
ABSTRACT 

HASSELL, ELIZABETH MARY ANNA. Rapid Evolution of Fish Morphology, 
Performance, and Behavior. (Under the direction of Brian Langerhans.) 
 
Contemporary evolution is a growing issue in a world where human activity generates rapid 

changes to the environment and dramatically alters the selective landscape. Understanding 

how species respond to human impacts can help us address the challenge of mitigating our 

effects on natural systems. Linking phenotypic responses to their genetic or environmental 

basis and uncovering the genetic associations between different traits may help us predict 

how species will evolve in response to intense selection in the future. Here I use three 

important fish species to examine evolution in morphology, performance and behavior as a 

result of anthropogenic disturbance or artificial selection. In creek chub (Semotilus 

atromaculatus) and blacknose dace (Rhinichthys obtusus), I examine the effect of 

urbanization on body form and swimming kinematics. Changes in urban fish and the results 

of a laboratory rearing experiment suggest adaptive evolution to altered water flow regimes 

in urban streams. In zebrafish (Danio rerio), I test associations among morphology, 

performance, and behavioral syndromes. Artificial selection for behavior resulted in altered 

morphology and performance characteristics, indicating a genetic link between traits that are 

not usually considered together. Many species today may be undergoing undocumented 

evolution in human-altered habitats, and experiencing a wide range of unexpected trait shifts. 

A better understanding of contemporary evolution is needed to increase our ability to make 

informed choices and manage our impact on evolutionary processes. 



 
 

 

 

 

 

 

 

 

© Copyright 2015 Elizabeth Hassell 

All Rights Reserved



Rapid Evolution of Fish Morphology, Performance, and Behavior 
 
 

by 
Elizabeth Mary Anna Hassell 

 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the 
requirements for the degree of 

Doctor of Philosophy 
 

Zoology 

 

Raleigh, North Carolina 

2015 

 

APPROVED BY: 

 

 

_______________________________  _______________________________ 

Brian Langerhans      Robert Dunn 
Committee Chair 

 

_______________________________  _______________________________ 

Thomas Kwak      James Rice 



 

 ii 

BIOGRAPHY 

I was born in Massachusetts and spent my childhood in Maine, where I squandered most of 

my hours reading books, playing outside, and planning a career as an intrepid explorer. 

However, I was drawn to biology by a high school mentor and the much-later realization that 

doing research can be a lot like playing outside. After my undergraduate work in integrative 

biology at Brigham Young University and post college employment in Oklahoma and New 

Mexico, I started my PhD research at North Carolina State University in the laboratory of 

Brian Langerhans. I enjoyed tremendous learning opportunities in the Department of 

Biological Sciences in the ensuing years, and gained a greater ability to think critically and 

deeply about science. 

One day as I was describing my research to a professor of Chinese history, he brought my 

attention to a fable about the happiness of fish. Even after a lot of thought I’m still not sure I 

know exactly what this enigmatic story means, but it struck a chord with me: 

As two men were passing by a stream, one of them said, “Look at how happy the fish are, 

swimming around in there!” 

“You’re not a fish,” said his friend, “How do you know they are happy?”  

The first man responded, “How do you know that I don’t know the happiness of fish? You 

have conceded that it is possible for me to know, just by asking me that question.” 

It seems to me that the act of doing research is to concede that we believe it is possible to 

know something more. The tantalizing opportunity to be on the brink of new discoveries 

continues to be a great draw for me. I may never know much about the happiness of fish, but 

studying them has given me great pleasure. 



 

iii 

ACKNOWLEDGMENTS 

This work has been aided by more people than I know how to thank. Among the foremost are 

my advisor Brian Langerhans and my committee members Rob Dunn, Tom Kwak, and Jim 

Rice, who have given timely advice and generous encouragement. A particularly hard-

working group of field and lab assistants, nearly all volunteers, contributed to data collection 

in the lab and field. In alphabetical order, I am indebted to Marta Albo, Caroline Andrews, 

Erik Archer, Tracy Borneman, Allison Clonch, Tara Easter, Kenneth Erickson, Caitlynn 

Filla, Michael Fisk, Allie Graham, Stephanie Haines, Grant and Heather Hardy, Justa 

Heinen-Kay, Heather Hill, Gabriela Hogue, Michelle Hunt, Tomas Ivasauskas, KC Kern, 

Taylor Lansing, Nate Laughner, Craig Layman, Patrick McCarthy, Jaimie Nevins, Holly 

Noel, Jonathan Otten, William Raiford, Ashley Rydzfski, Chris Schalk, Kenzie Stemp, Bryn 

Tracy, Nick Wade, Ryan Wong, Wilson Xiong, Pakou Yang, and Natalia Zbonack. I express 

gratitude to John Godwin for use of his zebrafish, to Bill Shroyer and Frank Cope for help 

from the Wake County offices, to Gabriela Hogue for assistance with the fish collections at 

the North Carolina Museum of Natural Sciences, and to the Mountain Horticulture Crops 

Research and Extension Center for providing housing during fieldwork in western North 

Carolina. Several students and colleagues made especially large contributions to data 

collection. Benjamin Pluer, Carmen Montaña, Erika Gass, and Detric Robinson have my 

deep gratitude for their invaluable assistance. 



 

iv 

TABLE OF CONTENTS 

LIST OF TABLES ................................................................................................................... vi 

LIST OF FIGURES ................................................................................................................ vii 

CHAPTER 1 .............................................................................................................................. 1 

Observing Contemporary Evolution, and Why It Matters ........................................................ 1 

Literature Cited ...................................................................................................................... 7 

CHAPTER 2 ............................................................................................................................ 10 

Urbanization Drives Contemporary Evolution in Stream Fish ............................................... 10 

Abstract ................................................................................................................................ 10 

Introduction ......................................................................................................................... 11 

Methods ............................................................................................................................... 14 

Results ................................................................................................................................. 20 

Discussion ............................................................................................................................ 23 

Acknowledgments ............................................................................................................... 26 

Literature Cited .................................................................................................................... 26 

CHAPTER 3 ............................................................................................................................ 32 

Does Stream Urbanization Alter Fish Swimming Kinematics? .............................................. 32 

Abstract ................................................................................................................................ 32 

Introduction ......................................................................................................................... 33 

Methods ............................................................................................................................... 35 

Results ................................................................................................................................. 38 



 

v 

Discussion ............................................................................................................................ 40 

Acknowledgments ............................................................................................................... 43 

Literature Cited .................................................................................................................... 43 

CHAPTER 4 ............................................................................................................................ 48 

Evolution of Morphology-Personality Associations ............................................................... 48 

Abstract ................................................................................................................................ 48 

Introduction ......................................................................................................................... 49 

Materials and Methods ........................................................................................................ 52 

Results ................................................................................................................................. 55 

Discussion ............................................................................................................................ 55 

Literature Cited .................................................................................................................... 58 

CHAPTER 5 ............................................................................................................................ 66 

Concluding Thoughts .............................................................................................................. 66 

FIGURES ................................................................................................................................ 69 

TABLES .................................................................................................................................. 84 

 



 

vi 

LIST OF TABLES 

Table 2.1. Study overview. ...................................................................................................... 84 

Table 2.2. Results of MANCOVA testing contemporary shape variation with urbanization in 

creek chub and blacknose dace. ............................................................................. 84 

Table 2.3. Results of MANCOVA testing temporal shape variation in creek chub. ............... 85 

Table 2.4. Results of test of habitat effect in lab-reared creek chub. ...................................... 85 

Table 2.S1. Sample sizes used in modern shape comparisons. ............................................... 85 

Table 2.S3. Results of MANCOVA testing effect of flow treatment and population on shape 

of lab-reared creek chub. ....................................................................................... 88 

Table 3.1. Study sites and experimental fish used in swim trials of wild-caught fish. ........... 88 

Table 3.2. Summary of study sites and experimental fish used in the laboratory-rearing 

experiment. ............................................................................................................ 88 

Table 3.3. Trait loadings and variance explained by the first two principal components for the 

PCA for swimming kinematic data in wild-caught creek chub (loadings ≥ |0.60| in 

bold text). ............................................................................................................... 89 

Table 3.4. Trait loadings and variance explained by the first two principal components for the 

PCA for swimming kinematic data in lab-reared creek chub (loadings ≥ |0.60| in 

bold text). ............................................................................................................... 89 

Table 3.5. Results of general linear models examining steady-swimming kinematic variation 

in laboratory-reared fish. ....................................................................................... 90 

Table 4.1. MANCOVA results examining body shape variation. *one-tailed test. ................ 90 

Table 4.2. MANCOVA results examining variation in fast-start locomotor performance. 

*one-tailed test. ...................................................................................................... 91 

 



 

vii 

LIST OF FIGURES 

Figure 2.1. Stream data logger readings from a rural and urban study site illustrating typical 

differences in streamflow during two separate rain events. .................................. 69 

Figure 2.2. Study site locations in (a) western and (b) central North Carolina, USA. Red 

diamonds indicate urban sites; yellow circles are rural sites. ................................ 70 

Figure 2.3. Landmark locations used for geometric morphometrics (juvenile creek chub 

shown). .................................................................................................................. 71 

Figure 2.4. Representative images from each habitat category, showing change in 

urbanization (or lack of major change) from the 1980s to the present. Shown are 

Hodges creek (rural), Mine Creek (historically urban), and Sycamore Creek 

(recently urbanized). .............................................................................................. 72 

Figure 2.5. (a) Deformation grids (observed range) showing differences in blacknose dace 

and creek chub morphology in urban and rural stream sites (modern comparison). 

Population differences along the habitat divergence vector 1 (d1) for blacknose 

dace (b) and creek  chub (c). .................................................................................. 73 

Figure 2.7. Morphology of lab-reared creek chub from three habitat types along habitat 

divergence vector 1 (d1). ....................................................................................... 77 

Figure 3.1. Variation in PC 1 from the steady-swimming kinematic data across habitat types 

in wild-caught creek chub from 10 populations. Least-squares means ± 1 SE 

depicted. ................................................................................................................. 78 

Figure 3.2. Variation in hydromechanical power across habitat types for wild-caught creek 

chub. Least-squares means ± 1 SE depicted. ......................................................... 78 

Figure 3.3. Response to flow treatment in lab-reared creek chub populations. Least-squares 

means ± 1 SE for PC 1 (panel a), hydromechanical power (panel b), and PC 2 

(panel c). Open symbols represent high flow treatment groups. ........................... 79 

Figure 4.1. Landmarks used for morphological analysis (a), and morphological differences 

between bold and shy phenotype lines of zebrafish females (b) and males (c). 

Body shape variation along the divergence vector, d (see text) depicted with thin-



 

viii 

plate spline transformation grids (no magnification; solid lines connecting outer 

landmarks drawn to aid interpretation). Landmark vectors beneath each set of 

grids convey the direction and relative magnitude of change in the location of 

each landmark, pointing toward values characteristic of bold lines. ..................... 82 

Figure 4.2. Differences in fast-start locomotor performance between coping-style lines in 

zebrafish (LSM ± SE). ........................................................................................... 83 



 

 1 

CHAPTER 1 

Observing Contemporary Evolution, and Why It Matters 

While biological evolution was long regarded as an exceedingly slow process, recent decades 

have revealed that evolution often occurs rapidly, with significant changes observed in less 

than 100 generations.1 Understanding rapid evolutionary change affects issues as varied and 

important as human health, food production, and conservation.2 On a theoretical level, more 

work is needed to understand the pace of phenotypic change caused by abrupt shifts in 

natural selection and the accompanying responses of suites of associated traits. In practical 

terms, we need to know how human activities impact evolution to better manage and 

conserve natural resources. While many studies have documented instances of apparently 

human-induced phenotypic change, far fewer have tested for the genetic basis of divergence, 

measured the performance consequences of observed changes, or addressed whether other 

correlated traits that are not under obvious selection also diverge. 

In this work I address these challenges by employing field studies, museum collections, 

controlled lab experiments, and model and non-model species to study fish morphology and 

swimming performance as a model for rapid evolutionary change. This chapter provides an 

overview of the importance of contemporary evolution in light of recent human impacts and 

summarizes the main findings of my dissertation. Chapter 2 tests specific predictions in 

multiple species on the nature of rapid morphological change due to human disturbance. 

Chapter 3 investigates the functional consequences of these morphological shifts and 

describes differences in swimming performance due to human impacts. In Chapter 4, I use a 

model laboratory organism to further examine associations between morphology and 

performance and investigate how selection for behavior influences both form and function. 

Chapter 5 summarizes lessons learned and suggests directions for future research.  
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Human-induced evolution 

An ever-lengthening list of studies from a broad range of taxa shows that human-induced 

contemporary evolution is not rare or unusual. For example, in cichlid fishes affected by 

turbidity, pollution alters evolutionary diversification by disrupting assortative mating.3 In 

many other fish species, commercial harvesting causes life-history evolution through 

selection for smaller sized adults or earlier maturation (e.g., whitefish, North Sea plaice, 

halibut, sole, and multiple species of flatfish and salmon4,5). In mammals, human activities 

have acted as a source of selection for “bolder” or “shyer” behavior (as for rats and elk,6,7 or 

caused declines in weight and size (as for various trophy game8). In birds, urban noise and 

climate change alter the evolution of song and migration behavior.9,10 Nor is the list any 

thinner for invertebrate species. Body size evolution in gastropods is linked to human 

activities,11 butterflies evolve divergent host preferences to plant species introduced by 

humans,12 and plants evolve resistance to heavy metal exposure from polluted soil.13 

Anthropogenically induced evolution is an incredibly widespread phenomenon with 

significant consequences for living things, human or otherwise. 

Studying our impact on evolutionary processes provides many practical benefits and allows 

us to more effectively approach tasks in areas ranging from conservation to medicine.14,15 For 

example, understanding how small populations evolve under human interference has led to 

recommendations for how to manage the gene pools of threatened species for higher fitness 

in the wild.16,17 Studying patterns in how influenza evolves in response to human activities 

allows us to predict which strains are likely to become most prevalent.18 And with various 

tree pathogens (including the devastating Dutch elm disease), studying the evolutionary 

pathways that follow human introductions allows us to predict when and where aggressive 

“superpathogens” should appear.19 In these and many other cases, strengthening our 

knowledge of contemporary evolution can lead directly to applications with real social and 

economic advantages. 
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Conversely, a lack of understanding of human-induced evolution can lead to serious 

problems. It is perhaps dangerous to leave this topic unstudied due to its significant effect on 

ecological processes and even human economies.2 These threats include unbeatable bacterial 

infections,20,21 resistant insects, weeds, and other pests (now numbering over 900 species22), 

genetic mismanagement of rare species, and the exacerbation of human disruption of natural 

systems.  

In the following chapters I approach contemporary evolution from several angles. I first 

focus on the effects of urbanization on fish morphology, and investigate these changes both 

across space in urban and rural streams, and through time using historic collections. I next 

test swimming performance differences that might be expected in three kinds of divergent 

habitats. In both studies, I include a common-environment rearing component in order to test 

the contributions of genetics and environment to phenotypic differences (i.e., to see to what 

extent changes represent microevolution or phenotypic plasticity). Finally, I examine links 

between morphology and performance and behavior in an artificial selection experiment with 

zebrafish. 

Urbanization and fish morphology 

As we approach the task of mitigating the negative effects of human-caused environmental 

disturbance, it may be worthwhile to concentrate on the most heavily impacted areas. One 

such area is cities. Urban areas may be the fastest-growing class of land cover on the planet, 

and current models predict that over the next 50 years, cities will absorb all of the world’s 

population growth while simultaneously continuing to receive influx from rural areas.23 

Urbanization is especially rapid in areas with the highest biodiversity.24 It has strong effects 

on freshwater ecosystems, which are already more vulnerable and more heavily affected by 

human activity than terrestrial ecosystems.25  

As more and more land is urbanized, it will be important to understand how species will 

respond evolutionarily. Urban streams are not especially life-friendly, as witnessed by the 
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trend common to all major regions of the United States, in which biodiversity declines with 

increasing urbanization.26 However, for the species that remain behind, it is very likely that 

urban conditions cause intense selection for phenotypic divergence. We have just begun to 

see the tip of this iceberg, in the discovery of fish populations with evolved resistance to 

toxins in heavily polluted rivers.27,28 This, however, represents the limit of our knowledge of 

how fish evolve in response to urbanization.  

In chapter 2 I measure the change in body form associated with urbanization in two species 

of cyprinid fishes, creek chub (Semotilus atromaculatus) and blacknose dace (Rhinichthys 

obtusus). These two common species exist in both urban and rural habitats, thus allowing 

comparisons between streams that are similar in most respects and differ primarily in their 

level of disturbance. I compared fish morphology in 25 streams across western and central 

North Carolina, and found significant fish shape differences in urban habitats. 

How have these changes arisen over time, and is it reasonable to claim causation between 

urbanization and shape differences? Historic museum samples provide an opportunity to 

address these kinds of questions. I compared the morphology of fish collected before 

urbanization to those I collected recently, and found shape differences that depended on how 

long a site had been urban. In order to control for the effect of preservation and storage, as 

well as temporal trends common to North Carolina streams in general, I compared historic 

and modern fish from sites that had remained rural or urban during similar time periods. 

These results showed that fish from sites that had remained urban for many decades were 

very different from populations that had remained rural, and furthermore, that fish 

populations that had recently changed from rural to urban were now intermediate between 

the two. 

Shape differences are interesting, but in order to have substantial evolutionary meaning they 

must have a heritable basis on which selection can act. The basis of phenotypic divergence is 

not often tested in cases of anthropogenic disturbance. However, the source of phenotypic 

change (plasticity, genetics, or both) is important to examine if we are to understand the 
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processes underlying our impact on species and the likelihood and direction of their future 

responses. One way to test for a genetic basis is to raise individuals in a common 

environment. I did so over an 18-week period using five populations of very young creek 

chub, and regularly subjected half of each population to intensified water flow to see if shape 

change could be induced experimentally. Results showed that body shape was still highly 

population dependent, suggesting that there is a strong heritable underpinning to 

morphological differences observed between populations in the wild. Although rearing 

several sequential generations would be even more informative, neither blacknose dace nor 

creek chub have short enough maturation times for this to be feasible for short-term 

laboratory studies. However, measuring shape differences at the conclusion of the treatment 

period revealed patterns consistent with earlier work, and indicated that shape was 

genetically determined (barring, of course, maternal effects). 

Performance evolution 

Changes in morphology are more exciting if we know their functional consequences. For 

fish, body form is tightly tied to swimming performance (in fact, body form probably 

typically evolves through selection on performance, consistent with the paradigm of 

morphologyà performanceà fitness). I assessed whether urban and rural fish had different 

performance abilities by measuring the swimming kinematics of ten populations in a swim 

tunnel built for the purpose. Among my findings were that fish from historically urban sites 

had longer propulsive wavelengths than rural or recently urban sites. Hydromechanically 

speaking, longer propulsive wavelengths in fish correspond to stiffer bodies and higher 

swimming efficiency, which is likely an advantage in urban streams where fish must contend 

with higher velocity storm pulses. In addition to ten populations of wild-caught creek chub, I 

performed swimming performance measurements on four populations of laboratory-reared 

juveniles at the conclusion of the flow treatments above. The results of this portion of the 

experiment suggested that swimming differences are mostly genetic, but some sites showed 

plasticity in some kinematic measures. The population differences between sites suggested 
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that adaptive evolution is occurring in urban habitats, and that in some streams adaptive 

plasticity may also be evolving. (Plasticity here does not necessarily mean the absence of 

evolution, since the ability to respond plastically to conditions can be itself an adaptation.) 

Performance, morphology, and artificially induced evolution in zebrafish 

Although often studied separately, traits such as swimming performance and body 

morphology do not exist in an evolutionary vacuum. Selection can act on many traits 

simultaneously, or through chain reactions: all traits have genetic associations with others, 

and studying them can reveal the mechanics of how evolution influences many traits at once. 

The challenges of doing evolutionary studies with some wild animals (such as those with 

long generation times) can be overcome by using model organisms, and this can also open 

doors for integration with other research areas such as physiology, neuroscience, and 

behavioral evolution. Recently, zebrafish have emerged as a highly useful model system. I 

used two laboratory-bred lines of a wild-derived zebrafish population to measure connections 

between body morphology, swimming performance and behavior. I tested fish that had been 

selectively bred for bold or shy behavioral syndromes to see how other unselected traits also 

covaried with behavior. Based on predictions from evolutionary ecology, I expected to find 

that bold fish were faster swimmers and that shy fish had less streamlined bodies. 

Interestingly, the association between behavior and performance depended on sex, but I 

found that morphology and swimming performance differed significantly between strains 

even though these traits had not been targeted. 

Studying the genetic associations of traits can reveal the mechanics of how evolution 

influences whole phenotypes. As anthropogenic impacts such as urbanization, global 

warming, and habitat loss combine to change the adaptive landscape, we should continue to 

include integrated approaches to studying evolutionary change in response to human-induced 

selection. The evolution of morphology, performance, and behavior is a promising area for 

increasing our understanding of contemporary evolution on short timescales and in the face 
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of human disturbance. Future directions should include assessing the fitness costs of rapid 

adaptive evolution and the ecological consequences of human-induced evolutionary change. 
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CHAPTER 2 

Urbanization Drives Contemporary Evolution in Stream Fish 

Abstract 

Human activities not only reduce biodiversity but also influence evolution, generating 

biodiversity in the form of divergent phenotypes and potentially new species. Since humans 

represent the greatest source of biodiversity decline today, it is important to understand our 

impacts on evolutionary processes, yet we currently know little about the frequency or 

predictability of how humans may drive diversification. Here we examine the role of 

urbanization in driving predictable evolutionary shifts in the body morphology of stream 

fishes. We tested for repeatable evolution within two cyprinid species across low- and high-

impacted sites in multiple, rapidly urbanizing regions of the southeastern USA. Watershed 

urbanization increases peak water flow rates in streams through increased runoff from 

impervious surfaces. Based on a biomechanical understanding of how fish body form 

influences locomotor abilities at high velocities, we predicted that fish should evolve more 

streamlined body shapes within urbanized streams. Comparing contemporary populations 

across urban and rural streams, we found that both species exhibited strong and consistent 

differences between stream types: western blacknose dace (Rhinichthys obtusus) had a more 

streamlined body in urban streams, while creek chub (Semotilus atromaculatus) became 

deeper bodied. We further investigated shape change in creek chub through 50 years of 

increasing urbanization using modern collections and historic museum specimens. We found 

that creek chub (1) rapidly became deeper bodied in streams experiencing recent 

urbanization, (2) had already achieved deepened bodies, with no subsequent deepening over 

time, in streams which were already urbanized 50 years ago, and (3) remained relatively 

shallow bodied in streams that have remained rural. Raising fish from five populations under 

common conditions in the laboratory revealed that population differences in body 

morphology largely reflected genetically-based differences, with minimal effects of water 
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flow–induced phenotypic plasticity. These findings suggest that evolutionary responses to 

human impacts can be adaptive and occur quickly, yet still present challenges for predicting 

individual species’ responses. 

Keywords: Blacknose dace, contemporary evolution, creek chub, morphology, urban 

streams, urbanization. 

Introduction 

Humans are a major driver of ecological and evolutionary change.1 Human activities alter 

species’ ecology and reduce biodiversity through population declines, extirpations, and 

extinctions; yet human impacts provide a chance to study rapid evolutionary change and 

perhaps even speciation in some resilient species. We are currently only beginning to 

understand this side of the biodiversity crisis,2,3 where human-induced rapid environmental 

change (HIREC) may actually be driving diversification and potentially increasing 

biodiversity in some cases, while simultaneously decreasing it in many others. As an early 

step in this understanding, it is important to identify which human activities are most 

influential and how frequently and predictably resilient species might diversify in response. 

This information can help us to better mitigate the many negative consequences of human 

activities.4,5 

Urbanization represents one of the strongest and most pervasive worldwide human impacts 

on the environment and drastically affects both terrestrial and aquatic habitats. Given that 

humans have been building cities for thousands of years, these impacts have a long history, 

but the spread of urban areas is currently accelerating at a record pace.6 This presents special 

concerns since urban growth is not only fastest in areas of the world with the highest 

biodiversity,7 but is also among the most detrimental types of land use to ecosystem 

services.8–11 The strong, widespread ecological consequences of urbanization have received 

much attention, but the evolutionary consequences are far less understood, especially in 

comparison to other major factors driving evolutionary change such as climate change, 
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invasive species, and overharvesting. Yet urban development has dramatic and consistent 

environmental consequences worldwide and can contribute to rapid, adaptive evolution in the 

resilient species that persist in these altered environments.12,13  

Urbanization has major impacts on freshwater streams. Among other things, cities generate 

higher peak water velocities (especially during heavy precipitation events) caused by runoff 

from impervious surfaces, reduced riparian buffers, and stream channelization. Urban 

streams have more frequent and more intense high-flow events14–16 (Figure 2.1), which are 

closely tied to an increase in impervious surface cover.17 We know that fish communities 

change subsequent to urbanization (primarily in the form of reduced species richness,10,18 

though not always19), but altered flow regimes in urban streams should also drive predictable 

evolutionary responses. However, we know next to nothing about how fish evolve in 

impacted streams despite the global nature of urban growth.  

From prior empirical and theoretical work, we know that fish populations often diverge in 

morphology under different water velocity regimes.20,21 Recently, fish have evolved changes 

in body shape where anthropogenic activity has reduced water velocity, such as in water 

impoundments.22,23 The simplest prediction is that fish should become more streamlined in 

areas with rapid-flowing water because this reduces the cost of station-holding and increases 

foraging efficiency. Conversely, in areas of low velocity (such as slow rivers, lakes, or 

lagoons) fish should be less streamlined since this improves maneuverability and burst-

swimming ability, and possibly fecundity.24,25 Thus, a general pattern should exist, where fish 

in faster waters are more streamlined than their conspecific populations in slower, more 

stable habitats. Indeed, a range of studies have demonstrated that fish in slower-moving 

water have deeper bodies, while those in higher velocity habitats have more streamlined 

profiles that correspond to reduced drag.26–28  

Phenotype divergence in fast- and slow-moving water probably arises because natural 

selection favors different morphologies in different environments due to performance 

tradeoffs between various body types. For example, some habitats favor increased burst-
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speed capacity and maneuverability, while others favor steady-swimming ability and greater 

endurance.29 The general biomechanical impossibility of simultaneously maximizing both 

capacities in most fish results in divergence.30 

Since a general pattern of divergence between fast and slow habitats is found not only for 

multiple species over long evolutionary time periods,31 but also for small differences within 

species,21,24,32 and over short time periods,23 water velocity is probably an important factor in 

selecting for fish body shape. Here we test whether urbanization has led to rapid and 

predictable changes in the body morphology of two widespread North American minnows, 

the creek chub (Semotilus atromaculatus) and the western blacknose dace (Rhinichthys 

obtusus; herein referred to as blacknose dace for convenience). We make three major 

comparisons: (1) between modern populations in urban and rural streams, (2) between 

historic and modern samples from streams that have experienced varying degrees of 

urbanization over time, and (3) among juveniles caught from urban and rural populations and 

raised in a common laboratory environment under different flow regimes (Table 2.1). We 

focus on a particularly important region for freshwater fishes—the southeastern United 

States, which harbors the most diverse temperate freshwater fish fauna in the world.33 

Studying the effects of human impacts on diversification in this region is especially 

interesting not merely because of its high biodiversity, but also because areas such as this 

may have been hotspots of diversification in the past (i.e., on macroevolutionary timescales). 

Urban stream environments should select for streamlining in fish due to the energetic cost of 

coping with higher water velocities, yet urban streams have many other characteristics that 

set them apart from rural streams, any of which may create complex forms of selection on 

body shape. Adaptive responses of stream species to increased flow rates are not well 

understood, and advances in knowledge may help us predict species persistence, understand 

how evolution occurs in human-impacted systems, and make recommendations for 

improving stormwater management and mitigating biodiversity loss. 
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Methods 

Modern-day morphological differentiation between urban and rural streams within  

two species  

To test whether the known, widespread increases in maximum flow rates caused by 

urbanization14,15,17,34 may have resulted in altered body morphology, we examined modern-

day populations of two common North American minnows inhabiting rural and urban 

streams. We chose to examine blacknose dace and creek chub, distantly related cyprinids that 

are widespread, readily caught, and observed in both urban and rural streams within their 

native range. These fish should provide representative models for examining how some 

resilient species might respond to human activities.  

We examined a total of 693 fish from North Carolina streams (Figure 2.2, Table 2.1). We 

characterized streams a priori as rural or urban using visual estimates of land cover from 

recent satellite images. For sites where land cover data were available (n=14), we used GIS 

to calculated the total impervious surface cover for a 2.6 km radius around each site. Urban 

sites had higher impervious surface cover (mean = 2.82 km2, 34.6%) than rural sites (mean = 

0.98 km2, 12.2%) (t-test, p < 0.0001). We caught fish from May 2012 to November 2014 

with dip nets and an electroshocker and photographed them live at field sites. We used a high 

resolution digital camera with a macro lens (Canon Rebel Xti, T3i, and XS) and confined 

each fish in a small container (16.5 × 8 × 9 cm) within an aquarium for photography. For 

blacknose dace, we examined 8 sites within the French Broad River basin (165 fish). For 

creek chub, we examined 10 sites within the French Broad River basin in western North 

Carolina (213 fish) and 15 sites within the Neuse and Cape Fear river basins in central North 

Carolina (315 fish; see Table 2.S1 and 2.S2 for details). Our sites in central and western 

North Carolina are separated by the Eastern Continental Divide, so that those in the west 

drain to the Gulf of Mexico while those in east connect to the Atlantic. This separation 
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allows us to assess independent cases of phenotypic divergence between urban and rural sites 

in separate regions.  

We used landmark-based geometric morphometrics to compare the body shape of fish from 

urban and rural sites. Geometric morphometrics is a tool for visualizing and quantitatively 

measuring shape variation, and advances in techniques and software35,36 have been used to 

provide valuable insight into rapid morphological change caused by humans.37  In brief, we 

digitized 12 anatomically homologous landmarks on two-dimensional lateral images of fish 

(Figure 2.3) using TpsDig38 and performed Generalized Procrustes Analysis (GPA) to scale, 

rotate, and superimpose landmarks (removing isometric size effects and all other non-shape 

variation). We also digitized several points along the midline of the body in order to 

“unbend” specimens using TpsUtil. This procedure removes postural variation that could 

otherwise be interpreted as shape variation, more narrowly restricting our analysis on true 

shape variation per se. These points are not anatomically homologous and were not included 

in the analysis of shape. We saved relative warps (principal components of shape variation) 

using TpsRelw.39  

Using centroid size (the square root of the sum of squared distances from landmarks to their 

centroid) as an estimate of body size, we confirmed that body sizes greatly overlapped 

between urban and rural streams for each species. This check is necessary because comparing 

size-independent shape requires allometric adjustment. We conducted a general linear mixed 

model to test for differences in centroid size between urban and rural streams (treating 

population as a random effect), and found no significant difference in either case (blacknose 

dace: F1,6.91 = 0.06, p = 0.82; creek chub: p = 0.11). This makes our dataset highly amenable 

for testing for shape differences between habitat types. 

We conducted multivariate statistical analysis using the shape variables (relative warps) to 

compare shape between rural and urban streams within each species.  For blacknose dace we 

retained the first 15 relative warps, which explained 98.4% of the variance. For chub we used 

the first 15 relative warps, explaining 98.6% of the variance. For each species separately, we 
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used a mixed-model multivariate analysis of covariance (MANCOVA) to investigate how 

body shape differs between rural and urban streams. In each case, we included centroid size 

as a covariate to control for multivariate allometry. We log10-transformed centroid size to 

improve normality of residuals. We used site nested within urbanization status as a random 

effect (see references40–42 for other examples of this statistical approach). The p-value for the 

effect of urbanization was determined using the MIXED procedure in SAS so that we could 

treat populations as random effects (appropriate since population serves as the unit of 

replication for the test of urbanization status). We measured both adults and juveniles, and 

included all fish that could be confidently identified to species (1.3–15.0 cm standard length 

[SL]), and thus spanned a large range in body size. Sexes were pooled due to lack of obvious 

external sexual dimorphism in non-breeding fish. For creek chub, we additionally included a 

term for geographic region (testing for differences between western and central North 

Carolina) and the interaction between region and urbanization status (testing for unique 

effects of urbanization across regions). Blacknose dace were present in only one region, so 

for the blacknose dace model we did not include a region term. We used ηp
2, an estimate of 

multivariate effect size, to compare the relative importance of each model term. We 

visualized differences between habitats using the relevant canonical axes derived from the 

effect of interest in each MANCOVA. Canonical axes, which were calculated in this case by 

performing PCA on sum of squares cross products matrix, are linear combinations of the 

response variables and here describe in a multivariate fashion the morphological variation 

due to habitat type.43 

Since shape may vary with body condition, we measured weight for 478 individuals (133 

creek chub from western North Carolina, 258 creek chub from central North Carolina, and 87 

blacknose dace), and tested for condition differences between habitats. Weight relative to 

length (a proxy for condition) did not differ significantly between habitats (p = 0.8154,  F1, 

11.78 =0.06 for creek chub), and so it is unlikely that urban or rural fish diverge in shape 

because of differences in body condition. 
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Temporal patterns of morphological variation in creek chub 

Using one species, creek chub, we further investigated the origins of shape change by 

sampling streams that varied in urbanization history and comparing the morphology of these 

fish to museum samples collected during 1961–1986. We asked whether creek chub had 

changed in shape over time due to urbanization and what those changes involved. We 

included in our dataset streams that had experienced increased urbanization over time, as 

well as streams for which surrounding land use had not changed substantially over time (i.e., 

remained rural or remained urban; description below). Since all of our fish from historic 

samples were photographed as 27- to 53- year old preserved specimens, whereas all of our 

fish from modern samples were photographed as live or recently preserved specimens, sites 

without changes in surrounding land use served as a control for preservation factors that 

might affect shape and create a spurious effect of “time.” This also allowed us to control for 

biologically relevant overall shape changes over time that might be shared across stream 

categories, and more directly assess how urbanization might cause temporal shifts in body 

shape.  

As before, we first characterized sites as rural or urban using estimates of land cover from 

recent satellite images. However, we also assessed the degree of historic urbanization using 

aerial photographs from the 1980s (Figure 2.4). This allowed us to further designate sites 

based on whether they changed substantially in urbanization level within the last 30 years. 

Using this information we categorized all sites as either Rural (very little change), 

Historically Urban (already highly urban by 1983), or Recently Urbanized (noticeable change 

in land use from rural to urban from 1983 to 2012). 

For this analysis we sampled 15 creeks, most of which had representation in historic 

collections. Our sites can be described in terms of two variables: whether they were urban or 

rural at the time of historic sampling, and whether they were urban or rural at the time of 

modern sampling. The interaction term between these two factors tells us if morphology 

depends on whether a stream changed from rural to urban. This directly answers our main 
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question of how urbanization affects shape. Our 15 modern sites included 5 rural streams, 4 

historically urban streams, and 6 recently urbanized streams. Modern samples were made 

during 2010 to 2014 using dipnets and a backpack electroshocker.  

We compared these samples to 12 historic collections from the North Carolina Museum of 

Natural Sciences. Nine of these were from the same locations as our modern samples, and the 

remaining 3 were from nearby, similar streams. Of these 12 historic collections, 5 had 

remained rural since the time of collection, 3 had already been urban at the time of sampling 

and were still urban today, and 4 had been rural at historic sampling time but were urban at 

the second (modern) sampling time. All fish were photographed and landmarked as above. 

One researcher completed all the digital landmarking for geometric morphometrics.  

We used a mixed-model MANCOVA with relative warps (i.e., shape variables) as response 

variables and used log-transformed centroid size, habitat (i.e., rural, recently urbanized, or 

historically urban), sample time (modern or historic), the interaction of habitat and sample 

time, and stream site nested within habitat (designated random effect) as independent 

variables. We used the first 15 relative warps, which explained 98.7% of the variation. For 

this analysis, the habitat term tests for differences between the three categories of habitat that 

were consistent across time, the sample time term tests for overall changes in shape over time 

irrespective of habitat, and the interaction term between habitat and sample time tests 

whether change in fish shape over time depends on the habitat chronology of the site. This 

latter test is of primary interest, as this directly tests our hypothesis that urbanization should 

drive morphological change over time.   

Laboratory-rearing experiment in creek chub 

We caught very young juvenile creek chub, approximately 1.5 cm SL, from 5 streams near 

Raleigh, NC, during June and July of 2014. Based on natural history for this species, this 

period of time represents a late post-larval stage shortly after nest emergence.44,45 Two 

streams had experienced surrounding urbanization for over three decades (historically urban) 
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two had undergone a recent increase in urbanization and impervious surface cover in the last 

30 years (recently urbanized) and one was rural. Fish were transported to facilities at North 

Carolina State University and each population was randomly divided into two water velocity 

treatment groups. High-flow treatment groups received 60 minutes of intensified water flow 

once every 7 days for 16 weeks, while low-flow treatment groups did not. All fish, both high 

flow and low flow treatments, were kept in 10 L tanks in a recirculating system (Aquatic 

Habitats brand), which allowed populations and treatment groups to experience identical 

water conditions (0.5 ppt salinity, 25° C). Fish were allowed to acclimate to lab conditions 

for two weeks prior to initiation of the flow treatment. Fish were fed brine shrimp and dry 

flakes (TetraMin Pro) ad libidum daily throughout the experiment and kept on a 12:12 hr 

light-dark cycle. 

After 16 weeks of treatment, fish were photographed for morphometrics, anesthetized, 

weighed, and preserved in ethanol. We digitized the same 12 landmarks as above (Figure 

2.3) and performed geometric morphometrics to visualize differences and compare shape 

between populations and treatments. 

To test for effects of population, water flow treatment, and their interaction on body 

morphology, we used a MANCOVA with log10-transformed centroid size, population, 

treatment, and the interaction between population and treatment as independent variables, 

with relative warps as dependent variables. We used the first 15 relative warps, which 

explained 98.7% of the variation. 

With no significant evidence for flow-induced morphological plasticity from the above 

MANCOVA (see below), we pooled fish across treatments within populations to perform a 

direct test of urbanization on body shape of lab-raised fish. We conducted a MANCOVA 

using relative warps as dependent variables, log-transformed centroid size as a covariate, 

habitat (historically urban, recently urbanized, rural) as a main effect, and population nested 

within habitat as a fixed effect because we explicitly wished to examine variation in body 
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shape within these five populations for this analysis. Our primary interest for this analysis 

was to provide a direct test of habitat effects on body shape and visualize this variation. 

Results 

Modern-day morphological differentiation between urban and rural streams within  

two species  

All model terms were highly significant in our MANCOVAs (Table 2.2). There was a 

substantial effect of allometry in both species, as expected due to the large range of body 

sizes in wild-caught fish. In blacknose dace, controlling for multivariate allometry, urban fish 

had a longer and shallower mid-body/caudal region, with anteriorly-shifted dorsal, pelvic, 

and anal fins. These interpretations come from inspection of the thin-plate spline 

transformation grids (Figure 2.5), which illustrate the divergence vector derived from the 

habitat term in the MANCOVA. Urban blacknose dace also exhibited an eye positioned 

closer to the snout. In creek chub, we found morphological differences between western and 

central North Carolina regions, which is not surprising considering their long-term 

separation. Based on our measure of multivariate effect size and inspection of canonical axes, 

creek chub in both regions exhibited largely consistent differences between rural and urban 

streams, although these differences were unique from the patterns observed in blacknose 

dace. Urban creek chub had a deeper mid-body/caudal region owing to ventrally shifted 

pelvic and anal fin insertions, a longer mid-body region resulting from a posteriorly shifted 

anal fin and a shorter head, and a smaller eye (Figure 2.5). 

Temporal patterns of morphological variation in creek chub  

In the historical comparison of creek chub through time, all the model terms (size, habitat 

type, time, and habitat by time interaction) were highly significant (Table 2.3). Again, 

allometry was strongly evident. Based on our measures of effect size, the strongest gradient 

in the data other than allometry was that shape changed over time, irrespective of habitat 
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type. After controlling for the effect of time (which would include any specimen preservation 

effects), we found consistent differences between habitat types. Inspection of the divergence 

vector from the habitat term revealed that historically urban populations strongly differed 

from other sites regardless of time of sampling, being characterized by a shift virtually 

identical to that described above for the modern comparison of creek chub (give brief 

description, and either show in supplement or say results not presented). Of key interest was 

the significant interaction between habitat and sampling time, meaning that the change in 

body shape over time depended on whether a stream changed from rural to urban or stayed 

the same. Because the interaction term most directly tests our primary hypothesis, and 

because the divergence vectors derived from this term summarize overall findings of this 

analysis, we inspect this term in more detail. The interaction term revealed that the effect of 

time on body shape was greatest for the recently urbanized sites. This change was greatest 

along the first divergence vector derived from this term (Figure 2.6), even though all three 

habitat categories changed in a similar manner over time (i.e., shared nature of effect of time 

across habitats, but greater magnitude in recently urbanized sites). Modern fish from all 

habitats (compared to historic fish) exhibited a more shallow mid-body region and larger 

head. On the second divergence vector, only recently urbanized sites changed over time. 

Along this morphological axis, fish in recently urbanized sites resembled fish from rural sites 

in historic collections, but shifted toward resembling fish from historically urban sites in the 

modern samples. The nature of this shift strongly resembles the findings uncovered in the 

modern analysis of rural vs. urban sites above. It illustrates a shift in recently urbanized sites 

over time, from a shape typical of rural sites to a shape intermediate between rural and 

historically urban sites, exhibiting a deeper mid-body/caudal region owing to ventrally 

shifted pelvic and anal fin insertions, a longer mid-body region resulting from a posteriorly 

shifted anal fin and a shorter head, and a smaller eye. This particular effect seems to largely 

capture the effects of urbanization on creek chub morphology that emerge from this analysis. 

To summarize this effect,  fish (1) became deeper bodied in streams experiencing recent 

urbanization, (2) had already achieved deepened bodies, and showed no subsequent 
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deepening over time, in streams which were already urbanized >30 years ago, and (3) 

remained relatively shallow bodied in streams that have remained rural (Figure 2.6). 

Laboratory-rearing experiment in creek chub 

In the rearing experiment, the effect of population was highly significant, indicating strong 

differences between populations after being raised under common laboratory conditions 

(Table 2.S3). According to significance tests and the multivariate effect size estimate of ηp
2, 

population clearly had the strongest influence on body shape of all the model terms. While no 

other term exhibited significance, the interaction term between population and treatment was 

marginally non-significant. This finding indicated some suggestive evidence that one site 

(Beaver Creek) exhibited plasticity in shape in response to the flow treatment, while other 

populations did not.  

In the direct test of urbanization effect on morphology of lab-raised fish, we found that body 

shape significantly differed between habitats (Table 2.4; Figure 2.7). Visualizing the first 

divergence vector derived from the habitat term revealed that the two historically urban 

populations exhibited deeper bodies—specifically, deeper and longer mid-bodies—than the 

rural population, with the two recently urbanized populations intermediate. This pattern 

strongly resembled patterns observed in our previous analyses with wild-caught fish from 

additional populations. To directly compare this similarity, we projected wild-caught fish 

onto the first habitat divergence vector derived from lab-raised fish, and tested for a 

correlation between the first habitat divergence vector scores derived from wild-caught and 

lab-raised fish. We found these scores were highly correlated (r = 0.72, p < 0.0001), 

indicating that the manner in which populations from different habitats differ in shape after 

being reared in common conditions in the lab largely mirrors the differences observed in the 

field for fish living in different habitats (spanning many more populations than examined in 

the lab). 
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Discussion 

Shape differences between urban and rural fish were pronounced, and in some cases matched 

predictions for morphological adaptation (anterior shift of greatest body depth) to increased 

streamflow in creek chub and blacknose dace, although more clearly for blacknose dace than 

creek chub. That both species—not to mention both the western and eastern groups of creek 

chub—responded to urbanization, despite being widely separated phylogenetically, suggests 

that this might be a widespread response to urbanization in fish that has hitherto gone 

unnoticed. From our laboratory rearing experiment, it appears that shape is very strongly 

genetically determined, which implies that human modification of the landscape is currently 

influencing the evolution of fish shape in urban streams. 

Other studies of fish morphological divergence in different flow regimes have found that 

reduced flow leads to the evolution of deeper bodies and smaller heads.23,46,47 There is very 

little data on the evolutionary impact of increased water flow rates, and to our knowledge 

this study is the only one to examine the effects of increased flow rates due to anthropogenic 

disturbance. We speculate that the divergence we observed in urban streams has functional 

advantages in streams that experience faster peak water flows. For example, shifting body 

depth anteriorly and elongating the caudal peduncle, as observed in blacknose dace, increases 

streamlining. In creek chub, the deepened and lengthened mid-body region observed in urban 

streams represents a more complex morphological shift than that seen in blacknose dace. 

This morphology might enhance steady swimming by delaying boundary layer separation 

and allowing greater musculature in the mid-body and caudal region to enhance thrust 

production. However, this body shape may be a compromise between competing demands, as 

its effects on steady-swimming performance are less than clear. Deepened mid-body regions 

theoretically enhance maneuverability, and so urban streams may present a challenge for 

meeting the need for both endurance and power or agility. Change in eye size and position 

observed in urban fish, though unexpected, could potentially result from diet changes in 

urban streams.   
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Urban streams differ from rural streams in more ways than water velocity, although this is a 

major factor. Since other ecological variables are tightly tied to urbanization, teasing apart 

the effects of other urban stream attributes on morphology would be statistically tenuous. It is 

not necessarily possible to rule out other ecological factors as responsible for body shape 

change, because urban streams share many characteristics with each other that are not 

independent (temperature and community assemblage, among others). However, this work 

demonstrates that urbanization as a whole, whether or not it acts through water velocity, does 

appear to have a repeatable effect on fish body shape in multiple species and regions. We 

think that water flow is a more likely driver of shape divergence than other attributes of 

urban streams because of its relationship to swimming efficiency and hydrodynamics, and 

because past work has shown that for many fish, body shape varies predictably with flow. 

Similar changes in related fish due to impoundment have been shown to be genetically based 

at least in part.20,21,23–25  

In our comparison of historic and modern samples, we found significant trends through time 

before and after urbanization that support a causal link between urbanization and 

morphologic change. Not only did historically urban fish differ from rural fish in nearly 

identical ways to the modern analysis, but the sites that had recently become urbanized 

shifted from a rural morphology to a morphology approximately halfway to the historically 

urban morphology. Urbanization appears to have been affecting fish shape for many decades 

prior to our historic urban collections, in order for them to already have achieved an urban 

shape by the 1960s. Since historically urban sites didn’t progress further along the relevant 

divergence vector between sampling times, it seems that fish shift to a new adaptive peak in 

urban sites and remain there. For the recently urbanized streams, we may have caught this 

shift in the act. During the next few decades we may be able to predict their approach to the 

historically urban sites’ morphology. 

Compared to other studies on the pace of anthropogenically induced evolutionary change, it 

is not surprising that 50 years of urbanization could generate the magnitude of change we 
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observed. Other studies have shown noticeable divergence due to selection from 

anthropogenic activity within as few as 13 generations.48 However, whether these changes 

results from genetic evolution or plasticity has seldom been studied. 

In our laboratory rearing experiment, we note strong evidence for a genetic basis for shape 

divergence. Although this experiment was not intended to rule out maternal effects, raising 

recently hatched fish for 18 weeks should still allow us to determine the largely heritable 

(i.e., genetic) basis of morphology, since the first summer of a stream fish’s life is an 

especially formative period. 

Plastic and genetic responses are not mutually exclusive, and may share responsibility for the 

differences we observe. We found some weak evidence of plasticity, most notably in the 

recently urbanized sites, although our results suggest a mostly genetic basis for shape. That 

plasticity was greatest for the populations experiencing recent land cover change is 

interesting in light of recent news that suggests fish respond to impoundment water-flow 

reduction in the first 15 generations.49 Plasticity may evolve during early environmental 

shifts, or evolutionary responses to human disturbances may often follow the pattern of an 

immediate plastic response followed by a slower genetic response if constraints allow. 

In conclusion, our results suggest a link between urbanization and the rapid evolution of 

morphological divergence in fish. Although different species had unique features to their 

responses, the morphologic changes were somewhat predictable based on principles of 

hydromechanics, and we suspect water velocity is largely responsible. Other characteristics 

of degraded streams covary with level of urbanization and cannot be controlled for in a field 

experiment; however, regardless of the specific mechanism, our field results and museum 

comparisons indicate a strong causal link between urbanization and fish body shape change.  

The acceleration of urbanization is a global issue that may have a broad impact on the 

phenotypes of species that persist in impacted environments. Whether adaptations such as the 

ones we observe here play a large role in persistence is unknown. While phenotypic change 
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due to human disturbance is now widely recognized, we have a major gap in our 

understanding of how aquatic species respond evolutionarily to rapid environmental change 

like urbanization. Knowing how fish adapt to changing conditions imposed by human 

disturbance is undeniably important for making management decisions that take into account 

the reality of contemporary evolution on ecological timescales. 
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CHAPTER 3 

Does Stream Urbanization Alter Fish Swimming Kinematics? 

Abstract 

Urbanization can cause many changes in wildlife populations, including phenotypic shifts 

that represent adaptation to new conditions and thus influence population dynamics, 

diversity, and persistence. Although many examples of phenotypic adjustment to 

anthropogenic disturbance exist, we rarely know the extent to which these changes result 

from genetic evolution or phenotypic plasticity, and our understanding of how whole-

organism performance changes as a result of habitat alteration is limited. We tested how 

urbanization, a widespread form of disturbance, influences fish swimming performance in 

urban streams. Because urbanized watersheds have higher stream peak-flow velocities, we 

tested for increased steady-swimming performance in fish living in urban streams. Across ten 

populations of wild-caught creek chub (Semotilus atromaculatus), we found that fish swim 

differently depending on the urbanization history of their home stream, in ways that may 

influence swimming efficiency. Fish exhibited a longer propulsive wavelength and lower 

tailbeat frequency in more urbanized populations. We repeated these measurements on 

laboratory-reared individuals from four of the same populations and found evidence for 

genetically-based differences in kinematics. Lab-reared fish derived from urbanized 

populations exhibited higher locomotor efficiency, matching our a priori prediction. 

Exposing populations to artificially increased flow levels suggested that only some 

populations exhibit some plasticity. Urbanization may represent an underappreciated source 

of widespread evolutionary change in freshwater species. 

Keywords: Contemporary evolution, human disturbance, Semotilus atromaculatus, 

swimming performance, urban streams, urbanization. 
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Introduction 

Human-induced environmental impacts present one of the greatest challenges for 

conservation worldwide. Urbanization in particular is a pervasive, rapidly expanding type of 

impact that causes dramatic changes in natural ecosystems. These changes can lead to 

phenotypic trait divergence in populations that persist in highly modified environments. 

Traits such as life history, behavior, endocrine traits, birdsong and seed dispersal have been 

seen to evolve rapidly in urban settings.1–5 Understanding and predicting these responses can 

provide a better understanding of evolution and lead to potential applications that might serve 

to inform suggestions for managing urban development in ways that maintain biodiversity 

and prevent decline of species. 

Freshwater streams are especially strongly affected by urbanization because their geographic 

position makes them vulnerable to any changes to land use.6 Notably, impervious land cover 

like roads and buildings decreases infiltration and hasten the transport of water to a stream 

during rainfall, causing more frequent high-discharge events and faster water velocities. 

Although we know of some evolutionary responses to urbanization in terrestrial species, we 

know practically nothing about how stream species respond evolutionarily to the 

environmental changes caused by urbanization. This is surprising since so much attention has 

been devoted to the “urban stream syndrome” and other effects of human development on 

aquatic ecosystems.7 That is, our knowledge of human-induced ecological impacts in streams 

has far outpaced our needed understanding of analogous evolutionary impacts. The dramatic 

ecological impacts in streams likely alter the adaptive landscapes of persisting organisms, 

and should thus have many widespread evolutionary consequences. 

One of the major changes to urban streams involves their hydrology. Urban streams 

experience faster peak flows and more frequent floods due to the decrease in surrounding 

land perviousness.8 The effects of land use change can be surprisingly intense. For example, 

increasing impervious surface cover to 35–50% results in a 300% increase in runoff.9 Since 

we know that fish in undisturbed systems exhibit differences in swimming performance 
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depending on the water velocity of their home reach,10 urban fish may be similarly 

responding to human-generated intensified flow regimes. In particular, fish in urban streams 

might exhibit greater “steady-swimming” performance (i.e., more efficient cruising at 

constant speeds) than rural fish owing to the demands of human-caused hydrological 

changes. We test this hypothesis by measuring differences in swimming performance among 

streams that vary in degree of urbanization (amount of surrounding impervious surfaces). 

Whole-organism performance, i.e., the performance of an ecologically relevant task such as 

swimming, biting, or jumping, is rarely studied in cases of anthropogenically induced 

evolution, yet represents a key component of fitness that should be addressed.11 

Another gap in our knowledge is how often phenotypic responses to human disturbance 

reflect genetic differentiation, phenotypic plastic, or a combination of both. Although the list 

of documented phenotypic responses to human impacts is long and growing, the number of 

these responses that have also been tested for a genetic basis is very few (e.g., only 3 out of 

105, as counted by one researcher regarding responses to climate change12). On one hand, 

many responses to human impacts seem more plastic than genetic, which may limit species’ 

ability to handle future conditions.13 On the other hand, plasticity appears to be a common 

response to disturbance and might allow species to persist long enough to evolve better 

adaptations to modified environments.14 Cases of demonstrated rapid evolution to human-

caused environmental change, especially for complex phenotypes like whole-organism 

performance attributes, are exceedingly rare.  

To test the effects of urbanization on steady-swimming abilities of stream fish, we conducted 

swim-tunnel experiments with creek chub (Semotilus atromaculatus) from streams 

representing a range of urbanization levels. We measured four kinematic swimming variables 

(tailbeat frequency, tailbeat amplitude, rostral amplitude, and propulsive wavelength) and an 

estimate of overall locomotor efficiency to assess differences among historically urbanized, 

recently urbanized, and rural habitats. These kinematic variables are associated with 

swimming efficiency, and allow specific predictions about phenotypic divergence to be 
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tested.15 In other species,16 these traits have been found to differ between fish with divergent 

body shapes caused by natural selection. Based on biomechanical principles, urban fish that 

experience faster flowing water should benefit from stiffer bodies (longer propulsive 

wavelengths), reduced tailbeat frequency, and potentially reduced rostral and tailbeat 

amplitudes.15 

To test whether differences observed in the wild are plastic or genetic, or an interaction of 

genetics and the environment, we performed the same swimming measurements on a subset 

of lab-reared populations. Testing fish raised in a laboratory also reduces the likelihood that 

unmeasured factors, such as chemical effluents, in urban streams are responsible for 

differences in swimming performance. 

Methods 

Wild-caught trials 

We collected 63 creek chub from 10 streams in the Piedmont region of North Carolina, USA 

(Table 3.1). We identified streams a priori as either urban or rural based on satellite images. 

We further divided urban streams into the categories “historically urban” and “recently 

urban” based on the degree and timing of development (Figure 2.4). Historically urban sites 

(n=3) showed similar levels of development in satellite images from 2010 as in 1960s aerial 

photos. Recently urban sites (n=3) were those that showed a substantial change from rural to 

urban or suburban land cover since the 1960s. Finally, “rural” sites (n=4) were those with a 

continuously high proportion of undeveloped land cover from the 1960s to the present. Since 

phenotypic change may lag behind environmental change (especially for genetic evolution 

rather than phenotypic plasticity), using these three categories—historically urban, recently 

urban, and rural—could prove more useful than a dichotomous urban/rural designation. 

Fish were caught during October 2013 to November 2014. Each fish was acclimated to 

animal care facilities at North Carolina State University for at least three days and then video 

recorded while swimming in a clear Plexiglass flume constructed for the purpose, measuring 
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15 × 15 × 50 cm. Water flow was powered by an electric sump pump (Leader Provort 540a; 

Ladson, SC, USA) connected to the tunnel through a honeycomb baffle of short drinking 

straws, which helped approximate laminar flow (average velocity: 1.4 m/s). To control for 

slight variations in water speed within the tunnel, we measured and recorded velocity at the 

location where the fish swam using a digital water velocity meter (Global Water Flow 

Probe). We measured water temperature after each trial for use as a covariate, in case 

variation in temperature affected swimming performance. 

Swimming trials were recorded with a high-speed digital videocamera (IDT N4-S1). A 

mirror propped underneath the tunnel at a 45° angle allowed us to capture a ventral and 

lateral view of the fish simultaneously. From the video sequences (set to 400 fps with a few 

exceptions at 200 fps) we used TpsDig17 to measure 4 kinematic variables: tailbeat 

frequency, tailbeat amplitude, rostral amplitude, and propulsive wavelength.15 Tailbeat 

frequency is measured in beats per second, with one beat representing a full cycle from one 

side of the body to the opposite side and back to the same location. Tailbeat amplitude is half 

the distance between the maximum left and right excursions of the most distal tip of the 

caudal fin during one complete tailbeat. Similarly, rostral amplitude is half the distance of the 

maximum left and right excursions of the tip of the nose. We calculated propulsive 

wavelength by doubling the propulsive half-wavelength, which is the distance between upper 

and lower crests of the sinusoidal wave created between the midbody and midtail region of a 

fish in motion.18 We measured each variable 3 times in each video and used the mean for the 

final analysis. 

To provide an overall summary of the magnitude of thrust production, we estimated total 

hydromechanical power using Lighthill’s elongated-body theory.19–21 We calculated power P 

as f2H2B2(1 – U/c), where f = tailbeat frequency, H = tailbeat amplitude, B = caudal fin depth, 

U = swimming speed, and c = wave speed (propulsive wavelength times tailbeat frequency). 

This parameter can be thought of as the total lateral force produced by the tail to overcome 

drag forces and maintain constant-velocity swimming. Holding swimming speed constant, a 
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lower P indicates greater overall locomotor efficiency (i.e., less power consumed to swim at 

a given speed, analogous to miles per gallon). 

We performed principal components analysis (PCA) on the correlation matrix of the four 

kinematic variables to reduce data dimensionality. We retained the first two PCs for analysis, 

explaining 72.6% of the variance (Table 3.2). To test for kinematic and power differences 

between the three habitat types, we conducted a general linear mixed model for each of the 

three response variables (PC 1, PC 2, and hydromechanical power), with body lengths per 

second as a covariate, habitat as a fixed effect, and population as a random effect. We 

included body lengths per second as a covariate to control for both variation in body size and 

any variation in water velocity. We initially included water temperature as a covariate, but 

excluded it due to non-significance. 

Lab-raised trials 

We used dip nets and aquarium nets to catch late postlarval and very early stage juvenile 

creek chub22 (1.5–3.0 cm standard length) from 4 of the preceding 10 streams during the 

hatching and emergence period23 (June-July 2014) (Table 3.3). Fish were transported to 

facilities at North Carolina State University and each population was randomly divided into 

two treatment groups. High-flow treatment groups received 60 minutes of intensified water 

flow (by fully opening nozzles of their recirculating system unit and flushing tanks at a 

constant rate of 4.0 L/min, creating heterogeneous non-uniform flow within the tanks ranging 

from to .003 to .05 m/sec) once every 7 days for 16 weeks to simulate increased flow rates in 

urban streams during rainfall events. Low-flow treatment groups did not receive any water 

flow increase. All fish were reared in 10 L tanks within a single recirculating system 

(Aquatic Habitats brand), which allowed all populations and treatment groups to experience 

identical water conditions. Fish were fed brine shrimp and dry flakes twice daily and kept on 

a 12:12 hr light-dark cycle. Water conditions were maintained at 0.5 ppt salinity and 25° C. 
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After 18 weeks of laboratory rearing (16 weeks of treatment and 2 weeks of initial 

acclimation time), fish were recorded swimming in a Plexiglass swim tunnel measuring 5 × 6 

× 21 cm against a current of 0.27 m/sec. Dimensions and velocity differ from that used for 

the wild-caught fish owing to the differences in body size between adult wild-caught fish and 

juvenile lab-raised fish. As before, each video captured a ventral view using an angled 

mirror, and we used the same methods to measure the 4 kinematic variables and 

hydromechanical power.  

We again performed a PCA on the 4 kinematic variables, and retained the first two PCs for 

analysis, which explained 72.6% of the variance (Table 3.4). We fit a general linear model to 

examine kinematic and power variation across treatments, populations, and the interaction of 

treatment and population, with body lengths per second as a covariate to control for possible 

effects of body size. Variation across treatments is a test for plasticity, the environmental 

inducibility of phenotypic change. Variation across populations tests the existence of 

environment-independent differences between populations, which would indicate variation 

which is genetically-determined (although maternal effects cannot be ruled out). The 

interaction between treatment and population is the genetic by environmental interaction and 

tests whether plasticity differs between populations.  

Results 

Wild-caught fish 

For PC 1, swimming kinematics differed between habitats (F2,59 = 6.24, p = 0.0035) and 

negatively co-varied with body lengths per second (F1,59 = 135.36, p  < 0.0001.). The 

historically urban fish populations differed from all other populations by having significantly 

higher PC 1 scores when controlling for body lengths per second (Figure 3.1). Higher PC 1 

scores in historically urban fish indicated longer propulsive wavelengths (i.e. stiffer bodies), 

greater tailbeat amplitudes, and reduced tailbeat frequencies. For PC 2, the covariate was 

non-significant (F2,59 = 0.14, p = 0.7126) and habitat type was marginally non-significant 
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(F2,59 = 2.79, p = 0.0694), suggesting a trend where rural fish had lower PC 2 scores than 

recently urban fish, with historically urban fish intermediate.  

Hydromechanical power negatively scaled with body lengths per second (F2,59 = 14.22, p = 

0.0004), and habitat differences were not significant (F2,59 = 1.80, p = 0.1746). Although 

nonsignificant, the trends did match a priori predictions, with rural fish tending to require 

more hydromechanical power to swim at a given swimming speed compared to historically 

urban fish, and with recently urban fish intermediate between the two (Figure 3.2).  

Lab-reared fish 

For the lab-reared fish, we uncovered evidence for genetically-based differences between 

populations in swimming performance, with population-specific variation in flow-induced 

plasticity across populations for some of the variables (Table 3.5). PC 1 exhibited a negative 

relationship with body lengths per second, significantly differed between populations, and 

varied between flow treatments for some populations (Figure 3.3A).  The rural stream, Rocky 

Branch, tended to exhibit higher PC 1 scores than other streams, regardless of treatment. 

Plasticity was only evident for Beaver Creek (recently urbanized), with lower PC 1 scores in 

the high-flow treatment. While Mine Creek (historically urban) also showed a similar (non-

significant) trend of plasticity, the other streams showed the opposite trend.  

PC 2 also exhibited a negative relationship with body lengths per second, and showed 

significant difference between populations, but showed no significant flow-induced plasticity 

(Figure 3.3C). Again, Rocky Branch exhibited the highest PC 2 scores. 

Hydromechanical power was negatively associated with body lengths per second, differed 

among populations, and the effect of treatment varied among populations (Figure 3.3B). 

Rocky Branch exhibited the highest overall power, indicating that the rural population used a 

greater amount of hydromechanical power to swim at the same speed as fish from urbanized 

areas. Rocky Branch was also the only population that exhibited significant flow-induced 

plasticity, with higher power produced by fish raised in the high-flow treatment. 
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Discussion 

While whole-organism performance is an important aspect of ecological and evolutionary 

processes, we know little about how human activities affect it,11 nor do we fully understand 

how often its responses to human impacts are likely to be genetic or plastic.13 During steady 

swimming, we found that urban and rural fish swam in different manners, and by raising fish 

under common conditions we confirmed that rural fish tend to expend more hydromechanical 

power than urban fish when swimming at the same speed. While we did find evidence of 

flow-induced plasticity for some aspects of steady-swimming performance in some 

populations, most of the differences between populations appear to largely reflect genetic 

differentiation and not environmentally induced differences. Considering the timeframe of 

urbanization in this system, this suggests rapid evolution of whole-organism performance 

capabilities. Our results demonstrate one way in which humans have an impact on the 

evolutionary trajectories of phenotypic traits, and suggest that the timing and intensity of 

urbanization may be leaving a noticeable mark on the evolution of some stream species’ 

locomotor abilities. 

The results for the wild-caught creek chub showed partial consistency with our predictions 

for how fish should adapt to faster flow rates in urbanized watersheds. First, fish from 

historically urban sites had longer propulsive wavelengths than rural or recently urbanized 

sites. Longer propulsive wavelengths indicate greater body stiffness in fish,24,25 which should 

increase steady-swimming efficiency.15 Second, wild-caught urban fish had lower tailbeat 

frequencies, which may also indicate increased efficiency since tailbeat frequency is a 

surrogate for oxygen consumption.26 However, urban fish did not have significantly lower 

tailbeat amplitudes, as might have been expected given that decreased amplitude is one way 

to reduce mechanical work. And although hydromechanical power tended to be lower for 

wild-caught urban creek chub as predicted, these results were suggestive rather than 

significant.  
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For the laboratory raised fish, we also found lower hydromechanical power in the urban 

populations, this time a statistically significant difference. Hydromechanical power 

differences indicate that rural creek chub are less efficient steady swimmers than fish at 

urban sites. In lab-reared creek chub we found lower tailbeat amplitude in urban fish, again 

in line with predictions about enhanced efficiency. It’s not completely clear why kinematics 

between wild caught and lab reared creek chub were not more identical, but swimming 

efficiency in living animals is a complex activity that can be effected by  muscle fiber 

composition, physiological adaptations, age, or even evolutionary constraints on 

kinematics.27,28,29  

We are interested in whether population differences can be explained by genetic 

differentiation or plasticity. In our comparison of fish raised in a common environment, we 

see strong evidence for genetic variation in swimming kinematics. These performance 

differences between habitat types suggest adaptive evolution, since several of the attributes 

of urban creek chub kinematics should provide greater energy efficiency during strong flows 

typical in urban streams. Some sites also showed plasticity in some of the performance 

variables, even though the overall effect of treatment was not significant. This may also be 

adaptive, as in Beaver Creek, a recently urbanized site that displayed lower tailbeat 

amplitude in the high-flow treatment—which should be an advantage in urban habits. Rocky 

Branch, a rural creek, showed plasticity in hydromechanical power, which may indicate 

reduced locomotor efficiency under demanding high-flow stream conditions. A previous 

meta-analysis has found that plasticity often evolves in response to anthropogenic 

disturbances.30 Our results demonstrate that plasticity strongly depends on population (i.e., is 

genetic) and may be adaptive. 

Although practical constraints prevented us from rearing multiple generations in the lab, the 

fact that we began rearing fish at an extremely small size reduces the amount of time for 

selection to have acted prior to collection of experimental fish. We raised each population 

soon after hatching for a total of 18 weeks, which included what is very likely an especially 
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formative period of development (their first summer). Although we caution that maternal 

effects cannot be ruled out from this study and may play a role, fish locomotor performance 

is often genetically based28,31–33 and our results suggest that this holds true for creek chub as 

well. Recent evidence suggests that fish can evolve substantial divergence in fewer than 13 

generations.34 Given the 50-year or more history of urbanization in many of our streams and 

the estimated two-year generation time for creek chub, the divergence we document here is 

well within the observed range of rapid evolution. 

The ecological significance of these changes to urban fish populations is not yet known. 

Adaptations that reduce energy output during high flow events could have a positive impact 

on fitness if they are not outweighed by other constraints, but globally the overall impact of 

urbanization tends to be a decrease in fitness and a greatly reduced species diversity in most 

streams.35,36 Whether rapid, adaptive evolution of whole-organism performance protects 

creek chub from the effects of human-modified environments is an interesting question that 

could potentially apply to many resilient species, such as those termed “urban exploiters.”37 

Flow is an important component of a fish’s environment and altering it can have evolutionary 

consequences.38,39 Species in urban streams must face drastically different flow regimes as a 

result of human-caused environmental disturbance. We found that swimming kinematics in 

creek chub differ among streams with different levels of urbanization in ways that should 

increase swimming efficiency in high-flow environments. Future work should additionally 

consider the effects of chemical and thermal effluents in urban fish evolution, and the fitness 

consequences of altered performance traits due to anthropogenic impacts. Since urbanization 

is a widespread human disturbance, it likely has substantial evolutionary impacts on many 

species, which should be considered when generating best practices for city planning and 

management. 
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CHAPTER 4 

Evolution of Morphology-Personality Associations 

Abstract 

Evolutionary change in one trait can elicit evolutionary changes in other traits due to genetic 

correlations, constraining the independent evolution of traits and potentially leading to 

unpredicted ecological and evolutionary consequences. Because many selective agents 

influence the evolution of both behavioral and morphological-physiological traits, and 

because of the broad, pleiotropic effects of the physiological mechanisms that underlie 

personalities, animals might frequently exhibit morphology-personality associations. 

However, we currently know little about genetic associations between animal personalities 

and non-behavioral traits. We tested for associations between personality, morphology, and 

locomotor performance by comparing zebrafish (Danio rerio) selectively bred for either a 

proactive or a reactive stress coping style (“bold” or “shy” phenotypes). We predicted that 

artificial selection for boldness would produce correlated evolutionary responses of larger 

caudal regions and higher fast-start escape performance (opposite for shyness). After 4–5 

generations, morphology and locomotor performance differed between personality lines, 

demonstrating genetic linkages among the traits. Zebrafish from the bold line exhibited a 

larger caudal region and higher average velocity, as predicted. We suggest these traits might 

typically experience correlational selection in nature and manifest genetic correlations due to 

pleiotropy. Thus, evolution of personality can result in concomitant changes in morphology 

and whole-organism performance, and vice versa.  

 

Keywords: Behavioral syndromes, pleiotropy, predation, stress coping style, swimming 

performance, zebrafish 
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Introduction  

Evolutionary response to selection depends not only on the strength and nature of 

selection, but also on the heritability of the trait in question and its genetic correlations with 

other traits [1–3]. Because genetic correlations are not uncommon, selection on one trait can 

often affect the evolution of other, correlated traits [4–6]. Understanding how and why this 

happens has received considerable attention in the study of animal personalities, where a 

number of behavioral traits covary to produce somewhat distinct “personalities,” 

“temperaments,” or “behavioral syndromes” [7–9]. However, we know very little about 

whether animal personalities exhibit genetic associations with non-behavioral traits, even 

though such associations might be expected and could have major ecological and 

evolutionary implications [10]. We suggest that animal personalities might often exhibit 

genetic correlations with seemingly disparate non-behavioral traits for two major reasons: (1) 

the likelihood of correlational selection on behaviors and non-behavioral traits, and (2) the 

potentially broad, pleiotropic effects of the physiological mechanisms underlying variation in 

animal personalities.  

First, many selective agents influence the evolution of both behavioral traits and other 

traits, such as morphology and physiology [11–13]. This can occur through correlational 

selection that favors particular combinations of these traits [5,14,15]. Correlational selection 

describes cases where the fitness effect of one trait depends on the value of another trait, 

resulting in selection for phenotypic integration. For instance, certain behaviors may have to 

be combined with specific morphologies to produce high-fitness results such as efficient 

foraging, avoiding predation, attracting mates, or protecting offspring. This frequently 

generates genetic correlations [16–20]. Brodie [21] demonstrated this phenomenon in garter 

snakes, where correlational selection on color pattern and predator-escape behavior resulted 

in genetic correlations among the traits.  

In the case of animal personalities, correlational selection on personality traits and 

non-behavioral traits may be more common than we know, since suites of behaviors should 

have different fitness consequences depending on other organismal traits. For instance, risk-
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prone, aggressive individuals may require great strength, speed, or large body size to achieve 

high fitness. Correlational selection on traits like these can produce genetic correlations that 

manifest either through genes with pleiotropic effects on multiple traits, or through linkage 

disequilibrium among separate genes maintained by persistent correlational selection [2,19]. 

Regardless of the particular genetic source of trait associations, understanding the existence 

and strength of these associations is important if we wish to better grasp the process of 

adaptation from a more holistic perspective. In reality, traits do not independently adapt to 

their environments—rather, selection acts on whole-organism phenotypes, resulting in 

organisms with evolved adaptations that reflect integrated suites of traits [6,22–25]. 

Second, irrespective of whether correlational selection originally shaped the genetic 

correlations or not, prior work suggests that pleiotropic effects of genes responsible for 

animal personalities may be widespread. That is, the physiological mechanisms underlying 

animal personalities appear to often pleiotropically affect other traits, such as dispersal 

behaviors, metabolic rate, immune capacities, lifespan, age at reproduction, and growth rate 

[25–27]. These same underlying factors could also affect other traits like morphology or 

whole-organism performance abilities [28–32], yet few studies have examined whether 

animal personalities exhibit genetic associations with such morphological-physiological 

traits. Considering what we now understand about hormone-mediated suites of traits [33,34], 

and given the diverse sets of trait correlations involved in pace-of-life syndromes [25,27], we 

might expect to find a range of associations between animal personalities and morphological-

physiological traits owing to their potentially shared genetic/physiological bases. Identifying 

these associations will help us understand both adaptation of complex phenotypes as well as 

limitations to adaptive evolution (since trait correlations can present trade-offs that bias the 

direction of evolution [6,35]). Here we provide one of the first tests of the notion that animal 

personalities might exhibit genetic  associations (i.e., heritable co-occurrence) with 

morphological-physiological traits. 

Three general types of traits—behavior (animal personality), morphology (body 

shape), and locomotor ability (fast-start swimming performance)—often respond 
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evolutionarily to predation risk, as has been well documented in various fish species. With 

regard to personality, greater predation risk correlates with greater boldness (e.g., 

Brachyrhaphis episcopi [36]), a tighter association between boldness and aggression (e.g., 

Gasterosteus aculeatus [37]), and greater tenacity/boldness (e.g., Poecilia reticulata and 

Rivulus harti [38]). One explanation for this trend is that boldness offers a fitness advantage 

by permitting effective foraging and mating in chronically risky environments. With regard 

to morphology and locomotion, predation also drives evolutionary shifts in fish body shape 

and swimming ability: populations under high predation risk often evolve larger caudal 

regions. This enhances fast-start escape performance and increases survival in the face of 

predation [39,40]. 

While these three types of traits might respond to selection independently, several 

observations suggest otherwise. First, changes in behavior, metabolism, or hormones might 

induce changes in morphology [30,32]. Secondly, morphological changes should affect fast-

start locomotor performance via trait codependence (sensu [14]), because swimming ability 

partially derives from the thrust generated by the caudal region of a fish (i.e., the two traits 

are mechanically linked). Further, correlational selection might favor particular trait 

combinations such as (1) trait complementation, where boldness only effectively enhances 

foraging or mating success when combined with high fast-start performance, (2) trait 

cospecialization, where bold-fast individuals and shy-slow individuals have high fitness 

because the different trait combinations influence different fitness components (e.g., the 

former may have high mating success but low longevity in high-risk situations, while the 

latter may have lower mating success but high longevity), or (3) trait compensation, where 

bold individuals suffer greater frequencies of predatory strikes but compensate for this cost 

with defensive morphologies or rapid, locomotor escape abilities. Any combination of these 

underlying causes could influence an evolved correlation of personality and performance. It 

remains an open empirical question whether these different types of traits evolve 

independently or in concert.  
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We investigated this question using artificial selection with zebrafish (Danio rerio). 

We compared two strains selected for bold or shy behavior to determine whether body 

morphology or locomotor performance exhibited correlated responses to selection. If genetic 

correlations exist between animal personalities and these non-behavioral traits, then body 

morphology and swimming abilities should diverge between selection lines as a correlated 

response to divergent artificial selection on coping style [41–43]. We specifically predicted 

that artificial selection for boldness would elicit correlated evolutionary responses of larger 

caudal regions and higher fast-start escape performance (and the reverse for shyness).  

Materials and Methods 

Wild zebrafish from Gaighata, India were selectively bred in captivity for either low 

or high stationary behavior during an open field test, indicators of either bold or shy 

personalities, respectively. During the open field test, wild zebrafish were introduced to a 

novel environment and their stationary behavior was observed (see [44] for a complete 

description). Briefly, two selection lines were generated by imposing a selective breeding 

program beginning with F1 fish and repeated each generation, where fish that exhibited at 

most 16.7% stationary behavior during an open field assay were bred together, and fish that 

exhibited at least 66.7% stationary behavior were bred together. By the third generation, 

these two behavioral lines differed consistently in six different measures of stress and 

anxiety-related behaviors [44]. These sets of consistent differences in multiple behavioral 

stress responses can be termed bold and shy behavioral phenotypes [44]. We examined body 

morphology and locomotor escape performance of adult zebrafish from each of these two 

phenotype lines in both the fourth and fifth generations (4th generation: 13 females, 16 males; 

5th generation: 11 females, 19 males). Zebrafish used for morphological and locomotor 

examination were age-matched across bold and shy lines and had not been exposed to an 

open field assay prior to examination. Fish were reared at North Carolina State University on 

a 14:10 light:dark cycle at 27.4°C and fed dry flakes ad libidum. 
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Morphology 

We used geometric morphometrics to measure body morphology. We digitized 10 

anatomical landmarks on lateral photographs of live individuals (Fig. 1a) using tpsDig [45], 

and generated shape variables (partial warps and uniform components) using tpsRelw [46]. 

Prior to Generalized Procrustes Analysis in tpsRelw, we performed the unbend function in 

tpsUtil [47] (this uses several landmarks placed along the midline of the body to minimize 

postural effects). We used centroid size (square root of the summed, squared distances of all 

landmarks from their centroid) as the estimate for body size.  

We tested for morphological differences between bold and shy lines using 

multivariate analysis of covariance (MANCOVA), with the 16 geometric shape variables as 

dependent variables, phenotype line, sex, and their interaction as independent variables, and 

centroid size as a covariate (controlling for multivariate allometry). To evaluate how 

morphology differed between lines, we calculated a divergence vector (d) following 

Langerhans [48], and visualized this axis using thin-plate spline transformations. This 

divergence vector represents a canonical analysis of the phenotype line term from the 

MANCOVA, describing the linear combination of shape variables that exhibits the greatest 

differences between groups, controlling for other factors in the model, in Euclidean space. 

In our MANCOVA examining body shape differences between lines, we initially 

included generation as an additional model term, and tested for all possible interactions, but 

excluded these terms due to non-significance. Phenotype lines and sexes were similar in body 

size (mean ± standard error for standard length: bold females 29.46 ± 0.89 mm, shy females 

27.56 ± 0.82 mm, bold males 27.31 ± 0.67 mm, shy males 27.20 ± 0.68). 

 

Performance 

Performance trials took place in a square arena (25.4 cm l × 25.4 cm w × 6 cm d) with 

a transparent bottom and opaque, black sides. Trials were recorded from below using a 

digital high-speed video camera (Model N4, Integrated Design Tools, Tallahassee, FL, USA) 
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at 600 frames s-1 and 1016 × 1016 pixel resolution. Tests were performed after fish were at 

least 8 months old. Testing order was randomized by individual (4th generation) or 

systematically alternated between bold and shy lines (5th generation). Water temperature was 

held constant (27.4°C) for all trials. We changed the water between each trial to avoid 

accumulating any alarm cues. 

After placing an individual in the arena, we startled each fish by waving a hand over 

the tank and recorded the fast-start response. A fast-start reflects a rapid, stereotyped 

Mauthner-cell initiated escape response present in most fish, which enhances survival during 

predatory encounters [39,40]. We recorded 2–4 trials for each fish and selected one for 

analysis based on a qualitative score of motivation, as we wished to estimate maximal fast-

start capacity and avoid inclusion of trials where individuals obviously performed at less than 

their maximal capabilities [49]. Trials received a response quality score (poor, good, or 

excellent) based on a qualitative assessment of the fish’s effort. We only examined responses 

scored as good or excellent, and included this quality score as a covariate in analyses (see 

below).  

We measured fish displacement during the first 80 ms of the escape response by 

digitizing the center of mass in each video frame using tpsDig. We smoothed displacement 

data using the mean-squared error quantic spline [50], and used the smoothed data to 

calculate maximum velocity, average velocity, maximum acceleration, and average 

acceleration. We measured turning angle and mean angular velocity during stage 1 of the 

fast-start by digitizing the center of mass and the tip of the snout during stage 1, the earliest 

part of an escape response where a fish first bends itself into a tightly curved “C” before 

propelling itself forward (this was typically accomplished within the first 12 ms of the 

response).  

In this way we obtained six performance variables for each video sequence: 

maximum velocity, average velocity, maximum acceleration, average acceleration, and 

turning angle and mean angular velocity during stage 1 of the fast-start. We tested for 

differences in fast-start performance between phenotype lines using MANCOVA, with the 
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six performance variables as dependent variables, phenotype line, sex, and their interaction 

as independent variables, and centroid size, generation, and the response quality score as 

covariates. We initially tested for all additional interaction terms, but excluded them from 

final analysis due to non-significance. We used post hoc univariate analyses to interpret the 

nature of significant effects. In all cases, we used one-tailed tests when examining a priori 

predictions of differences between phenotype lines. 

Results 

We uncovered strong effects of allometry and sexual dimorphism for body shape, and 

found significant morphological differences between phenotype lines (Table 4.1). For both 

sexes, fish from bold lines exhibited a more elongate body, with larger caudal regions and 

smaller heads (Fig. 4.1b,c).  

Sexes did not differ in fast-start escape response, but effects of all other model terms 

were evident (Table 4.2). Post hoc analyses indicated that the main effect of phenotype 

reflected that bold-line fish produced higher average velocities during startle responses (Fig. 

4.2a). The significant interaction term indicated that bold females exhibited a greater turning 

angle than shy females, but males showed the opposite pattern (Fig. 4.2b). Other findings 

included (1) smaller fish tended to produce greater maximum velocity and average angular 

velocity, and (2) fish from the 4th generation exhibited higher maximum velocity, maximum 

acceleration, and average angular velocity than the 5th generation.  

Discussion  

Zebrafish lines selectively bred for behavioral differences did not merely evolve a 

correlated set of phenotype differences (often termed personalities), but also diverged in 

body morphology and locomotor performance. The correlated responses of body shape and 

swimming performance to artificial selection on an animal personality trait demonstrates 

genetic correlations among the traits. This means that these traits cannot evolve entirely 

independently, as the evolution of any of these traits constrains the evolution of the others. 
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Thus, seemingly unrelated traits like body shape and personality can indeed coevolve. The 

ultimate and proximate causes of these associations, and the prevalence of such associations 

in nature, require further study. Nonetheless, we have several promising avenues for 

exploring their causes, and indications that such correlations may prove widespread. Overall, 

this study represents one of the earliest documentations of correlations between animal 

personalities and either whole-body morphology or locomotor performance [51,52].  

Based on prior work demonstrating changes either in phenotype or in morphology 

and performance, we speculate that the genetic correlations we observed in zebrafish might 

have ultimately resulted from correlational selection in the wild via predation. In the face of 

predation, selection might favor increased fast-start velocity in conjunction with boldness, 

since exploratory and risk-taking behaviors might offer a host of fitness advantages, but only 

when combined with greater speed and maneuverability due to increased encounters with 

predators (see Introduction). Meanwhile, shy, slow individuals might exhibit greater 

longevity, remaining more cryptic, and representing an alternative, high-fitness phenotypic 

strategy. Most fish are subject to predation in their natural environment, and the few data we 

have on wild zebrafish suggest they are no exception [53]. Studies of high-predation 

populations in some fish have revealed selection for greater boldness (although this needs 

further study), and separate studies have demonstrated larger caudal regions and increased 

fast-start performance in high-predation populations [40]. These changes appear to increase 

fitness [39,54].  

Bold zebrafish tended to exhibit greater average velocity than shy zebrafish, 

consistent with our prediction. As with pleiotropic effects on behaviors and body 

morphology, the underlying causes of personality differences might affect locomotor ability 

as well.  However, we consider it more likely that morphology directly influences locomotor 

performance through biomechanics (e.g., larger caudal regions generate greater thrust during 

unsteady locomotion [39,40]). Thus, changes in behaviors that indirectly affect morphology 

can also indirectly affect locomotor performance [31,55].  



 

57 

Female bold fish additionally had significantly greater turning angles, a trait generally 

reflecting more flexible bodies with greater maneuverability; but this trend reversed for 

males. What drives this significant interaction is uncertain, but sexual dimorphism in body 

shape may play a role. 

The correlated responses of body shape and locomotor performance, observed here in 

response to artificial selection on an animal personality trait, most likely indicate genetic 

correlations among the traits, which could arise from pleiotropy, physical linkage or linkage 

disequilibrium among separate loci [2]. An alternative interpretation is that correlated 

responses reflect socially-induced phenotypic changes, where bold fish that mostly interact 

with other bold fish develop different body shapes and locomotor capacities than shy fish that 

mostly interact with other shy fish. In this scenario, social interactions, and not underlying 

genes per se, create phenotypic correlations. Because the different selection lines were 

housed separately in this study, we cannot rule out this explanation. However, to our 

knowledge, all existing prior information regarding potential causes of these phenotypic 

differences indicate that this explanation is far less likely than genetic correlations, especially 

in light of the evidence for pleiotropy and the absence of any previous demonstration of such 

socially-induced phenotypic consequences in zebrafish. 

Because correlational selection on animal personalities and non-behavioral traits 

might be common, and because personalities are underlain by mechanisms with broad 

phenotypic consequences, we might expect personality to often correlate with non-behavioral 

traits such as morphology and performance [52,56,57]. However, we currently know very 

little about morphology-personality associations in nature. If complex behaviors often 

coevolve with disparate traits like morphology, not only will this alter our understanding of 

whole-organism adaptation and the role of evolutionary constraints among different types of 

traits, but we might also apply this knowledge in activities such as livestock improvement, 

companion-animal breeding, captive breeding programs, and management of pests and 

invasive species. Results of this study suggest morphology-personality associations exist; 

now we need further research to understand their frequency and importance. 
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CHAPTER 5 

Concluding Thoughts 

In Aesop’s fable of the city mouse and the country mouse, two small rodents pay visits to one 

another’s homes. After they taste the perils and opportunities that distinguish rural and urban 

environments, they each decide they firmly prefer their own habitats. If Aesop had been an 

evolutionary biologist he hardly would have told the story any differently, although he would 

have included a statistical table. For thousands of years people have been thinking about how 

human-altered environments—like cities—modify the habitats of other species (Aesop lived 

about 2500 years ago), and only recently have we recognized our need to understand the 

evolutionary consequences of our actions. Rapid evolution in urban environments is only one 

aspect of human-mediated change, but discoveries there can have broad applications to many 

areas. 

In this work I have described how multiple traits show rapid evolution in response to intense 

selection. This sheds light on how morphology evolves through time, the nature of human-

mediated impacts on whole-organism performance, and the relationship of morphology and 

performance to other traits like behavior. My first major findings include evidence that 

urbanization causes morphological changes in creek chub and blacknose dace, and that we 

may have been missing—until now—a widespread evolutionary responses to urbanization in 

many stream fish. In my second experiment, I found that swimming kinematics in creek chub 

differ among streams with different levels of urbanization, and in ways that should increase 

swimming efficiency in high-flow environments. In both of these studies a common-

environment rearing experiment helped reveal the genetic basis for divergence in form and 

function between habitats. Identifying the genetic or plastic basis of phenotypic change in 

modified environments is a huge gap in our understanding of human impacts. Lastly, I used 

zebrafish to investigate connections between morphology and swimming performance and 

animal personalities, and demonstrated genetic associations among the three. This uncovers 
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ways in which selection can have unexpected consequences and illustrates the value of 

examining whole-organism phenotypes in evolutionary studies. 

In most research, answering one question leads to a hundred more. Now that we know a few 

of the evolutionary effects of urbanization on stream fish and have become aware of new 

genetic associations between disparate traits like morphology and personality, we can see 

rich fields for further investigation and application. For one thing, many other aquatic species 

such as invertebrates are likely responding evolutionarily to urbanization in unknown ways. 

We may find that additional adaptations to urban streams take the form of chemical 

resistance or thermal tolerance. Assessing evolutionary changes in urban habitats may tell us 

why some species are more successful than others, or may lead to identifying limits to the 

pace of adaptation that could inform recommendations for keeping human impacts below 

specific, important thresholds. 

We are also in great need of more information on the practical or ecological consequences of 

rapid human-induced evolution. Further work could address this issue by considering the 

fitness benefit realized by having more streamlined body shapes or more efficient swimming 

kinematics. Although at first we may think of these as simple, beneficial adaptations, we do 

not know how far they compensate for challenges created by human-modified habitats. It is 

possible that in these situations, adaptation can be viewed as the inevitable byproduct of 

population persistence (species will evolve under changing conditions given enough time and 

genetic variation) rather than a story of evolutionary rescue. However, creek chub appear to 

be very abundant in small urban streams in North Carolina (personal observation) and their 

ability to thrive in modified habitats could be influenced by the contemporary evolution 

documented here. 

One of the most interesting discoveries about evolution since it was first described has been 

that human activities can alter its course. Although evolution was originally conceived as a 

slow process, we now realize it can happen quickly and can be measured on contemporary 



 

68 

timescales spanning a few generations. Opportunities to study rapid evolution are especially 

prevalent in human-altered environments, which provide a laboratory for examining the 

effect of intense selection pressures on genetic change. As we move forward we should take 

lessons from evolution due to anthropogenic disturbance, and continue to seriously consider 

evolution in designing cities, reducing human impacts, and informing conservation efforts. 
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FIGURES 

 

Figure 2.1. Stream data logger readings from a rural and urban study site illustrating typical 
differences in streamflow during two separate rain events. 
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(a) 
 
 

 
(b) 

Figure 2.2. Study site locations in (a) western and (b) central North Carolina, USA. Red 
diamonds indicate urban sites; yellow circles are rural sites. 
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Figure 2.3. Landmark locations used for geometric morphometrics (juvenile creek chub 
shown). 
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Figure 2.4. Representative images from each habitat category, showing change in 
urbanization (or lack of major change) from the 1980s to the present. Shown are Hodges 
creek (rural), Mine Creek (historically urban), and Sycamore Creek (recently urbanized). 
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Figure 2.5. (a) Deformation grids (observed range) showing differences in blacknose dace 
and creek chub morphology in urban and rural stream sites (modern comparison). Population 
differences along the habitat divergence vector 1 (d1) for blacknose dace (b) and creek  
chub (c). 
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Figure 2.6. Visualization of the interaction term, habitat × sampling time, depicting how 
creek chub body shape differs between habitats and over time. Axes are the first two 
interaction divergence vectors (d1 and d2). 
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Figure 2.7. Morphology of lab-reared creek chub from three habitat types along habitat 
divergence vector 1 (d1). 
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Figure 3.1. Variation in PC 1 from the steady-swimming kinematic data across habitat types 
in wild-caught creek chub from 10 populations. Least-squares means ± 1 SE depicted.  

 

 

 

 

 

 

 

 

 
Figure 3.2. Variation in hydromechanical power across habitat types for wild-caught creek 
chub. Least-squares means ± 1 SE depicted.
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Figure 3.3. Response to flow treatment in lab-reared creek chub populations. Least-squares 
means ± 1 SE for PC 1 (panel a), hydromechanical power (panel b), and PC 2 (panel c). 
Open symbols represent high flow treatment groups. 
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Figure 4.1. Landmarks used for morphological analysis (a), and morphological differences 
between bold and shy phenotype lines of zebrafish females (b) and males (c). Body shape 
variation along the divergence vector, d (see text) depicted with thin-plate spline 
transformation grids (no magnification; solid lines connecting outer landmarks drawn to aid 
interpretation). Landmark vectors beneath each set of grids convey the direction and relative 
magnitude of change in the location of each landmark, pointing toward values characteristic 
of bold lines.	  	  
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Figure 4.2. Differences in fast-start locomotor performance between coping-style lines in 
zebrafish (LSM ± SE). 
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TABLES 

Table 2.1. Study overview. 

Test For: Study 
Component Species Site Summary n fish 

Modern-day 
Patterns 

Modern 
Comparison 

Creek chub 
2 basins, 10 rural 
streams, 15 urban 
streams 

528 

Blacknose 
dace 

5 rural streams, 3 urban 
streams 165 

Recent 
Temporal 
Trends 

Historical  
(~50 years) 
Comparison 

Creek chub 

7 rural, 7 recently 
urbanized, and 4 
historically urban 
streams 

578 

Genetics vs. 
Plasticity 

Lab-rearing 
Experiment Creek chub 

1 rural, 2 recently 
urbanized, and  2 
historically urban 
streams 

58 

 

Table 2.2. Results of MANCOVA testing contemporary shape variation with urbanization in 
creek chub and blacknose dace. 

  Blacknose dace 
Model Term F df p η p 2 % 

Log Centroid Size 78.21 15, 142 < 0.0001 89.2 
Urbanization Status 4.71 14, 922 < 0.0001 35.34 

  Creek chub 
Model Term F df p η p 2 % 

Log Centroid Size 238.17 15, 488 < 0.0001 87.98 
Urbanization Status 9.37 14, 2965 < 0.0001 23.78 

Region 11.21 14, 2965 < 0.0001 24.67 
Region x Urbanization Status 5.85 14, 2965 < 0.0001 16.43 
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Table 2.3. Results of MANCOVA testing temporal shape variation in creek chub. 

Model Term F df  p η p 2 % 
Log centroid size 138.9236 15, 542 <.0001 79.36 

Habitat  13.01 28, 4568 <.0001 20.36 
Sampling time 37.56 14, 3249 <.0001 55.72 

Habitat x sampling time 7.15 28, 4568 <.0001 9.79 
 

Table 2.4. Results of test of habitat effect in lab-reared creek chub. 

Model term F df p 
Log centroid size 0.45 15, 38 0.3501 

Habitat type 1.71 30, 76 0.0315 
Population [habitat type] 2.45 30, 76 0.0009 

 

Table 2.S1. Sample sizes used in modern shape comparisons. 

Species and region 
n 

urban 
sites 

n 
rural  
sites 

n fish:  
mean (st. 

dev.) 

n 
fish, 

range 

n fish, 
Total  

Blacknose dace, western NC 3 5 20.6 (7.8) 10–33 165 
Creek chub, western NC 5 5 21.3 (12.7) 6–51 213 
Creek chub, central NC 10 5 21.0 (12.5) 3–59 315 

Total 18 15     693 
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Table 2.S2. Site locations and properties.          

Site category  Species Site name 
Latitude 
N 

Longitude 
-W pH 

Temp 
(ºC) 

Conducti-
vity (µS) 

Turbidity 
(NTU) 

Dissolved 
Oxygen 
(DO, 
mg/L) 

% 
DO 

Salinity 
(ppt) 

Stream 
width 
(m) 

Discharge 
m^3/s 

Historically urban Creek chub House Creek 35.8120 -78.6916 6.13 8.9 75.2 2.14 6.25 53 0.1 2.6 0.01242 

Historically urban Creek chub Mine Creek 35.8767 -78.6457 6.52 9.1 75.9 2.43 6.09 52 0.1 4.2 0.02828 

Historically urban Creek chub 
Pigeon House 
Branch 35.7927 -78.6430 n/a 24.7 217.9 4.51 9 84.4 0.1 29.5 n/a 

Historically urban Creek chub Bolin Creek 35.9239 -79.0502 n/a 15 n/a 42 10.23 n/a n/a 16 n/a 

Recently urbanized Creek chub 
Lower Barton 
Creek 35.9322 -78.6735 6.45 9.6 59 5.21 7.3 63 0 1.2 0.00228 

Recently urbanized Creek chub 
Sycamore 
Creek 35.9113 -78.7620 6.05 9.6 80.4 7.42 6.31 72 0.1 1.8 0.03514 

Recently urbanized Creek chub Richland Creek 35.9960 -78.5109 6.45 9.9 78.1 5.55 9.57 84.3 0.1 1.9 0.01282 

Recently urbanized Creek chub 
Middle Creek 
Tributary 35.7082 -78.8342 6.32 7.1 75.7 21.1 9 73.3 0.1 1.6 0.0731 

Recently urbanized Creek chub Beaver Creek 35.7426 -78.8819 6.04 5.8 63.3 29.3 9.49 78.1 0 4 0.273 

Recently urbanized Creek chub Speight Branch 35.7437 -78.7509 n/a n/a n/a n/a n/a n/a n/a n/a n/a 

Rural Creek chub Poplar Creek 35.7893 -78.4718 6.27 11.1 56.3 14.825 5.6 50.7 0 0.9 0.0014 

Rural Creek chub Hodges Creek 35.8548 -78.4984 5.97 9 48.5 8.17 10.48 90.8 0 5 0.26122 

Rural Creek chub Smith Creek 35.9612 -78.4867 6.15 8.8 53.3 10.07 9.09 78.2 0 1.5 0.10608 

Rural Creek chub 
Little White 
Oak Creek 35.6669 -78.9210 6.55 6.4 48.8 18.91 8.76 70.7 0 3.5 0.0214 

Rural Creek chub Black Creek 35.5653 -78.6921 6.85 8.3 50.3 13.36 6.03 48.8 0 5.1 0.51125 

Rural Creek chub Neals Creek 35.5142 -78.7651 5.8 6.9 54.6 9.7 10.43 85.6 0 4.7 0.2051 

Rural Creek chub 
Pokeberry 
Creek 35.7743 -79.1202 7.01 21.8 n/a 5.37 n/a 88.4 n/a 18.4 n/a 

Rural Creek chub Rocky Branch 35.6484 -79.1582 n/a n/a 450 1.43 13.3 n/a 0 3.81 n/a 

Rural 
Blacknose dace 
and creek chub 

Line Creek 
Tributary 35.4306 -82.5708 7.14 17.9 n/a n/a n/a n/a n/a n/a n/a 

Rural 
Blacknose dace 
and creek chub Foster Creek 35.4018 -82.5922 6.93 18.5 n/a n/a n/a n/a n/a 1.83 0.03605 

Rural 
Blacknose dace 
and creek chub Jim's Branch 35.5876 -82.4470 7.45 12.1 35.9 10.49 10.61 n/a 0 0.653 0.00433 

Rural Blacknose dace Rice Branch 35.6400 -82.5203 7.16 21.4 n/a n/a n/a n/a n/a 0.762 0.00841 
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Table 2.S2 (continued) 
            

Rural Blacknose dace Oleta Road 35.3326 -82.3647 n/a n/a n/a n/a n/a n/a n/a n/a n/a 

Rural Creek chub 
Herron Cove 
Branch 35.6750 -82.5531 7.21 17.9 0.8 16 8.7 n/a 0 0.967 0.01276 

Rural 
Blacknose dace 
and creek chub White Branch  35.7328 -82.6175 7.66 17.9 2 10.42 9.45 n/a 0 1.04 0.01358 

Urban 
Blacknose dace 
and creek chub Moore Branch 35.5699 -82.5778 7.24 19.6 

 
2.1 9.79 n/a 0 1.27 0.00587 

Urban Creek chub 

Smith Mill 
Creek 
Tributary 35.5832 -82.6125 7 19.3 n/a 2.69 8.47 n/a n/a 0.653 0.01196 

Urban 
Blacknose dace 
and creek chub Reed Creek 35.6146 -82.5544 7.27 21.9 n/a 4.77 10.54 n/a n/a 2.03 0.01078 

Urban 
Blacknose dace 
and creek chub 

Higgins 
Branch 35.4318 -82.5260 7.25 22.7 n/a n/a n/a n/a n/a 1.04 0.02559 

Urban Creek chub 
Johnson Ditch 
Tributary 35.3082 -82.4541 7.08 22.7 n/a n/a n/a n/a n/a 0.653 0.00429 
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Table 2.S3. Results of MANCOVA testing effect of flow treatment and population on shape 
of lab-reared creek chub. 

Model term F df p η p 2 % 
Log centroid size 1.68 15, 33 0.1042 0.43 

Treatment 0.96 15, 33 0.512 0.3 
Population 2.39 60, 131.04 <0.0001 0.51 

Treatment × Population 1.4 60, 131.04 0.058 0.038 

 
Table 3.1. Study sites and experimental fish used in swim trials of wild-caught fish. 

Habitat type Population n 

Rural 

Hodges 2 
Little White Oak 2 

Poplar 17 
Rocky Branch 6 

Recently Urban 
Lower Barton 10 

Middle 8 
Richland 3 

Historically Urban 
Bolin 5 

House 6 
Mine 5 

 

Table 3.2. Summary of study sites and experimental fish used in the laboratory-rearing 
experiment. 

Habitat type Population n 
Rural Rocky Branch 13 

Recently Urban Beaver 29 
Richland 9 

Historically Urban Mine 5 
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Table 3.3. Trait loadings and variance explained by the first two principal components for the 
PCA for swimming kinematic data in wild-caught creek chub (loadings ≥ |0.60| in bold text). 

Kinematic variable PC 1 PC 2 
Tailbeat frequency -0.74 -0.31 
Rostral amplitude 0.22 0.90 

Tailbeat amplitude 0.74 -0.36 
Propulsive wavelength 0.83 -0.19 

Variance explained: 45.54% 27.03% 
 

Table 3.4. Trait loadings and variance explained by the first two principal components for the 
PCA for swimming kinematic data in lab-reared creek chub (loadings ≥ |0.60| in bold text). 

Kinematic variable PC 1 PC 2 
Tailbeat frequency -0.6 0.29 
Rostral amplitude 0.62 -0.63 

Tailbeat amplitude 0.79 0.2 
Propulsive wavelength 0.67 0.66 

Variance explained: 46.53% 22.99% 
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Table 3.5. Results of general linear models examining steady-swimming kinematic variation 
in laboratory-reared fish. 

  PC 1 
Source F df p 

Body lengths per sec 5.1 1,47 0.0286 
Population 5.11 3,47 0.0039 
Treatment 0.66 1,47 0.4209 

Population x Treatment 5.12 3,47 0.0038 
  PC 2 

Source F df p 
Body lengths per sec 4.99 1,47 0.0304 

Population 5.47 3,47 0.0026 
Treatment 0.01 1,47 0.9408 

Population x Treatment 1.75 3,47 .1693 
  Power 

Source F df p 
Body lengths per sec 8.73 1,47 0.0049 

Population 4.53 3,47 0.0072 
Treatment 2.71 1,47 0.1067 

Population x Treatment 3.11 3,47 .0352 
 

Table 4.1. MANCOVA results examining body shape variation. *one-tailed test. 

Source F df p 
Coping style 1.96 16, 39 0.0220* 

Sex 12.84 16, 39 < 0.0001 
Sex × coping style 1.38 16, 39 0.2007 

Centroid size 5.71 16, 39 < 0.0001 
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Table 4.2. MANCOVA results examining variation in fast-start locomotor performance. 
*one-tailed test. 

Source F df p 
Coping style 2.24 6, 47 0.0278* 

Sex 0.76 6, 47 0.6085 
Sex × coping style 2.6 6, 47 0.0296 

Centroid size 2.84 6, 47 0.0194 
Generation 9.28 6, 47 < 0.0001 

Response quality score 2.63 6, 47 0.028 
 
 
 




