R, Jacquemin SJ. 2012 Fish assemblages on a GIS map of the 

Wabash River. Poster, American Society of Ichthyologists and Herpetologists, 

Vancouver, Canada.  

 

37. Etchison L, Jacquemin SJ, Pyron M, Garza A, Taylor C. 2012. Temporal and spatial 

morphological variation of northern crayfish (Orconectes virilis). Poster, American 

Society of Ichthyologists and Herpetologists, Vancouver, Canada. 

 

36. Owen D, Jacquemin SJ, Doll J, Pyron M, Allen M, Lauer T. 2012. Age and growth rate of 

freshwater drum (Aplodinotus grunniens) in the Wabash River, USA. Poster, American 

Society of Ichthyologists and Herpetologists, Vancouver, Canada. 

 

35. Etchison L, Jacquemin SJ, Pyron M, Garza A, Taylor C. 2012. Temporal and spatial 

morphological variation of northern crayfish (Orconectes virilis). Poster, American 

Fisheries Society, Minneapolis, MN. 
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34. Dillon R, Jacquemin SJ, Pyron M. 2012. Pleurocera acuta (Raf. 1824) and P. pyrenellum 

(Conrad 1834) are small-stream ecophenotypic morphs of P. canaliculata (Say 1821). 

American Malacological Society, Cherry Hill, NJ.  

 

33. Etchison L, Jacquemin SJ, Pyron M, Garza A, Taylor C. 2012. Ecological variation of 

northern crayfish (Orconectes virilis). Poster, Society for Freshwater Science (NABS), 

Louisville, KY. 

 

32. Jacquemin SJ, Ross B, Pyron M. 2012. Ecological niche and morphological variation among 

freshwater gastropods. Poster, Society for Freshwater Science (NABS), Louisville, KY. 

Top Reviewed Student Presentation (4.75/5) 

 

31. Perry WL, Jacks AM, Fiorenza D, Young M, Kuhnke R, Jonas MA, Lovgren MD, 

Jacquemin SJ. 2012. Water velocity effects on rusty crayfish size and shape relationship 

with performance in elevated water velocity. Society for Freshwater Science (NABS), 

Louisville, KY. 

 

30. Jacquemin SJ, Ross B, Pyron M. 2012. Ecological niche and morphological variation among 

freshwater gastropods. Poster, Indiana Academy of Sciences, Indianapolis, IN. 

 

29. Jacquemin SJ, Pyron M. 2012. Temporal variation in cyprinidae morphology – 100 years of 

stream alteration and evolutionary response. Poster, American Fisheries Society – Indiana 

Chapter, Indianapolis, IN. Best Poster Award.   

 

28. Settineri A, Owen D, Jacquemin SJ, Pyron M. 2012. Morphological variation in a freshwater 

gastropod Elimia livescens: allometry and response to a benthic predator. Poster, 

American Fisheries Society – Indiana Chapter, Indianapolis, IN. 

 

27. Ross B, Jacquemin SJ, Pyron M. 2012. Ecological niche and morphological variation among 

freshwater gastropods. Poster, American Fisheries Society – Indiana Chapter, 

Indianapolis, IN. 

 

26. Jacquemin SJ, Pyron M, Pitcher T. 2011. Evolution of mating systems in North American 

minnows. Midwest Fish and Wildlife Conference, Des Moines, IA. 

 

25. Doll J, Jacquemin SJ. 2011. Long-term trends in fish assemblages in relation to niche 

breadth and habitat in the West Fork White River, Indiana. Poster, Midwest Fish and 

Wildlife Conference, Des Moines, IA. 

 

24. Jacquemin SJ, Pyron M. 2011. Phenotypic plasticity in minnows over the past 100 years. 

Poster, American Society of Ichthyologists and Herpetologists, Minneapolis, MN. 
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23. Jacquemin SJ, Pyron M. 2011. Temporal variation in cyprinidae morphology – 100 years of 

stream alteration and evolutionary response. Poster, Indiana Water Resources 

Association, Muncie, IN.  

 

22. Perry WL, Jacks AM, Jacquemin SJ, Jonas MA, Lovgren MD. 2011. Rusty crayfish 

invasions from lakes to streams: effects of size and shape on performance in flow. Poster, 

North American Benthological Society, Providence, RI.  

 

21. Jacquemin SJ, Pyron M, Allen M. 2011. Ecology and evolution of the freshwater drum 

Aplodinotus grunniens. Poster, Southwestern Association of Naturalists, Tyler, TX. 

 

20. Allen M, Jacquemin SJ, Pyron M. 2011. Historic and contemporary patterns in freshwater 

drum Aplodinotus grunniens of the Wabash River. Southwestern Association of 

Naturalists, Tyler, TX. 

 

19. Jacquemin SJ, Pyron M, Allen M. 2011. Allometry, sexual dimorphism, and spatial variation 

in freshwater drum Aplodinotus grunniens morphology. Poster, American Fisheries 

Society – Indiana Chapter, Montgomery, IN.      

 

18. Ross B, Jacquemin SJ, Pyron M. 2011. Do ecological niche and morphology covary among 

freshwater gastropods? Poster, American Fisheries Society – Indiana Chapter, 

Montgomery, IN.      

 

17. Allen M, Jacquemin SJ, Pyron M. 2010. Spatial and temporal changes in relative weight 

(Wr) and abundance of freshwater drum Aplodinotus grunniens in the Wabash River. 

Poster, Midwest Fish and Wildlife Conference, Minneapolis, MN. 

 

16. Jacquemin SJ, Pyron M, Allen M. 2010. Allometry, sexual dimorphism, and spatial variation 

in freshwater drum Aplodinotus grunniens morphology. Poster, Midwest Fish and 

Wildlife Conference, Minneapolis, MN.     

 

15. Allen M, Jacquemin SJ, Pyron M. 2010. Historical changes in relative weight (Wr) and 

abundance of freshwater drum Aplodinotus grunniens in the Wabash River. Poster, 

Indiana Water Resources Association, Lafayette, IN.   

 

14. Miller C, Jacquemin SJ, Pyron M. 2010. Local habitat induced variation in relative N
15

 and 

C
13

 isotopic levels of a fish community. Poster, Ball State University Student Symposium 

– Muncie, IN.   

 

13. Jacquemin SJ, Pyron M. 2010. Spatiotemporal dynamics of Indiana stream fish assemblages 

after five decades of environmental change. American Fisheries Society – Indiana 

Chapter, Elkhart, IN. Best Paper Award.   

 



158 

 

12. Miller C, Jacquemin SJ, Pyron M. 2010. Local habitat induced variation in relative N
15

 and 

C
13

 isotopic levels of a fish community. Poster, American Fisheries Society – Indiana 

Chapter, Elkhart, IN. Best Poster Award.   

 

11. Dunithan A, Jacquemin SJ, Pyron M. 2010. Effects of environmental variables on 

morphology of Elimia livescens populations in Indiana. Poster, American Fisheries 

Society – Indiana Chapter, Elkhart, IN.   

 

10. Jacquemin SJ, Pyron M. 2009. Spatiotemporal dynamics of Indiana stream fish assemblages 

after five decades of environmental change. Midwest Fish and Wildlife Conference, 

Springfield, IL.  

 

9.  Jacquemin SJ, Pyron M. 2009. Impacts of Glaciation on Contemporary Fish Assemblages. 

Poster, American Fisheries Society, Nashville, TN. 

 

8.  Pyron M, Williams L, Beugly J, Jacquemin SJ. 2009. Taxonomy and functional groups 

comparisons within stream fish assemblages. Poster, American Fisheries Society, 

Nashville, TN.    

 

7.   Beugly J, Pyron M, Pritchett J, Jacquemin SJ. 2009. Long term fish assemblages of inner 

bends in a large river. Poster, American Fisheries Society, Nashville, TN.    

 

6.  Pyron M, Williams L, Beugly J, Jacquemin SJ. 2009. Detection of stream fish assemblage 

structure using taxonomy and functional groups. Poster, American Society of 

Ichthyologists and Herpetologists, Portland, OR. 

 

5.  Jacquemin SJ, Pyron M. 2009. Impacts of Glaciation on Contemporary Fish Assemblages. 

American Fisheries Society – Indiana Chapter, Indianapolis, IN. Best Paper Award.   

 

4.  Beugly J, Pyron M, Jacquemin SJ, Pritchett J. 2009. Mortality of Small-bodied Cyprinids in a 

Mark Recapture Study. Poster, American Fisheries Society – Indiana Chapter, 

Indianapolis, IN. 

 

3.  Jacquemin SJ, Pyron M. 2008. Impacts of Glaciation on Contemporary Fish Assemblages. 

Midwest Fish and Wildlife Conference, Columbus, OH.  

 
2.  Beugly J, Pyron M, Jacquemin SJ, Pritchett J. 2008. Mortality of Small-bodied Cyprinids in a 

Mark Recapture Study. Poster, Midwest Fish and Wildlife Conference, Columbus, OH. 

 

1.  Willmore-Fordham C, Krall D, Matosky J, Tabar R, Jacquemin SJ, Cooper A, Burleson P. 

2007. Adolescent Rats Exposed to Amphetamine Manifest Learning and Memory 

Deficits as Drug Free Adult Animals. Society for Neuroscience, CA.       
 

PROFESSIONAL AFFILIATIONS 

PULSE – Society for Undergraduate Life Science Education, 2012 – present 



159 

 

American Society of Ichthyologists and Herpetologists, 2004 – present  

American Fisheries Society, 2008 – present  

Tri Beta Biological Honor Society, 2006 – present  

Omicron Delta Kappa, 2008 – present  

 

EVIDENCE OF SERVICE  

PROFESSIONAL 

Societal Leadership Positions 

 Indiana American Fisheries Society. River and Streams Technical Committee Chair, 

2011-present 

Professional Conference Development 

Indiana American Fisheries Society. Evaluation of research, 2010-present  

Indiana American Fisheries Society. Session moderator, 2011  

Midwest Fish and Wildlife Conference. Session moderator, 2010 

Journal Reviewer  

Environmental Biology of Fishes, 2010  

Ecology of Freshwater Fish, 2010 

Journal of Biogeography, 2010 

Biological Journal of the Linnean Society, 2011 

American Midland Naturalist, 2011-2012 

Global Change Biology, 2011 

Grant Proposal Reviewer 

 National Geographic Society, 2012 

 

PUBLIC OUTREACH 

Committee Judge - East Central Indiana Regional Science Fair, 2009-2012 

Community Speaker - ‘Exploring Biological Diversity in the White River’ (Delaware   Co, IN), 

2010 

Community Organizer (Girl Scouts of America) – Explore Science Day! (Ball State University, 

IN), 2011 
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