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Biological and Ecological Trait Associations and Analysis of Spatial and Intraspecific Variation
in Fish Traits

Michael Lee Henebry
ABSTRACT
Traits provide an informative approach to examine species-environment interactions.
Often, species-by-species approaches are inefficient to generate generalizable ecological
relationships and do not predict species responses to environmental changes based on specific
traits species possess. Multiple lines of inquiry and multi-scale approaches are best for assessing
environment-trait responses. This thesis examines important questions not specifically addressed
before in traits-based research. Chapter one explores biological and ecological trait associations
incorporating ontogenetic diet shifts for New River fishes. Niche shift analysis as a chapter one
sub-objective quantitatively support where species-specific diet shifts likely occur. Strong
biological-ecological trait associations, some intuitive and others not so intuitive, were found that
relate biological structure to ecological function. Improved understanding of trait associations,
including what factors influence others, supports inference of ecology of fishes. Chapters two
and three examine spatial and intraspecific trait variability. Chapter two specifically examines
large-scale life history trait variability along latitudinal gradients for twelve widely distributed
fish species, including directionality of trait variation, and hypothesizing how optimal traits
change with large-scale environmental factors. Strong positive and negative patterns found
include average total length of newly hatched larvae, average total length at maturation, average
spawning temperature, average egg diameter, and maximum length. These five traits are
correlated with other adaptive attributes (i.e. growth rate, reproductive output, and
longevity/population turnover rate). In contrast to latitudinal scale, Chapter three examines trait

variability of white sucker (Catostomus commersonii) and fantail darter (Etheostoma flabellare)



as a function of small-watershed scale spatial factors and anthropogenic disturbance. Toms
Creek and Chestnut Creek white sucker and fantail darter displayed positive response to
disturbance, contrary to past studies. Lower resource competition, and / or competitive exclusion
of fishes with similar niche requirements are possible mechanisms. All three objectives support
understanding of trait association and variability as a useful foundation in ecological applications

and for formulating plans for conservation and management of species.
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Introduction to Trait Associations and Variability

Biological and ecological relationships and trait variability in fishes have long been
studied; yet, many questions remain unanswered concerning biological-ecological trait
associations and spatial and intraspecific trait variability (Matthews 1998). The following thesis
elucidates important trait associations, latitudinal gradients, and spatial variation mediated by
scale and disturbance and sets forth useful frameworks for answering specific, trait-based
questions. The results provide bases for studying broader ecological questions; these questions
include ontogenetic effects on trait associations and continent-wide and watershed-specific trait
variation. Trait-based studies are important since strength of correlations provide important links
between structure and function and environmental gradients (Matthews 1998).

Ecological traits are specific behaviors that are easily observed and measured, but do not
indicate their own driving factors. Therefore, correlation of biological traits with ecological
behaviors must be identified to examine which biological traits drive specific ecological
behaviors (Matthews 1998). Frimpong and Angermeier (2010) define a biological trait as “a trait
that reflects physiological requirements, morphological adaptations, and life histories innate to
an organism,” and an ecological trait as “a trait that reflects an organism’s environmental
preferences and associated behaviors.” Many studies have reported biological and ecological trait
relationships, including those which relate morphological and anatomical feeding structures and
trophic ecology / niche partitioning (Moyle and Senanayake 1984; Wikramanayake 1990;
Douglas and Matthews 1992; Ibanez et al. 2007). These studies provide ways to examine trait
relationships, but do not account for ontogenetic diet shifts or study more than a few species
when ontogeny is included (i.e. Keast 1985; Winemiller 1989; Bergman and Greenberg 1994;

Eggleston et al. 1998; Scharf et al. 2000; Mol 2006; Easton and Orth 2006). Knowledge of how



ontogenetic diet shifts affect trait associations is crucial, since some fishes modify trophic
patterns with growth and one cannot assume trophic behavior remains constant throughout life. |
identify, quantify, and classify New River fishes’ ontogenetic diet shifts and utilize this
information with potentially associated biological traits to examine biological and ecological trait
associations. | hypothesized New River fish species display length-based ontogenetic diet shifts,
representing changes between distinct trophic classifications. Additionally, | hypothesized New
River fish biological traits correlate with ecological traits, even after accounting for ontogenetic
diet shifts.

Since all traits do not vary similarly, understanding how and why traits vary can help
identify which traits are especially useful for making ecological predictions (Blanck and
Lamouroux 2007). Spatial life history patterns provide a unique perspective to understanding
trade-offs, giving insight into how species and, more specifically, populations modify their traits
to fit advantageous life history strategies and maximize fitness (Pianka 1970; Stearns 1989). Few
studies have assessed large-scale trait variability, and even fewer studies comprehensively
examine large-scale variability to determine which traits are best for testing ecological
hypotheses (Matthews 1998). Only Blanck and Lamouroux (2007) comprehensively examined
large-scale spatial and intraspecific life history trait variation along a latitudinal gradient.
Comparison of trait variation levels among species is informative since traits that vary more
within species than between species are not well suited for mechanistic hypothesis testing
(Lamouroux et al. 2002; Goldstein and Meador 2004). Herein, | support significant life history
trait latitudinal relationships and identify strong correlations by adaptive attribute group (i.e.
growth rate, reproductive output, and longevity / population turnover rate). Blanck and

Lamouroux (2007) predicted certain life history traits are better suited than other life history



traits to address topical ecological applications, including fisheries conservation and
management. | hypothesize intraspecific variation of life history traits will be less than
interspecific variation.

Trait-based approaches are effective for examining disturbance-mediated species
responses by disturbance type and level (McFarlane and Franzin 1978; McFarlane and Franzin
1980; Munkittrick and Dixon 1988a; Munkittrick and Dixon 1988b; Munkittrick and Dixon
1989a; Munkittrick and Dixon 1989b). Small-scale, population-level bioassessment indicates
relative ecosystem condition and responses to environmental stressors (Power 2007) such as
agriculture and urbanization (Paul and Meyer 2001; Scott 2006; Lussier et al. 2008).
Additionally, small-scale bioassessment approaches provide site-scale insight useful in
evaluating local disturbance effects (Munkittrick and Dixon 1989a). The New River drainage
currently lacks specific, small-scale bioassessments of trait variability and natural spatial
variation. | used small-scale bioassessment to examine spatial and disturbance-mediated
influences on distribution of traits for two New River species. New River-specific spatial and
disturbance effects provide a case study to address more generalizable trends. | hypothesized
spatial and disturbance-mediated variation will be significant between and within watersheds.
Further, I hypothesized significant variation between anthropogenically disturbed and
undisturbed sites after accounting for natural variation.

Chapter one identifies New River fishes’ species-specific ontogenetic niche shifts using
cluster analysis by grouping food items into trophic categories, and subsequently identifying
niche shifts. Biological and ecological trait associations are quantitatively tested using co-inertia
analysis, showing significant patterns. Patterns of association were apparent among biological

and ecological traits and often between biological and ecological traits. Chapter two investigates



life history traits related to growth rate, reproductive output, and longevity / population turnover
rate and how these vary with latitude. General linear models identify trait variation in 12 widely
distributed species. Chapter three examines spatial and disturbance-mediated effects on white
sucker (Catostomus commersonii) and fantail darter (Etheostoma flabellare) trait variation,

including implications of the use of these traits for bioassessment.



Chapter 1: Identification of ontogenetic trophic niches and ecomorphological analysis of fishes
of the New River, Virginia
Abstract
Biological-ecological trait associations provide a lens to view and understand how traits

drive ecology. Ontogenetic diet shifts are important factors in trait-based research, but most
ecomorphological studies do not or very limitedly assess their overall role in ecological
interactions. The current study quantitatively assessed ontogenetic trophic shifts for a diverse
group of fishes (i.e. New River basin) and incorporated these shifts into biological-ecological
trait associations. | hypothesize there are ontogenetic diet shifts in feeding ecology and,
biological traits correlate with ecological traits for New River fishes. Trophic-behavior (i.e.
ecological-trait) data were collected from primary literature. Biological traits were obtained from
1) primary literature, 2) high resolution images, 3) measurement of field-caught specimens, and
4) existing databases. Non-metric multidimensional scaling identified overall niche breadth (i.e.
Q-mode) and diet item relatedness (R-mode). Cluster and niche shift analyses identified and
quantified species-specific trophic clusters and associated diet shifts from the Q-mode analysis.
Several steps prepared biological data for analysis, including imputation, phylogenetic
correction, and ranging. Principal component analysis summarized results from the niche shift
analysis and biological dataset. Co-inertia analysis tested for correlations within and between
biological and ecological traits. Niche shift analysis showed 37 species exhibited definable diet
clusters by body length, and the majority (19 of 37) have ontogenetic niche shifts. Co-inertia
analysis showed strong relationships based on co-variability explained by the principal
components analysis (83%) and a randomization test (p = 0.001). Results showed many positive

and negative trait associations, both between and among biological and ecological traits. This



study found some unexpected niche shift and trait association patterns; some were explainable
(such as patterns involving shape, mobility, and prey consumption), and others are newly found
patterns and emphasize study importance (such as patterns relating to trophic behavior between
life stages). Niche shift and trait association results provide a sound basis for inferring a species’

ecology from its biology.

Introduction

Frimpong and Angermeier (2010) defined a biological trait as “a trait that reflects
physiological requirements, morphological adaptations, and life histories innate to an organism,”
and an ecological trait as “a trait that reflects an organism’s environmental preferences and
associated behaviors.” Biological and ecological trait associations (i.e. ecomorphology) improve
knowledge about which biological (i.e. morphological) factors drive observed ecological
behaviors (Kotrschal 1989; Yamaoka 1997; Hahn and Cunha 2005). Much biological and
ecological fish research exists, including several ecomorphological comparisons (see above), but
none of these studies comprehensively incorporate species-specific ontogenetic niche shifts and
assess their influence on ecological classifications and groupings. For example, Kotrschal (1989)
examined blennioid fish trophic ecomorphology, but failed to assess how length affects these
relationships. Most ecomorphology studies are site-specific and / or specifically focus on species
with particular life-history types (i.e. periodic, opportunistic, etc.) (i.e. Wikramanayake 1990;
Winemiller 1991; Douglas and Matthews 1992; Norton 1995; Piet 1998; Casatti and Castro
2006). I am not aware of a non-site-specific, comprehensive, quantitative assessment of
biological and ecological trait relatedness that considers many species across many populations

per species.



Species’ biological traits and proximate environmental factors determine ecological
behaviors (Wootton 1998; Frimpong and Angermeier 2010). An organism’s functional traits
influence growth / biomass maintenance, reproduction, and survival, contributing to performance
and individual fitness (Arnold 1983; Frimpong and Angermeier 2010). Functional trait trade-off
studies showed how species partition resources to co-exist and form ecological niches, linking
biological traits and ecology (Dutta 1979; Liem 1980; Lauder 1983; Westneat 1994; Bremner et
al. 2006; Litchman et al. 2007). Mcgill et al. (2006) established functional traits and trade-offs as
key elements for defining species-specific ecological niches. In contrast, some studies suggest
that biological traits and life histories are inadequate predictors of ecological behaviors,
primarily due to factors unrelated with trait associations such as large-scale environmental
patterns (Wainwright and Lauder 1992; Lasram et al. 2008).

Ecomorphological studies were first implemented in the 1970’s across many taxa
(Matthews 1998). Gatz (1979) initiated the ecomorphological study of fishes by examining
morphological influences on community structure, including several trophic traits (i.e. mouth
size, mouth position, gut length, and body shape/proportions). Subsequent studies further link
biological traits to feeding behavior, including associations between trophic types and mouth
position, barbel presence-absence, and gut characteristics (Moyle and Senanayake 1984;
Wikramanayake 1990; Douglas and Matthews 1992; Ibanez et al. 2007). Other studies found
biological traits accurately predict habitat associations at microhabitat and larger scales (Felley
1984; Moyle and Senanayake 1984; Page and Swofford 1984; Wikramanayake 1990; Douglas
and Matthews 1992; Wood and Bain 1995; Lamouroux et al. 2004). Additionally, distinct
biological trait-states are associated with species co-occurrence via ecological niche partitioning

(Winston 1995). In studies presented above, biological-ecological trait relationships are



associated in comparative population- and community-level analyses. More studies than not
provide a strong argument for biological and ecological trait association validity.

Studies of ecomorphology often do not consider phylogenetic relationships between
species (i.e. Gatz 1979; Douglas 1987; Strauss 1987), which is a major confounding effect in this
type of study (Matthews 1998). Douglas and Matthews (1992) warn against making broad
ecomorphological comparisons between families without phylogenetic correction for relatedness
(Matthews 1998). Phylogeny is part of comparative studies that must be corrected for before
false assumptions from uncorrected and inaccurate results are made (Felsenstein 1985; Diniz-
Filho et al. 1998). When studies correct for phylogenetic relationships, correction can be done to
varying degrees. For instance, Douglas and Matthews (1992) reduced their study species to one
family, effectively constraining phylogenetic influence.

Ecomorphological applications examine important topical issues in fisheries science. For
instance, Goldstein and Simon (1999) classified fish trophic statuses for index of biological
integrity (IBI) scores using ecomorphological comparisons. Additionally, ecomorphology was
used to compare habitat quality between artificial (i.e. man-made) and natural Mediterranean reef
structures (Recasens et al. 2006). Motta et al. (1995) outlined several ecomorphological
applications, including combinations with and lessons learned from other disciplines (i.e. such as
phylogenetics, ecophysiology, and biomechanics). In addition, Motta et al. (1995) proposed
ecomorphological research topics that warrant further study such as locomotion, foraging,
respiration, reproduction, and sensory mechanisms; they also suggested ways each topic should
be applied. Overall, applied ecomorphology grapples with implementation of theoretical, but
supported relationships, and explores how certain factors affect these processes (Motta et al.

1995).



Biological traits are frequently used to predict trophic ecology (Moyle and Senanayake
1984; Wikramanayake 1990; Douglas and Matthews 1992; Ibanez et al. 2007), but trophic niches
can vary widely and change significantly with maturation. Biological changes facilitate
ontogenetic diet shifts during growth and development, which are distinct switches in food items.
Not accounting for ontogenetic diet shifts and resulting trophic changes throughout lifetimes is a
major error when classifying species into trophic niche groups. Past studies examined
ontogenetic shifts and established their importance in more accurately defining ecological
relationships between and within species (i.e. Keast 1985; Winemiller 1989; Bergman and
Greenberg 1994; Eggleston et al. 1998; Scharf et al. 2000; Mol 2006; Easton and Orth 2006).
However, these studies fall short by not identifying universally applicable patterns in the
following two ways: biological mechanisms are not well defined and / or species-specific
mechanisms are not generalizable. A broader ecomorphological analysis including ontogenetic
diet shifts would solve these inconsistencies. For instance, candy darter (Etheostoma osburni)
trophic behavior and trait associations would be inferable from more common species within the
same genus, such as fantail darter (Etheostoma flabellare). My research objectives were: 1)
define ontogenetic diet shifts for New River fishes, and 2) investigate relationships between
biological traits and ecological traits (trophic niches) of New River fishes. | hypothesized there
are ontogenetic diet shifts in feeding ecology and, biological traits correlate with ecological traits

for New River fishes.

Methods

Study System:



The New River drainage, located in North Carolina, Virginia, and West Virginia, is a
northward flowing Ohio River tributary which drains 18,085 km?®. The New River and its
tributaries support significant freshwater flora and fauna diversity, including several endemic and
relatively rare species. The New also supports many introduced species and non-native
populations, especially fishes (Jenkins and Burkhead 1993). For this study, the New River
drainage contained sufficient species diversity for data collection obtained from specimens and
literature. Virginia Tech’s close proximity for specimen collection was also important.
Subsequently, collected data proved analytically sufficient for hypothesis testing of biological-
ecological trait relationships. Figure 1 shows details of all methodological steps used in this

chapter.

Field Collections:

Fish specimens were collected during summer 2008 for biological trait assessment. These
specimens were taken from throughout Toms Creek and in portions of Crooked Creek within the
New River drainage in conjunction with other sampling. Samples consisted of as many fish
species and individuals as possible. Primarily, average peritoneum color and average relative gut

length were measured from these specimens.

Ontogenetic Diet Shift Data Collection:

Synthesizing information across many studies provides opportunities to incorporate
ontogenetic shifts in trophic ecology. This is not always included in trophic studies, but provides
means to answer research questions without sampling every New River fish species at every life

stage. All sixty-six New River basin fish species (Jenkins and Burkhead 1993) were initially

10



researched for volume, count, and presence-absence of diet-at-length relationships, revealing for
many species if and when length-specific ontogenetic diet shifts occur. Ontogenetic diet shift
considerations enable differentiation of trophic stages, which will shed light on biological-
ecological trait associations at these different stages. An extensive primary and secondary food
habit literature search was conducted throughout each species’ North American range; data was
recorded using binary coding. Initial data collection utilized many primary journal articles, but
also included many secondary sources (i.e. Wallus et al. 1990; Jenkins and Burkhead 1993; Kay
et al. 1994; Simon and Wallus 2004; Simon and Wallus 2006; Wallus and Simon 2006; Wallus
and Simon 2008). Citation-based literature searches helped find additional trophic information
from the above sources, other state species accounts, and many journal articles. Page and Burr
(1991) aided further target species data expansion using distribution maps contained within.
Appendix A contains all sources used in this study. Some species (n = 16) were excluded due to

scant diet-at-length data. All data were stored and managed before analysis in Microsoft Excel.

Data Visualization:

Non-metric multidimensional scaling visualizes spatial relationships between dissimilar
descriptors and objects in n-dimensional space (Shepard 1962a; Shepard 1962b; Kruskal 1964a;
Kruskal 1964b; Cox and Cox 2008). In non-metric multidimensional scaling, associations
between diet items and resulting diet item classifications are crucial for trophic niche
determination. Non-metric multidimensional scaling was used to find two-dimensional
relationships among individual, population-level diet records (Q-mode analysis) and between
diet items (R-mode analysis) (Legendre and Legendre 1998). As expected, Q-mode analysis

revealed the overall niche space for studied species. All analyses were conducted in Statistical

11



Analysis Software (SAS, version 9.2). Jaccard similarity matrices normalized binary (in this
case, diet item presence-absence), non-metric multidimensional scaling data (Jaccard 1901). Q-
mode pattern interpretation used the strength of Spearman rank correlations of diet items on each
ordination axis (Spearman 1904); stronger Spearman rank correlations represented stronger
association of a diet with an axis or gradient (Legendre and Legendre 1998; Der and Everitt
2002). Relative Spearman rank correlation strength indicated diet item(s) significance (p-value <

0.05) based on each trophic record’s Q-mode analysis placement.

Cluster and Niche Shift Analysis:

Diet records were examined by species (n 