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ABSTRACT
MARK S. HOGER. Inter-seasonal movements of Etheostomatinae darters in Yellow

Creek and Whiteoak Creek, Tennessee (under the direction of DR. REBECCA
JOHANSEN.)

Although movements of some fishes have been extensively studied, limited focus
has been given to small, non-game fishes such as darters. Previous studies have
demonstrated the need to incorporate multiple scales, taxa, and life histories to provide
better insight into the movements of darters. A multi-season, mark-recapture study was
conducted with darters at two Highland Rim streams of central Tennessee. A total of
10,136 individuals (12 species) were marked and 849 (8.5%; 8 species) recaptured.

Frequency and distance of movement varied among species and an atypical,
downstream directional bias was observed. The extent of movement was generally
greater than previous studies of darters with respect to both frequency of movement
(16.6%) and average distance traveled (247.1 m). This is likely due to the inclusion of
multiple seasons, among which movement significantly varied. Overall, males traveled
longer distances than females during the pre-spawning season.

Two corridor-specific factors had notable impacts on darter movement. First,
higher average corridor depth limited the distance traveled. Also. darters that attach their
eggs showed particular sensitivity to increased predator densities by showing significant
reduction in their movement rate through corridors with high predator density. Inverse
relationships were observed between seasons with respect to movement rate and darter
size. indicating a probable shift in ecological pressures. Overall, individuals moved more

frequently when congeneric density was high.
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Darters with increased reproductive investment moved more frequently but
traveled shorter distances overall. However, during the spawning season, darters with
decreased reproductive investment moved more frequently, demonstrating a strong
seasonal effect on movement. A reduction in distance traveled in species with high
reproductive investment is consistent with previous research which shows reduced gene
flow in species with small clutches and large eggs.

Although limited in its ability to detect long-range movements, this study
provides a baseline for darter movement patterns across spatial and temporal scales, taxa,
and life history characteristics. The potential impacts of habitat degradation,
fragmentation, and loss as they relate to movements are discussed in addition to the use
of results from focal species to infer movement patterns and potential conservation

implications for imperiled species with comparable life histories.
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CHAPTER 1
Introduction

One of the most diverse groups of North American vertebrates is the darters,
diminutive members of the family Percidae. Endemic to North America, these benthic
fishes have a reduced or absent swimbladder that is an adaptation to a benthic lifestyle.
This adaptation also makes them particularly suited to living in riffles, the preferred
habitat of many darters (Page, 1983). Riffles are areas of streams typically characterized
by shallower depths, higher velocity, increased turbulence, and clean coarse substrates.
The preference of darters for riffles, which have high prey (benthic arthropods) and low
predator abundances, has likely contributed to their evolutionary success (Page and
Swofford, 1984). Furthermore, their association with various benthic habitats has led to a
wide range of reproductive and life history strategies (Page and Swofford, 1984).

Riffles are patchily distributed throughout streams, alternating with runs and
pools that are characteristically different habitats. Pools, in particular, are deeper, have
lower velocity. finer substrates, and often higher predator abundances. Due to their
reduced or absent swimbladder, darters are relatively poor swimmers, which potentially
limits their ability to traverse intervening pools and runs. The ability of darters to move
between riffle patches has important ecological implications with respect to population
dynamics (Slack et al., 2004). Because of specific habitat requirements, darters are
susceptible to habitat alteration. Habitat degradation, fragmentation, and loss lead to

increased patchiness of riffle habitat and may lead to isolation of populations and loss of

gene flow. Currently 44% of darter species are imperiled (Jelks et al., 2008). Thus,



understanding the limitations of darter movements relative to abiotic and biotic habitat

features 1s crucial to their conservation.

Early research on stream fish movement found that many species exhibit
restricted movements of 20-50 m (reviewed in Gerking, 1959). The designs of many of
these studies, however, were potentially biased toward detecting limited movement by
focusing recapture efforts in the area of release (Gowan et al., 1994; Rodriguez, 2002).
Furthermore, these studies were almost exclusively conducted on larger-bodied, non-
benthic fishes that have increased vagility relative to darters. Funk (1957), in an attempt
to use a less-biased recapture method, counted only recaptures collected by fisherman,
and found a much higher incidence of long distance movement. He concluded that fish
populations were comprised of groups of sedentary and mobile individuals and implied
that an individual fish fits into one category or the other. Harcup et al. (1984) provided
evidence that fish shift between sedentary and mobile states. Recent work has continued
to support stream fishes as more mobile than originally proposed (Gowan and Fausch,
1996; Rodriguez, 2002).

Less restricted movement, or frequent exploratory movement, is often suggested
in studies of fish recolonization. Experimentally or naturally defaunated areas are often
reinhabited within several days (Power, 1984: Peterson and Bayley. 1993). Power (1984)
observed recolonization patterns of C entral American catfish (Loricariidae) after the
creation of new habitat from events such as flooding. When new habitat was created,
colonization occurred within weeks. Recolonization after experimental removal of fish
was also studied. and was even quicker. Colonization models by Peterson and Bayley

(1993) indicated that 90% of the original fish abundance would be reached in 100-270



hours after experimental removal from a locality. Variation in the colonization rates
among lizards shows the importance of including multiple species to account for
differences in vagility and habitat preferences (Hoger, 1976).

The basis for these conclusions, however, comes primarily from the study of
larger-bodied fishes from the families Centrarchidae and Salmonidae, which comprise a
small percentage of freshwater stream fishes and represent a limited portion of the life
history variation seen in fishes. In contrast, groups containing the great majority of North
American fish diversity (i.e., Cyprinidae and Percidae) have received relatively little
attention. These smaller-bodied fishes also exhibit a wide range of life history variation
(Etnier and Starnes, 1993). Minnows (Cyprinidae) have been observed to show restricted
movement with respect to both movement rate (Smithson and Johnston, 1999: Walker,
2011) and home range (Hill and Grossman, 1987; Goforth and Foltz. 1998). Similarly,
darter movements outside the riffle of release have been found to be infrequent (Reed,
1968: Scalet. 1973; Mundahl and Ingersoll. 1983: Roberts et al., 2008) and distances
traveled short (most movements to the next riffle; Roberts and Angermeier, 2007b;
Schwalb et al.. 2011).

Lonzarich et al. (1998) found that large fish (>100mm) recolonize areas more
quickly than small fish, indicating that larger fish are more mobile. Small benthic fish,
however. have also been shown to recolonize rapidly. Population density and size
structure of Cottus girardi recover 30 days after removal from an area (Hudy and Shiflet,
2009). Additionally, some darters quickly reinvade streams that are dry part of the year

(Winn. 1958). Although rapid recolonization may indicate high mobility (Sheldon and

Meffe. 1995). it could also be the result of long distance dispersal of a small portion of



the population (Hudy and Shiflet, 2009). Furthermore, factors such as proximity
(Detenbeck et al., 1992; Lonzarich et al., 1998) and density (Sheldon and Meffe, 1995) of
source populations are known to affect recolonization rates.

Sculpins (Cottidae), benthic fish that are often syntopic with darters, have been
shown to be exceptionally sedentary. Brown and Downhower (1982) found that during
the summer, adults moved an average of only 1.2 m (max 14.3 m), with over 50% of
individuals found under the same tile throughout the season. Studies that have
incorporated other seasons or methods (i.e., genetic approaches), have found sculpins to
be somewhat more mobile suggesting frequency and distance moved may vary by season
or that traditional mark-recapture studies may underestimate movements (Natsumeda,
1999; Hudy and Shiflet, 2009; Lamphere and Blum, 2012).

Movement is generally considered to increase in the spring (Funk, 1957; Gatz and
Adams, 1994), which is the spawning season for many fishes—including darters (Funk,
1957: Etnier and Starnes. 1993). Most darter movement studies. however, have been
conducted in the summer or fall. Only two studies have examined movements of darters
through spawning and non-spawning seasons. In an 18-month study, Freeman (1995)
found Percina nigrofasciata more likely to make long distance movements in the spring.
Labbe and Fausch (2000) noted directional trends from a year-long movement study of
Etheostoma cragini in an intermittent stream. Additional insight can be obtained by
comparing similar studies done in different seasons. Ingersoll et al. (1984) found a higher
movement rate for Etheostoma nigrum (24%) and E. flabellare (19%) in the spring than
Mundah! and Ingersoll (1983) did in the fall (3% and 13%, respectively). This trend has

also been documented for other benthic (Natsumeda. 1999) and small (Goforth and Foltz,



1998) stream fishes. In addition to frequency. direction of movement can also vary by
season. Winn (1958) observed that darters moved upstream prior to spawning and

downstream to deeper water after spawning.

Both biotic and abiotic parameters are known to influence the movements of
small-bodied stream fishes such as darters. Flow (Albanese et al., 2004; Petty and
Grossman, 2004), time of day (Natsumeda, 1998; Breen et al., 2009), riffle isolation, loss
of shallow microhabitat (Roberts and Angermeier, 2007b), microhabitat diversity
(Albanese et al., 2004; Roberts and Angermeier, 2007b), cover throughout a corridor
(Roberts and Angermeier, 2007a), and intermittency (Albanese et al., 2004; Walker,
2011) have all been shown to influence frequency of movement. In addition to direct
movement studies, analysis of allozymes has also suggested that variation in habitat can
influence gene flow (Faber and White, 2000).

Conspecific and predator densities are two biotic parameters that have been
shown to affect darter movements (Roberts and Angermeier, 2007b). These factors, in
addition to food resource availability, have been observed to influence other benthic
(Petty and Grossman, 2004; Lamphere, 2005) and small-bodied fishes (Gilliam and
Fraser, 2001). Lamphere (2005) found that the response to these biotic parameters varies
seasonally. Several studies have revealed variations in movement with respect to age
class and individual size (Labbe and Fausch. 2000: Petty and Grossman, 2004: Roberts

and Angermeier, 2007b: Walker, 2011).

As stated earlier. darters are one of the most speciose groups of North American

vertebrates (Page. 1983). Within this diversity. darters exhibit extensive life history

variation (Bart and Page. 1992). Turner and Trexler (1998) used allozymes to study gene
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flow in 15 species of darters and found relationships between gene flow and life history
traits. Most notably. they observed that darters with high fecundity and small eggs had
increased gene flow when compared to those with low fecundity and large eggs. Work by
Faber and White (2000) support these conclusions, as they found genetic structure within
Etheostoma flabellare (low fecundity and larger eggs) populations and no structure
within E. blennioides (high fecundity and smaller eggs) populations.

In addition to variation in fecundity and egg size, another notable difference in the
life history of darters is the larval phase of development. Upon hatching from the egg,
larval darters spend varying amounts of time in the water column before settling to the
bottom (Simon and Wallus, 2006). During this time, they are susceptible to downstream
drift. Upstream migration compensates for this downstream drift (Hall, 1972). Paine
(1984) contended that a decrease in drift dispersal is associated with decreased gene flow
promoting speciation. Turner (2001) showed larval transport was negatively associated
with egg size but did not find a significant relationship between larval drift and gene
flow. Similar relationships between life history traits (i.e.. body-size, fecundity. and
larval dispersal) and gene flow have been recorded in marine shore fishes (Waples,
1987). Variations in the significance of the ecological factors outlined above (Roberts
and Angermeier, 2007b) as well as opposite responses occur (Albanese et al., 2004)
among different species. Unfortunately. because most studies on the movement of darters

are single-species studies, the relationship between movement and these life history traits

has not been explored.

Understanding the relationship between life history variables and movement

patterns of darters is essential to the development and implementation of effective



conservation practices. Patterns of movement and their correlation with various factors
help predict the outcomes of events such as habitat degradation, fragmentation, and loss.
A species, for instance, that is unable or unwilling to migrate readily may be more greatly
impacted and need more carefully planned conservation efforts. By studying movement
in multiple darters with different life history characteristics. predictions can be made on
the impacts of a wide range of other darters with similar life histories.

Roberts and Angermeier (2007b) expressed the need for more research
incorporating multiple scales, taxa, and life histories to provide better insight into the
movements of darters. This study was undertaken to fill the gaps left by single-season
and single-species studies that dominate the literature. The objectives of this study were
to (1) monitor inter-seasonal movements of multiple darter species that possess different
life history strategies and (2) relate movements to life history and abiotic and other biotic
factors. The potential impacts of habitat degradation, fragmentation, and loss as they
relate to movements, and the use of results from focal species to infer movement patterns
and potential conservation implications for imperiled species with comparable life
histories will also be discussed.

Based on the findings from previous fish movement studies and established
ecological theories, it was predicted that species movements would vary and correlate

with aspects of life history. More specifically, that reproductive investment and extent of

movement would be inversely related. Also, darter movement would be greater in the

upstream direction and in those with longer larval drift phases. as a compensatory

mechanism for downstream drift. It was further expected that larger individual size,

smaller stream size (i.e.. depth, width), lower predator corridor density and riftle area



stability. and higher riffle congeneric density would result in greater darter movement.
Finally. as reported in many other fishes and specifically in darters, it was expected that

movements would be greatest prior to and during the spawning season.
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CHAPTER 11
Materials and Methods

Study sites

Two streams, Whiteoak Creek and Yellow Creek, were selected to conduct this
study. Both are perennial streams located within the Western Highland Rim of the
Interior Highlands in north-central Tennessee (Figure 1). The Whiteoak Creek
(Tennessee R.) site was located at the crossing of Tennessee Ridge Rd. (36.227159°, -
87.766670°), Humphreys County, approximately 12.0 km southwest of Erin, TN. Total
length of the site was 525.6 m (307.2 m above and 218.4 m below the bridge, Figure 2).
The Yellow Creek (Cumberland R.) site was located at the crossing of Highway 13
(36.348734°, -87.538749°), Montgomery County, 25.7 km southwest of Clarksville, TN.
Total length of the site was 1,837.3 m (1,525.6 m above and 311.7 m below the bridge,
Figure 3). Each site contained six riffle habitats with varying distances between them
(corridors). Despite both being third order streams, the Yellow Creek site was much
larger than the Whiteoak Creek site. Discharge values were not available for the two

study sites but measurements over the course of the study indicate that Yellow Creek is

roughly 35% wider and runs and pools are 50% deeper.

Species studied
The Cumberland and Tennessee River systems are the two most diverse river

systems with respect to darters (Page. 1983). Streams in these systems were selected, to

. i ' i ite were included in the
incorporate this great diversity. All darter species present at each site

study, representing three genera (Etheostoma, Nothonotus, and Percina) and five
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subgenera (Etheostoma., Oligocephalus, Catonotus, Ulocentra, and Percina). Species
present at the two sites are E. bison, E. blennioides, E. blennius, E. caeruleum, E.
crossopterum. E. flabellare, E. flayum, E. occidentale, E. oophylax, E. smithi, N.
rufilineatus, and P. caprodes. Percina burtoni was also observed during snorkel surveys
at Whiteoak Creek but was never collected during sampling efforts. In addition to
diversity with respect to species, a wide range of reproductive behaviors, larval stages,
body sizes, and other life history traits are present (Table 1). Furthermore, despite being
part of separate river systems, there is sufficient overlap of fauna at the two sites to allow

for replication within the study (Table 1).

Field procedures

As stated above, darters generally prefer riffle habitat (Page. 1983), which occurs
patchily throughout streams. To analyze darter movements, their occurrence in this
preferred habitat was tracked. Riffle habitat was sampled in two passes using a backpack
electrofisher (Smith-Root Model 15-C, Smith-Root, Inc.) and 12 ft x 4 ft seine.
Individuals > 30 mm were selected for this study. roughly representing adults of all
species (Etnier and Starnes, 1993). Darters were held in 5-gallon buckets with battery-
powered aerators. Icepacks were used during the warm seasons to keep the water cool

and reduce mortality. Tricaine methanesulfonate (Tricaine-S, Western Chemical, Inc.) at

a concentration of 60 mg/L was used to anesthetize the fish.

Once anesthetized, each darter was given a riffle- and season-specific mark using

fluorescent, visible implant elastomer (VIE) dye (Northwest Marine Technology, Inc.) to

allow tracking throughout multiple recaptures. Fluorescent VIE has been shown to be an
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effective long-term marker (Labbe and Fausch. 2000), and has better retention than
injectable photonic dye (Roberts and Angermeier, 2004) and some colors of latex paint
(Goforth and Foltz, 1998). The four interior riffles at each site were designated as
marking riffles and assigned a specific color (red, yellow. blue, or orange; Figures 2 and
3). A different ventral marking location (breast, anterior belly, posterior belly, or along
anal fin insertion) was used for each marking event (Figure 4). Ventral marks were used
to eliminate the possibility of increased predation (Roberts and Kilpatrick, 2004) or
interference with visual cues associated with mating (Page, 1983). Additionally, marking
ventrally allowed for quick identification of marked individuals using a container with a
clear bottom. After marking, fish were revived in aerated buckets of clean water until

fully recovered from anesthesia, and then released into the center of the riffle from which
they were collected.

Initial marking took place between 4 February and 13 February 2011, just prior to
spawning. Recapture and remarking rounds were conducted 24 April to 24 May, |
August to 15 August, 3 December to 15 December. and 3 February to 8 February 2012.

Periods between mark-recapture rounds represented pre-spawning, spawning. post-

spawning, and non-spawning seasons. Figure 5 shows mark-recapture periods and their

relation to known darter spawning periods. While most darter spawning takes place from

late February through May, Nothonotus rufilineatus spawns from May to August (Etnier

and Starnes, 1993). For this reason. calendar seasons could not be broadly associated with

reproductive seasons. Instead recapture periods were classified as reproductive seasons

: . . . i j round three was classified
on a species-by-species basis. The interval from round two to
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as the spawning season for N. rufilineatus while that from round one to round two was
classified as the spawning season for al] other darters in the study.

All four original riffles plus one additional upstream and downstream riffle at
cach site were included in the recapture efforts to document fish movements. All new
captures as well as recaptures were marked with a season- and riffle-specific mark.
Recaptured fish were identified to species (Etnier and Starnes, 1993), enumerated, sex
was determined (Kuehne and Barbour, 1983), and total length (TL) was measured.

Life history information was obtained from the literature. Data sources included
Cooper (1978), Keevin et al. (1989), Bart and Page (1992), Etnier and Starnes (1993),
Page and Knouft (2000), and Simon and Wallus (2006). Whenever possible, life history
information was used from the source whose study was conducted nearest geographically
to the study locations to account for possible intraspecific variation in traits. For analysis,
life history information was consolidated into life history categories. These categories
were largely based on reproductive behaviors and egg sizes of the focal fishes. Variation
of other life history traits was accounted for indirectly due to the high correlation of these
traits (Page, 1983; Turner and Trexler, 1998). Categories were ranked based on relative
reproductive investment. Darters laying larger eggs were considered to have higher input

than those laying smaller eggs. Burying eggs represented the behavior with least

investment, followed by attachment of eggs (to specific substrate or vegetation), and

clustering and guarding of eggs. Recaptured darter species fell into one of four

categories: buriers with small eggs. buriers with big eggs. attachers (small eggs). and

clusterer-guarders (big eggs; Table 2). These life history groupings are largely conserved

- i ificati . 1983;
within darter subgenera and have been used as a basis for their classification (Page, 1985
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Bart and Page. 1992). Larval drift phases were also ranked with respect to susceptibility

to downstream drift. Pelagic larvae were classified as most susceptible followed by

epibenthic and demersal larvae (Simon, 1994).

In addition, several habitat variables were measured to test for their potential

influence on darter movements. When possible, these measurements were recorded for
each sampling round to account for seasonal variation. Discharge values were obtained
from the Ellis Mills USGS gaging station (USGS 2012) on Yellow Creek. located 5.2
river kilometers upstream from the Yellow Creek study site. Maximum daily values were
averaged over each season to provide relative flow during those periods. Corridor-
predator density (CPD) was defined as density of predators in habitats between sample
riffles (i.e., pools and runs), and was calculated as fish per m”. Snorkel surveys were
conducted to quantify predator presence. Only species that are known piscivores and fish
that were of adequate size were counted. Congeneric density (CGD) of riffles was also
calculated as number of fish per m”. Areas for the preceding calculations were derived by
multiplying the average of the measured widths by the length. Riffle area stability (RAS)
was quantified by calculating change in riffle area between sampling periods. Riffle area
was calculated by multiplying riffle length by the average of widths taken at the head,
middle. and end of the riffle. Average corridor width (AC W) was the average of widths

taken every 50-100m., depending on the length of the corridor. Average corridor depth

(ACD) was the average of multiple depth profiles taken throughout the corridor at the

same frequency and location of the widths. Maximum corridor depth (MCD) was the

largest depth measured for each corridor. C orridor length (CL), the distance between

riffles, was determined using GPS coordinates (& 4m) and following the path of the
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hl » [ ar /1
(ream on Google Earth. With the excent: "MC i i
” Xception of MCD, corridor variables were averaged

when fishes crossed multiple corridors When dart i
: ers did not move, the i
, the corridor measures

on either side of the riffle were averaged and recorded. Distance traveled (D) was
measured as distance from the end of the starting riffle to the beginning of the ending
riffle. For darters found in the same riffle, D=0 Direction (upstream or downstream) was

recorded for darters that were recaptured in a different riffle.

Analysis

Data were organized in Excel 14.1.0 (Microsoft, Inc., 2010) and analyzed in JMP
9.0.0 (SAS Institute, Inc., 2010). One exception was that Fisher’s exact tests on
contingency tables larger than 2x2 were performed with RxC (Miller, 1997). Movements
were quantified in two ways: frequency of movement and distance traveled when
movement occurred. Influences on the direction of movement were also examined.
Analysis of binomial responses (frequency of movement and direction of movement) to
categorical data was performed through the use of Pearson’s chi-squared tests (goodness
of fit and tests of independence). When expected frequencies < 5 exceeded 20% of the
cells in a contingency table, Fisher’s exact tests were used in place of Pearson’s chi-

squared tests. Analysis of binomial response to continuous data was completed with

N ' . ' _ ’ : 'ed and categorical
logistic regression. To examine relationships between distance moved a g

variables, non-parametric Mann-Whitney U and Kruskal-Wallis tests were used instead

. ; i inear
of t-tests and ANOV As because of violations of the assumption of normality. Line

' ; il . No statistical
regression was used to test distance moved against continuous variables

_ . } : movement
procedure was available to test the ordinal life history data against the



responses while maintaining the directional relation between categories; however
yariation among the groups was tested and results were graphed to reveal directional
relationships. For all tests, statistical significance was considered at P < 0.05.

Because most darters did not move (see results), only darters that moved were
included in the analyses of distance moved. In some cases, this limited the ability to
perform analysis of seasonal variation of relationships due to low sample sizes. Because
some darters went multiple recapture rounds before being recaptured, it was sometimes
unclear when a darter moved. Thus, analyses that were sensitive to time of movement—
seasonal analyses, habitat measures, and densities—were conducted with only recaptures
for which the timing of movement was known (i.e., darter was captured previous round

of collecting). Tests performed, sample sizes, and full results are summarized for all tests

in APPENDIX A.
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(raits W ith respect to movement during the mark-recapture study at Whiteoak Creek and
yellow Creck. Tennessee. Subgenera (or genus if no subgenus) listed to show that life

history categories fall mainly in line with these taxonomic groups. Life history categories
are listed In increasing order of reproductive investment.

Table 2. Life history categories of recaptured species created for analysis of life history

Genera (G)/Subgenera (SG) }
Life History Category Species Represented Represented
| Life History 24
Buriers of small eggs Etheostoma caeruleum Oligocephalus (SG) 4\
Buriers of big eggs E. blennius Etheostoma (SG)
Nothonotus rufilineatus Nothonotus (G)
Attachers (small eggs) E. flavum, E. occidentale Ulocentra (SG) J
Clusterer-guarders (big E. crossopterum, E. Catonotus (SG)
e0gs) flabellare, E. oophylax
e
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Figure 1. Location of the two study sites, Whiteoak Cre'ek and.Y(_ellow Creek. in Pt{l?ehl |
north-central portion of Tennessee. Both sites are contained within the Westerr}]1 Highlan
Rim of the Interior Highlands. Whiteoak Creek is a tributary to the Tennessee River in

Humphreys County. Yellow Creek is a tributary to the Cumberland River in Montgomery
County,
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Figure 2. Map of the Whiteoak Creek study site in Humphreys County, Tennessee.
Rectangles represent the riffles included in the study. Each of the four interior riftles
were assigned a specific color of VIE dye that was used to mark captured fish. The two
outer riffles were recapture only riffles. Riffle length (length of boxes)'and spacing are to
scale. Riffle 1 was not present during the August and December samplings. Arrows

indicate direction of stream flow.



20

MONTGOMERY
COUNTY /
Hwy 13
Crossing

| | 1
Meters

Riffle 1 Riffle 2 Riftle 3 Riffle 4 Recapture
§ Red Yellow Blue 83 Orange D Only

Figure 3. Map of the Yellow Creek study site in Montgomery County. Tennessee.
Rectangles represent the riffles included in the study. Each of the four interior riffles
were assigned a specific color of VIE dye that was used to mark captured fish. The two
outer riffles were recapture only riffles. Riffle length (length of boxes) and spacing are to

scale. Arrows indicate direction of stream flow.
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Figure 4- [Ilustration of marking locations on darters at Whiteoak Creek and Yellow
Creck, Tennessee. All marks were made ventrally with VIE. Body location of marks
indicated when the darter was marked (1 = February; 2 = April/May; 3 = August; 4 =
December). C olor of VIE indicated the riffle from which the darter was collected (see
Figures 2 and 3).
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Round 3
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n

|S—

Round 4

recapture study at Whiteoak Creek and Yellow Creek, Tennessee. Periods between mark
-recapture rounds were designated as one of four reproductive seasons (pre-spawning,
spawning, post-spawning, or non-spawning) based on the known reproductive season of
the species. For all species other than Nothonotus rufilineatus (see text), Round 1 to 2
was the spawning season, Round 2 to 3 was post-spawning, Round 3 and 4 was non-
spawning, and Round 4 to 5 was pre-spawning. The spawning season for N. rufilineatus
was between Round 2 and 3, with other seasons shifted accordingly. The three genera

represented are Etheostoma, Nothonotus and Percina.

Data source: Etnier and Starnes (1993)
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CHAPTER 111
Results
Over the course of the study, 10,136 darters, representing 12 species, were

marked (Table 3). Nothonotus rufilineatus (n=6,299), Etheostoma flavum (n=1,516), E

flabellare (n = 1.137). and E. caeruleum (n = 870) comprised the majority of the fishes

marked. A total of 849 (8.4%) recaptures from 8 species (2 genera and 4 subgenera) were

recorded. Of those recaptures, 573 were marked the previous study period and could be
used for the seasonal analyses as described above. Recapture rate was consistently fairly
Jow across most species (4-10%) with the exception of E. blennius (35%). Because of the
low number of recaptures for other species (E. occidentale, E. crossopterum, and E.
oophylax). they were not included in individual species analyses.

Overall movement rate from the riftle of release was 17%. This rate was lowest in
N. rufilineatus and E. caeruleum (both 14%), highest in E. blennius (63%), and
intermediate in E. flabellare and E. flavum (27% and 25%, respectively). Of those
movements, 27% moved more than one riffle, and average distance moved was 247.1 m.
Etheostoma flabellare (54.5%) and E. blennius (50%) made the most frequent multi-riffle
movements, while N. rufilineatus (287.0 m) and E. caeruleum (293.6 m) had the highest

mean distances moved. More females were marked than males (P <0.0001), however the

numbers of each sex recaptured were not significantly different (P = 0.6067).

Mean distance traveled for darters that moved at Yellow C reek (404.0 m) was

. i It is likely
significantly greater than at Whiteoak Creek (105.0m: P< 0.0001). This result i

i tal., 2011), but
an artifact of the difference in the length of the two study sites (Schwalb et a

i nt rate was higher at
IS important to note for the additional analyses below. Moveme
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movements across short distances of unpreferreq habitat are presumably successful more
frequently than those across long distances of unpreferred habitat Mean CL over the
course of the study was 68.9 m (min =353 may 161.6) at Whiteoak Creek and 301.7m
(min = 63.3. max = 872.7) at Yellow Creek. Variation between sites is shown by species
in Table 4.

Variation in movement rate was observed among the reproductive seasons (P=
0.0028) with pre-spawning and spawning seasons (both 24%) having roughly twice the
rate of movement seen in post-spawning (11%) and non-spawning (13%) seasons (F igure
6). however, no significant difference in the mean distances moved was observed among
the reproductive seasons (£ = 0.2289). An overall trend toward downstream movement
was seen (76 downstream, 65 upstream) but was not significant (P = 0.3543; Figure 7).
Differences in the directional biases were not statistically significant among the
reproductive seasons (P = 0.4883). The downstream bias in the non-spawning season was
significant (P = 0.0285). Mean distance traveled in the upstream direction was larger than
that in the downstream direction but this difference was not statistically significant (P =

0.2045). Further seasonal and directional analysis was performed with respect to other

variables and is contained within those sections below.

Movement wih respect 1o size and sex

. ’ : foni between
Mean distances moved across all species did not differ 51gmf1cantly

. ductive season,
XS overall (P = (0.471 3). However, when examining the data by repro
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istance traveled by males was <iom:
mean distne y males was stgnificantly greater than femal during th
es during the pre-

qwning season (P =0.0348: Figure .
spaw gure 8). Males also tended to travel greater distances in

did not differ between sexes overall (P = 0.6215) or within reproductive seasons (Fi
1gure

9). Directional ratios of movement between sexes were also not significant (P = 0.1980)
nor were the directional biases of females (59% downstream, P = 0.1176) and males
(51% upstream, P = 0.8137).

Overall, there was no significant relationship between movement rate and darter
size (TL: P =0.6851). During the pre-spawning season, however, larger darters tended to
move more frequently (P <0.0001), and post-spawning smaller darters moved more
frequently (P = 0.0095; Figure 10). Mean distance moved did not significantly relate to

darter size overall (P = 0.6803) or within reproductive seasons. Furthermore, no relation

was found between total length and direction of movement (P = 0.5041).

Movement with respect to abiotic variables

Riffle size varied throughout the study with the largest values in April/May and
the smallest in August (Table 5). Riffles at Yellow Creek were typically wider and longer
than those at Whiteoak Creek, but depths were similar. Due to the ever-changing nature

am
of streams, a few notable variations occurred throughout the study. The furthest upstre

marking riffle (see Fi gure 2, red riffle) at Whiteoak Creek disappeared as a riffle for the

: . during the
August and December recapture events but reappeared. slightly upstream &

: ioinal ri t both sites
February 2012 recapture. Additionally, on multiple occasions, original riffles @

these circumstances
had e riffle habitats appear that were connected by short runs. In
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sability (RAS: 1= 0-14..7°=0.0001), Logistic regression of movement rate by RAS was

positive but was not significant (P = 0,086 )- Finally, as RAS decreased, darters were

more likely to move upstream, while as RAS increased darters were more likely to move

downstream (P = 0.0061).

Similarly to riffles, corridors were largest in April/May with respect to depth and
width (Table 6). However, as riffle lengths increased during this period, corridor lengths
decreased. Pool measurements were not taken at Yellow Creek for the December sample
nor at either site for the February 2012 sample due to low temperatures and the depth and
time in the water required to take the measurements. No relationship was seen between
movement rates and either average corridor depth (ACD) or maximum corridor depth
(MCD; P=0.2797 and P = 0.6266, respectively). A non-significant trend (P = 0.0588)
toward greater movement rate with increased average corridor width (ACW) was
observed. Because of site variation with respect to study site length (allowing for longer

distances to be recorded at Yellow Creek) and size of stream, distance analysis with

respect to corridor variables was conducted independently for each site. Only depth

- i i ith distance moved.
measures at Yellow Creek showed significant linear regressions with dista

However, ACD was negatively related to distance moved (r 0.15,P=0.0393) w

‘ : = =0.0450).
MCD was positively related to distance moved (1" =0.14, P )

i i Creek varied
Discharge at the Ellis Mills USGS gaging station on Yellow

: : ily discharge was
Significantly among seasons (P < 0.0001). Average maximum daily
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e in the spring (561 c¢fs). intermediate in winter (248 cfs), and
| 5), and smallest in fa) (73

ofs) and summer (56 cfs: Figure 11),

Vovement with respect 1o biotic variapjeg

Congeneric density (CGD) varied by season and site (Table 7). Both sites had th
: S had the

lowest CGD in April/May. and highest in August at Yellow Creek and in December at
er a

Whiteoak Creek. Logistic regression showed that as CGD increased, darters were more
likely to move (P = 0.0030). This trend was particularly strong during the post-spawning
season (P < 0.0001) while other seasons showed no significant trend. The positive
relationship between CGD and movement rate was seen in three of the four Jife history
categories (buriers of both big and small eggs and attachers) although only significantly
so in buriers with big eggs (P = 0.0093). CGD appeared to have no affect on movement
rate in clusterer-guarders (P = 0.9834). Mean CGD varied significantly between sites (P
<0.0001); therefore, sites were analyzed independently with respect to distance moved.
No significant relationships, however, were observed between CGD and distance moved.
Several piscivorous species of fish were encountered during snorkeling surveys to
assess predator density including Micropterus salmoides, M. punctulatus, M. dolomieu,

Ambloplites rupestris. Lepisosteus osseus, Pylodictus olivaris, Ictalurus punctatus,

, : , i r
Lepomis cyanellus, L. macrochirus, L. megalotis, and L. microlophus. Corridor predato

density (CPD) was similar in both seasons recorded at Yellow Creck but was notably
higher in August than in April at Whiteoak Creek (Table 7). Overall relationships

,
ionificant (r°
Petween CPD and distance moved, and CPD and movement rate were not sig

- influence
D01~ 0.4085 and P = 0.1658. respectively)- CPD did, however, 11
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povement rate W ithin the life history categories. Attachers . 1
5 Were more likely
0 move (or

] no e h ‘(I“ l]l .‘UCLL,S.\‘!UI II]O\LIﬂCﬂ( acr i 1 l ( P P = ()
N C h lOW D (
C . 0. 0 )

.r life history categories showed the i
Other life histor) g € Opposite trend, but be
, Cause of low sam i
ple sizes

i was significant only in buriers of big eggs (P =0.0185)

Vovement with respect to life history characteristics

Variations in movement rates among the life history categories were not
significant (P = 0.0741); however, movement rate was higher in life history categories
with increased reproductive investment (i.e., attachers and clusterer-guarders; Figure 12).
Additional trends appear when looking at this data by reproductive season (Figure 13).
The same positive relationship between movement rate and reproductive investment is
seen in the pre-spawning and post-spawning seasons (P = 0.0365 and P = 0.0022), while
the inverse relationship was observed in the spawning season (P = 0.2426). All life
history categories had low movement rates during the non-spawning period (P = 0.8956).
Seasonal trends in the movement rates varied among life history categories (Figure 14).
Buriers of both egg sizes had highest movement rates during the spawning season.
Attachers had the highest rate of movement in the post-spawning season and clusterer-
guarders had the highest rate in the pre-spawning season. Variation in movement rates
among reproductive seasons was significant in buriers of big €ggs and attachers (P =
0.0002 and P = 0.0334, respectively).

When darters did move, mean distance moved (P =0.0012) and direction (P =

" i i ement rate
0.0402) varied significantly among life history categorics. While mov

tance moved was greater in darters

Ncreased with increasing reproductive investment, dis
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cxhibiting less reproductive investmeny (Figure 15). A treng in directional bias was also
ccen with respect to reproductive investmeng (Figure 16). Buriers hag aslight
Jownstream bias over the course of the study, which was significant in those that bury

large €885 - Atachers had a slighy upstream bias (57%) and cluster-guarders

oxhibited a significant upstream bias (82%; P = 0.0348).

Darters with pelagic larval drift phases moved greater distances on average than
those with epibenthic or demersal phases (= 0.0001; Figure 17) Movement rate also
varied significantly among the larval drift phases (P = 0.0273). Darters with epibenthic
larvae moved most frequently (24%) and those with pelagic larvae moved least
frequently (14%; Figure 18). The post-spawning season was the only season for which
there was a significant difference among the phases (P = 0.0002). During this season, the
epibenthic category exhibited an especially high movement rate (75%) and the pelagic
category a particularly low rate (3%; Figure 19). Because of these extreme values during
the post-spawning season, epibenthic and pelagic categories had significant variation in
movement among seasons (P = 0.0334 and P < 0.0001) while the demersal category did
not (P = 0.8342). With increasing susceptibility to downstream drift as larvae, a shift
from an upstream bias to a downstream bias was observed in the movements of the adult

: i with pelagic
darters (P = 0.0503; Figure 20). The downstream bias observed in darters

larvae was significant (P = 0.0350).
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£ caeruleum 113 41 (4) 11 (27) 50.0 o
E_ﬂdh(’//(lra 55 19 (35) 12 (63) : -

 blennius . 4) 0(0) -

‘ E occidentale 186 1317) 0(0) .

E crossopterum 12 1® 00 ' _
E: oophylax : 0 ) _
E. bison 10 0 i _ -

' E. blennioides 4 0 s - -

 E. smithi 6 0 -

' P. caprodes

27.0 247.1
‘ 10,136 849(8) 141(17)
Totals 2
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4 Movement frequency and mean distance moved for darter species examined at
rable | {'\ site. Whiteoak Creek and Yellow Creek. to show variation between the two
Jh study s : . .
cach -“_‘h - difference in mean distances traveled between the two sites wag significant (P
‘ - C % .~ ~
sies- )‘l)l ) but was not significant for movement frequency (p = 0.0503).
<0.0(

Whiteoak Creek

Yellow Creek

Mean Mean
Percent Distance Percent Distance
‘ Movement Moved Movement Moved
s rufilineatus 12.7 106.2 145 3774
[\othonotus 1y ;
| 231005‘[0)11(1ﬂ""“’” %22 gzz ig(-)/ 2233
“ E caeruleum 31'4 133:5 0.0 y
ae ® _
|E. flabellar 63.2 134.4 .
‘ E. blennius 0.0 i ) )
| E. oophylax ) ] 0.0 s
i E crossopterum

" - 0.0 -
Eoccidentale 19.4 105.0 144 4040
Overall
Overall




];]l1 o OV
m'n‘k‘l't‘fill"““ .

“whiteoak Creek

Y raary 2011
April 2011
August 2011
December 2011
February 2012

Averages

| yellow CreeK
February 2011
May 201 1
Auéust 2011
December 2011

February 2012
 February 2012

| Averages

o 5. Phy sical measurements of riffle habit
€ ot .

ats at the study sites for cach of the five
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18.3

6.7
13.7
16.0
14.1
17.9 51.2 8822 0.39
23.5 61.8 1359.4 0.38
10.3 31.6 338.0 0.33
14.7 44.4 761.0 0.34
14.0 41.1 406.9 0.28
16.1 46.0 749.5 0.34 ]
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lc 6 physical measurements of corridors at the study sites. Mea
];ﬂ‘ | R ’ "

leted for all scasons due to low water tlemperatures surements were not
compl¢ ‘ S,
Average Maximum
B Depth (m) Depth (m)
o oak Creek
whiteoak ¢
~April 2011 0.72
‘;\ugust 2011 0.57
December 2011 (())§3
A\-(’]'(]‘QL’S il
yellow Creek
: ida\' 2011 1.18 2.94 24.0 2845
August 2011 1.09 237 23.7 3086
December 2011 - i ] _
o dJ4 2.65 238 296.5 |

" {verages
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Longeneric densities of darters in riffles and predator densities of
reck and cllow Creek. Tennessee. during the course ofthe0 C(;(mdors "
mark-recapture

. density assessment, conducted via snorkeling, was not compl )
winter months due to low water temperatures. pleted during
¢

Darter

Total Total Riffle Density |  Total Co:;g:: Pr[;datp.-
Darters _ Area (m’) (fish/m’) | Predators Area (ha) (ﬁ:l‘:lslllg

\\'hitcoak Creek
February 2011 707 15110 0468 ) . :
| April 2011 813 2,1349 0.381 43 0.50 85.6
- August 2011 394 819.4 0.481 214 050 4302
O el LB 15106 560 : i _
“repruary 2011 2:363 35288 0726 i § -
| May 2011 1319 54374 0243 697 342 2041
| August 2011 1,149 13519 0850 688 365 1884
| December 2011 2,188 3.0438 0719 i i i
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Pre-spawning Spawning Post-spawning Non-spawning

11%

Movement Rate

Figure 6. Movement rate (% found in riffle other than that of release) by reproductive
season of darters at Whiteoak Creek and Yellow Creek, Tennessee. Differences in the
movement rates were significant among the four reproductive seasons (P = 0.0028).
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0%
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* Significant directional bias in individual ratio (P <0.05)

Figure 7. Directional movement for each reproductive season and overall for darters at
Whiteoak Creek and Yellow Creek, Tennessee. The 50% gridline is bolded and is th.e .
point at which upstream and downstream movements were equal. No significant variation
was observed in the direction moved among the seasons (P = 0.4883).
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Distance Moved (m)

Pre-spawning Spawning Post-spawning Non-spawning

Female E Male

* P <0.05 within reproductive season

Figure 8. Mean distances moved (m) between sexes within reproductive seasons of
darters at Whiteoak Creek and Yellow Creek, Tennessee. No significant difference was
observed between the sexes in overall distances moved (P = 0.4713).
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Figure 9. Movement rates (% found in riffle other than that of release) between sexes
within reproductive seasons of darters at Whiteoak Creek and Yellow Creek, Tennessee.
No significant difference was observed between the movemert rates of males and
females overall (P = 0.6125) or between the sexes within the reproductive seasons.
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100%

75%

50% -

25% -

Proportion of Movement
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Total Length (mm)

found in riffle other thap that of t
awning and post-spawning seasons a
0.0001 and P = 0.0095,

]‘l]gure 10. Logistic regression of movement rate (%
©-85¢) and total length of darters during the pre-sp

€02k Creck and Yellow Creek, Tennessee (P <
TeSpectively 5,
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]()_()00

1.000

100

Discharge (cfs)
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1 ] ——————
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2011 2012

Figure 11. Maximum daily discharge values at Ellis Mills USGS gaging station, located
37 river kilometers upstream from the Yellow Creek study site. Mean discharge over
each recapture period is indicated by horizontal dotted line. Vertical axis is displayed in
base 10 logarithmic scale. Data obtained from USGS (2012).
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Buriers Buriers Attachers — Clilsterer-guarders
(small eggs) (big eggs) (small eggs) (big eggs)

Figure 12. Movement rate (% found in riffle other than that of release) by life history
categories of darters at Whiteoak Creek and Yellow Creek, Tennessee. Life history
categories are displayed in increasing order of reproductive investment to show the trend
of increasing movement rate with increased investment. The difference among the four
categories was not significant (P = 0.0741).
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Figure 14. Movement rates (% found in riffle other than that of release)
"productive seasons grouped by life history categories of darters at Whiteo

Yellow ¢
ellow Creek, Tennessee.

) within
ak Creek and
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Figure 15. Mean distances moved (m; columns) within life history categories of darters at
Whiteoak Creek and Yellow Creek, Tennessee. Asterisks and upbars indicate the 90%
Quantile for each category. Differences in means among the life l}istory categories were
significant (P = 0.0012). Life history categories are displayed in 1ncrea51ng_or§er of
feproductive investment to show the trend of decreasing distance moved with increased

eproductive investment.
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* Significant bias in individual ratio (P < 0.053)

Figure 16. Directional movement for each life history category of darters at Whiteoak
Creek and Yellow Creek. Tennessee. The 50% gridline is bolded and is the point at
which upstream and downstream movements were equal. Variation in the rgtios among
the life history categories was significant (P = 0.0402). Life history categories are
displayed in increasing order of reproductive investment to show the relationship
between directional bias and reproductive investment.
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F igure 17. Mean distances moved (m; columns) within Jarval drift phases of darters at
Whiteoak Creek and Yellow Creek, Tennessee. Asterisks and upbars indicate the 90%
Quantile for each phase. Differences in means among the larval drift phases were
Significant (P = (.0001). Phases are displayed in increasing order of susceptibility to
OWnstream drift as larvae to show the trend of increasing distance moved with increased

Suseeptibility to downstream drift.
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10% -

0% =

Demersal Epibenthic Pelagic

Figure 18. Movement rate (% found in riffle other than that of release) by larval drift
phase of darters at Whiteoak Creek and Yellow Creek, Tennessee. Phases are displayed
i increasing order of susceptibility to downstream drift as larvae to show the trend of
decreasing movement rate with increased susceptibility to downstream drift. The
differences among the three larval drift phases were significant (P = 0.0273).
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Figure 20. Directional movement distributions for each larval drift phase of darters at
Whiteoak Creek and Yellow Creek, Tennessee. The 50% gridline is bolded gnd is the
point at which upstream and downstream movements were equal. Variation in the ratios
among the larval drift categories was not significant (P =0.05
are displayed in increasing order of susceptibility to downstrea
the relationship between directional bias and larval drift phase.

03). Larval drift categories
m drift as larvae to show
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CHAPTER 1y ’

“iscussion

[he movements of stream fishes have generally beey
0 be restri
ficted, with

~anals making long distance dispe
jow indn iduals n g long distance dispersals or Migrations (

Gerking, 1953; Hill ang

n. 1987: Smithson and Johnston, 1999. p
’ » Petty and Grossmg
v end

Grossmd
0 applies 10 small. benthic fishes such as darters (reviewed in Sch b
Chwalb et g] 2011)
“ .Of
. ement studies published
the few darter movemen published, most darter moye ;
ment studies have
een

bna i species, eliminating th rtuni
restmud to single sp g the opportunity to as lati
S€ss varlation in
movement

associated with differences in life history strategies. Additionally, almost no |
, seasona

movement studies have been conducted, and single seasons studies are almost exclusively
conducted in the summer or fall, further limiting our knowledge of these highly imperiled
fishes. This represents the first study on the seasonal movements of multiple darter
species with various life history strategies.

Frequency of movement (16.6%) recorded in this study was higher than most
previous studies of darters. The movement rate was even higher than expected when the

sizes of the study sites are considered. Whiteoak Creek and especially Yellow Creek are

larger streams than those used in most previous studies. Larger streams tend to have

increased corridor lengths between preferred riffle habitats, which should decrease

Irequency of movement (Slack et al., 2004). Although not significant, Whiteoak Creek

frequently at this site

was ¢ R )
4 composed of much shorter corridors and darters moved more

than .
Mat Yellow Creek - Perictcd_
i due to
erved in this study may, 11 part, be

I'he overall higher rate of movement obs
¢ of the only

e inel e .formed on
= clusion of multiple seasons. [ngersoll et al. (1984) perfo
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_pased oudies with darters and found 4 7 7% |
pring = 7o movemeny
ate, sub

Stantially hi

,similar fall-based study by Mundah| gher

Ih.m

and Ingersol] (1983) th:

qubstantial increased movement i the

.4 Q0
\ .80

of -
(his study ¢

povement across all seasons. Furthermore, like in other mult;

d. 1968: Roberts and Angermeier, 2007b), moy :
Reed. 5 ement rates varied wige|
Y among

gpecies. demonstrating the significance of studying multiple species,

The low recapture rates in most movement studies (including this one) leaves a
large ponion of the movements (or non-movements) of a population unknown. This
portion of the population is made up of an unknown number of fish that have 1) left the
study site. 2) evaded capture within the study site, or 3) died. Roberts and Angermeier
(2007b) contended that mortality rates and sampling efficiency accounted for a large
portion of the non-recaptured fish in their study. While this study may have had reduced
sampling efficiency due to larger stream sizes, recapture rates were also notably smaller.
Supporting the idea of emigration, the detected maximum distance traveled by darters

depends on the spatial extent of the study site (Schwalb etal., 2011). This type of

. . ‘ o ) n
inherent study bias has led many to caution the findings of Jimited movement in strea

fshes (Funk. 1957: Gowan et al.. 1994: Rodriguez, 2002). Study site lengths were larger

' isi 1 her average
b s Of st 1 S tudies. I h€]€1016, 1t was not surprlsmg that h g V
| i y iifelent
i Xi iS[’ S were Obsel Ved. IllSight galned from Stl,ld ng streams ()f d

- d at

Sizeg withs . he uals that move

/¢ within this study further encourages caution. Of the individ

' ; site at
the entire study

"ellow Creek, 22394 moved distances greater than the gFRE d
. t of the study
Wi . ” spatial exten

"Mioak Creck. I his finding supports the previous Claims IR
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‘onclusions of dist
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ance moved. O the
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other hand, Ethe

OStoma ple

hhius, the
he greatest movement freque
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NCy in this study (63, Was also the spegies
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ignificantly further than
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e m cies of darters, males become
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ming season. In many sp
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i awning season |
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) 1983). The increased distance
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lor to ming, larger
ror to spawning,
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viously an
! served in darters pre
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Fausch,
i bbe and
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2007b ently.
n v a v re frequ
however, sm ved mo
individuals mo
p g individ | |
" o 1 season Pre-spawning season
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rflle arca. As extent of pr

y clerred habitat w
iperease

as greater, Smaller darterg were
ibly able to more readily find ade
ssumatiy «
W sut

o water levels fell and riffle areas shrank |
SP;i\\ ning.

resources.
This conclusion is supported by the observation that Movement rate increage

ith increasing congeneric density (CGD). The relationship was especially strong in the
W ©

post-spawning season, the season in which smaller individuals moved more frequently
than larger individuals. Increased movement in response to higher conspecific density has
been previously observed in Etheostoma podostemone (Roberts and Angermeier, 2007b),
Movement out of dense areas is expected as higher density increases competition for
resources (food. mates, and cover). This response can also act as a predator avoidance
tactic (predators often seek high densities of prey items; Hall, 1972). Petty and Grossman
(2004) found that sculpin movement rates increased with conspecific density and were
most strongly tied to the density of large adults. Further study of sculpins revealed. that
they used conspecific density as a broad cue for movement but that prey density directs

igher
i ay from areas of hig
fine-scale movements. More specifically, sculpins moved away

| ities l 1 gg g 1 (

Such
. Lamphere, 2005).
“onspecific density) around food resources on a fine scale (Lamp

imilar
: - however, Sim
with darters:
fUCused research on density has not been conducted

st the taxa.
: imi ies between
ﬂndingS may be expected due to ecological similarit

i darter
imilar impact on
Rifflc arca stability (RAS) was expected to have s

fish
o ssources per
vailability of res

. chrank, availa
Ovement a5 CG). 1t was thought that as riffles shra



ld decrease m the same way as if darter density iner
Wi Y e

«od movement. However, an increase ;

(o nered

ontrary 1o the original hypothesis of
C ;

i
§ ncreased Movement with decreas; iffl
ng riffle are
d,

assumption that

: as riffle size i
hut 10 the Z¢€ Increased, darter density would decrg 1
ase. Instead

s iffle size increased darter density also increaseq. This is presumab) d
S Yy due to

nmigration of darters into riffles either from outside the study area or from the corridoys
within the sites.

Darters have been reported to make downstream migrations into deeper water
after spawning (Winn. 1958; May. 1969), potentially, from small tributaries into larger
streams. This timing corresponds with the period in which the relationships of CGD and
RAS with movement are strongest. The only tributaries within the study stretches,
however, are very small springs. Larger tributaries, more capable of contributing
substantial influxes of darters are distant enough (> 500 m) to require significant
migration of immigrants. Frequent movement of this magnitude has not been shown by

this study or previous studies for darters (Reed, 1968; Mundahl and Ingersoll, 1983;

Ingersoll et al., 1984; Roberts and Angermeier, 2007b). The other potential source of

Immigrati i iacent pools or runs
mmigration is the corridors. Many darters are known to move into adjacent p

] : ing in the
@different points in the year (Etnier and Starnes, 1993)- While snorkeling in

‘ . particular around
€0 - . encountered, 1N P
Mdors 10 assess predator density. darters were often

: more
g . 1 abitat became
the Cdges of the corridors. As water levels mcreased, and riffle h

Wl ; - to the riftles.
“alable, darters may have moved from the corridors 1nto
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The presence ol predators was expected tq .
$ ¢ lho\lclne
. nt of
berts and Angermeier (2007h) found that darterg acrogg
e

. 20
oridors: R
L

upper lim; ,
1tof dist

j by darters W as decrease -

ed v

reased by increase
ravel 3 cased predator density ip —_—
S. (1 l]am and

sver. observed increace
Fraser (2001). however. 0bse od increased movement in the prese
‘ | Nce of predatorg ina
i 4 killifish through experimental removal and introductio f
| N Of predators it Certain
_rheir study stream. Darters in this stud ibi
sl their study y exhibited two d;
" o different responses to
- predator density. The expected restriction On movement was seer ;
N in egg
attachers. while all other darters displayed increased movement with increased preq
predator
density in the corridors. This increased movement could be a consequence of the
rendency for greater predator density in the shorter corridors of the study area. The
increase in frequency of movement would therefore be a result of the shorter distance to
yravel and not the higher predator density in these corridors.
Despite this possibility, egg attaching darters appear to be more sensitive to high
P p y. egg g PP :
predator density than the species from other life history categories. Throughout

snorkeling efforts, when Etheostoma flavum and E. occidentale were observed in

corridors. they were most frequently observed around logs and large rocks on the edge of

| e
pools. This habitat was also where predators were most frequently encountered. In on

| itti top of a
Stance at Whiteoak Creek, three or four E. flavum were observed sitting on top

- his tree were
‘rge. fallen tree trunk in a pool of a corridor. [mmediately undereath t

. o
observed in the corridors, Were not 1

thre : ;
hree large Micropterus. Other darter species, when

uch as logs and large rocks

) S Egg attaching darters’ utilization of habitat s
rs are found, may be the

o dato
hile in e corridors, which is the same place many Pre

Calge 1 . . ity.
*Jor their increased sensitivity to predator density
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\ negative relationship between mean distance traye|eq d
¢dand avera :
£¢ corridor

\(l)) ﬂnd a P()Sili\'c I‘Cl'dli()nshi IO maX ]
dCPlh ( p “nun] COFrldOl‘ depth (MCD W,
) as

aected. This result. however, is likely due t ite bi
nexpecte 0 study-site bigg with re
Spect to MCD. As

jarter travels greater dist
e

ances, it i i
ﬂ t1s more likely to traverse areas of greater depth, Thys

iis unlikely for an individual to trave] long distances without crossing a deep portion of
stream. For this reason, the positive relationship between MCD and distance traveled is
imerpre[ed as a lack of restriction on movement rather than a promoter of long distance
movement. ACD on the other hand appeared to be restricting factor on mean distance

iraveled. This result is not surprising for a group of fishes that typically prefer shallow
penthic habitats (Page, 1983).

Movement rates of fishes have been shown to increase with higher flow rates
(Hall, 1972; Albanese et al., 2004; Petty and Grossman, 2004). These higher flow rates
typically occur during the spawning season, making it difficult to separate the two
variables. Many fish utilize high flow events to access particular habitats needed for
spawning, intrinsically connecting the two variables (Etnier and Starnes, 1993); but, this
is not necessarily true for all species. The inclusion of multiple species with different
spawning seasons in this study showed that increased movement rates across species are

: iers of small eggs
more specifically tied to spawning season than to increased flow. Burier

| ir highest movement rate
lie.. Etheostoma caeruleum) were the only darters that had their hig

] : i i.e.. E blennius and
Mthe season with the highest flow (spring). Buriers of big eges (1

: had their
f . E. occidentale)
Nothonoyg rufilineatus) and attachers (1.€., E. flavum and

With the
' . w (summer). W1
highest rate of movement in the season with the lowest flow (

. n), the non-
) et di awning s€aso
“eeption of A, rufilineatus (because of their different Sp



s ecason — which had the see i
\b.‘l\\lllﬂ?— ¥ cond hig

ansistent .
had ¢ONSIS all life hlslory )

Although movement rates were hig

I )
wing. spawning. .

and post-spawni .
a : pawning), rates varied among th
€se season
S and acr

istory groups. Attachers ( i

- flavum and . occidentale) and clyst
erer-

guarders
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i1 the pre-spawning season. Frequency of movement in these categories was then reduceq
significantly during the spawning season. Buriers on the other hang show their greatest
movement rate during the spawning season. Darters that bury their eggs typically do so in
paiches of gravel (Page, 1983). This substrate occurred commonly throughout the riffle
habitat of each study site. Attachers and clusterer-guarders have higher spawning
substrate specificity. Attachers included in this study use large rocks with small crevices
and depressions in which eggs are laid one or two at a time (Keevin et al., 1989; Etnier
and Starnes. 1993). Clusterer-guarders seek out large, flat slabs of rock under which they
clean and prepare the nesting site (Lake, 1936; Page, 1974; Page and Burr, 1976; Page et
al.. 1982). Although not directly quantified, the frequency of these substrate types was
much less common at the two study sites. Greater competition for fewer available sites

leads 10 an increase in movement. Therefore, s sites are selected and prepared during the
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Pre-spawning season, darters with higher spawning substrate specificity show gred
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A predominant increase in the movement frequency of attachers oceyrreg post-

: | This may be associated with movement into deeper water after Spawning that

awning. 1S ma)
spnﬂ\ﬂ”n;eponed for other darter species (Winn, 1958). This was observed specifically
l?as bL.e fish in this study, E. caeruleum and E. flabellare. Unfortunately, and perhaps
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at species with
elagic drift intervals would undertake greater upstream spawning migrations as aduylt
ults to

compensate for downstream drift as larvae. Instead the Opposite was observed in this
study.

Some darter larvae, however, do not have drift phases that would be expected
based on their egg size. For example, E. caeruleum exhibits relatively low reproductive
investment as buriers of small eggs, yet its larvae are demersal (Simon and Wallus,
2006). To account for inconsistencies such as these, the effect of known larval drift

phases on movement was examined directly. Darters with pelagic drift phases as larvae

were observed to move greater distances over the course of the study as adults. However,

i irectly,
even when examining the relationship between larval drift phases and movement directly

Irecti i as expected.
directional bias and movement frequency results were the opposite of what was €Xp

of foni nstream
Darters with pelagic drift phases exhibited a statistically significant dow

dy.
/ : ourse of the stu
Movement bias and a decrease in movement frequency over the ¢
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Thus. darters 1 S re likely to remain in
€S€ more preferreq
(iffles than darters moving upstream into smaller riffles with more homog
eneous
qubstrates. Consequently, darters moving downstream may have been more likely to b
0 be

detected than those moving in the upstream direction. The unintentional positioning of

larger. more heterogeneous riffles within the study site therefore may have influenced the
directional movement bias observed in this study. Further study regarding the influence
of riffle habitat quality on darter movements would be beneficial.

Alternatively, significant upstream migration as adults may not be necessary.
Slack et al. (2004) predicted source-sink populations in Nothonotus rubrus (E. rubrum)

due to downstream larval drift, but their hypotheses were not supported. Variation in age

structure of populations at their study site led them to conclude that downstream drift

followed by upstream migration was not supported at large scales (> 1 km). but may be

possible on smaller scales. Moreover, they predicted. based on drift studies of

1] - is probable
Stizostedion vitreum ( by Franzin and Harbicht, 1992), that drift up to 300 m 15 P
est that darters

W rubrus, bug distances of 1-5 km are unlikely. These findings sugg
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1 . ‘oration to compens
"t pelagic drifi phases may not require significant upstream mig d
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‘ : ‘ re unknown.
o dow nstream drifi. Finally, the movements of juvenile darters @ 5
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Fausch (2000) reported adults to be more mobile than juvenil
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Increased awareness of variation in fish movement patterns has many
conservation implications. This study has provided insight into seasonal aspects of darter
movements as well as correlations between life history characteristics and extent of
movement. This information is critical for effective development of conservation
practices. For example. Benton et al. (2008) showed restriction of fish movement across
certain types of road crossing structures (i.e., box and tube culverts). Similar impacts
have been demonstrated in both lab and field experiments of the federally threatened
darter, Percina pantherina (Schaefer et al., 2003). Other sources of fragmentation can

stem from degradation or loss of habitat. Slack et al. (2004) hypothesized increased

isolation with increasing distance between riffle habitats, which is supported by data from

this study. Darters found in larger streams, naturally consisting of greater distances

1 o) ion. Th
between riffles, may be particularly susceptible to further habitat fragmentation. These

of species that are evolutionarily more

mpacts present the potential for fragmentation

:oc with hi ductive
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sifficul due to small populations and possible study-related Mortalities. Caytjop is

qeeded in the extrapolation of any data; thus, the following inferences are presented ag
h}-poll1esized extensions of the results herein. With this understanding, predictions on the
movements of several federally imperiled species can be made. As stated earlier, life
history traits are largely conserved within darter subgenera (Page, 1983). Within
Catonotus for example, all species produce small clutches of relatively large eggs that are
clustered under flat rocks and guarded by males (Lake, 1936; Page, 1974; Page and Burr,
1976 Page et al., 1982). Five species within this subgenus (E. chienense, E. lemniscatum,
E. marmorpinnum, E. percnerum, and E. sitikuense) are federally endangered (“U.S. Fish
and Wildlife Service,” 2012) and numerous others receive or are in need of state or
federal protection (Jelks et al., 2008). The three species of Catonotus T fhisisiucty (£

crossopterum, E. flabellare, and E. oophylax) together showed a significant reduction in

. ‘ ]
distance traveled despite a higher occurrence of movement between riffles. Turner an

Trexler (1 998) and Faber and White (2000) proposed that these reduced movements have

; ing in E. flabellare.
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t
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‘atai flow.
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ization of
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Finally. four species within Nothonotus (N. moorei, N, etowahae, N. wapiti, and
v rubrus) are federally listed (“U.S. Fish and Wildlife Service,” 2012). Species in this
genus along with several imperiled Percina share the pelagic larval drift phase of N.
rufilineatus (Slack et al., 2004; Simon and Wallus, 2006). Nothonotus wapiti has been
shown to remain in the pelagic phase for up to 45 days (Rakes et al., 1999). Drift distance
is inherently tied to a stream’s flow rate. Alterations to flow rate due to impacts such as
channelization or increased impervious surfaces within the watershed could lead to an

increase in the downstream drift of the larvae with longer drift stages. Upstream

. . .
migration of adults has been suggested as a compensatory mechanism (Hall, 1972; Slack

i -mediated
etal.. 2004) but this was not observed during any season of this stdy: Human-media

‘ ‘ enetic sinks
MCrease in the downstream dispersal of larvae could therefore lead to &

downstream or the transport of larvae into unsuitable habitat.
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I'he extent of movement of darters in this study was
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movement in this study. Furthermore, the data herein suggest that increased mq
vement

rates across species are more specifically tied to spawning season than to increased flo
w.

Significant variation in the extent of movement was observed among the species
sudied. which demonstrates the importance of examining multiple species. Across all
species. males traveled longer distances during the pre-spawning season. This provides

empirical evidence to support previous observations of male-biased movement during

this season (Winn, 1958).

Two corridor-specific factors had notable impacts on darter movement. At Yellow

Creek. higher average corridor depth limited the distance darters traveled. This result is

not surprising for a group of fishes that typically prefer shallow benthic habitats (Page.

j howed
1983). Darters that attach their eggs (i.e., Etheostoma flavum and E. occidentale) sho
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Paricular sensitivity to increased predator densities within corridors by g
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gnificant reduction in movement rate through these portio
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A positive relationship was observed between frequency of movement and

eproductive investment. Moreover, the influence of reproductive investment varied by
season. These trends are likely associated with variation in spawning substrate
specificity, such that species with high specificity moved more frequently pre-spawning
while locating and establishing spawning sites, and less frequently during the spawning
season, when these sites were being defended. Species of darters e

specificity showed higher movement in the spawning season as they have roaming

termitories rather than specific nest sites.

' ith i i ive investment.
Distance traveled by darters decreased with increasing reproductive

This finding coincides with previous research that shows reduced gene flow in species
With small clutches and large eggs (Turner and Trexler, 1998; Faber and White. 2000). |
ive investmen
herefore species with life history strategies incorporating high reproductive InVe3
: dscape-
¢ potentially more susceptible to impacts that further fragment the riffle lan
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Although an inherent bias toward the detection of shorter movements may exist
(his study provides a basis for the exploration of darter movement across spatial and

remporal scales. taxa, and life history characteristics, which have important conservation

mplications for this highly imperiled group of fishes.



67

” > L. Angermeier, and S ,
\hancse: B.P.1 germeier, and S. Dorgj

movement in a network of Virginia Streains
Aquatic Sciences 61:857-869.

Jr.an

d L. M. Page. 1992. The infl .
gart. H. L & tntuence of size ang
Phylogeny on Jife 1
1story

variation in North American percids. Pp 553-57) . g | Mayden (eq )
Systematics. historical ecology and North American freshwater f; shes. Stanford
University Press, Palo Alto, CA.

Benton. P. D.. W. E. Ensign, and B. J. Freeman. 2008. The effect of road crossings on
fish movements in small Etowah basin streams. Southeastern Naturalist 7:301-
310.

Breen, M. J., C. R. Ruetz III, K. J. Thompson, and S. L. Kohler. 2009. Movements of
mottled sculpins (Cottus bairdii) in a Michigan stream: how restricted are they?
Canadian Journal of Fisheries and Aquatic Sciences 66:31-41.

Brown L. and J. F. Downhower. 1982. Summer movements of mottled sculpins, Cottus

bairdi (Pisces: Cottidae). Copeia 1982:450-453.

Cooper, . E. 1978. Eggs and Larvae of the Logperch, Percina caprodes (Rafinesque).

American Midland Naturalist 99:257-269.

: f
Detenbeck, N. E.. P, W. DeVore, G. J. Niemi, and A. Lima. 1992. Recovery 0

bance: a review of case studies and

temperate-stream fish communities from distur

: . 6:33-53.
synthesis of theory. Environmental Management 1

University of
e, DA and W. C. Starnes. 1993. The Fishes of Tennessee: The

lennessee Press, Knoxville, TN.



paber 1 1. and Mo WO White, 2000, Compy
abet--

Journal of Fisheries Management 12:396-405.

Freeman. M.C. 1995 Movements by two small fisheg i, @ large stream. Copejy
1995:361-367.

Funk. J. L. 1957. Movement of stream fishes in Missouri. Transactiong of the American
Fisheries Society 85:39-57.

Gatz. A. I.. Jr. and S. M. Adams. 1994. Patterns of movement of centrarchids in two
warmwater streams in eastern Tennessee. Ecology of Freshwater Fish 3:35-48.

Gerking. S. D. 1953. Evidence for the concepts of home range and territory in stream
fishes. Ecology 34:347-365.

Gerking, S. D. 1959. The restricted movement of fish populations. Biological Reviews of
the Cambridge Philosophical Society 34:221-242.

Gilliam, J. F. and D. F. Fraser. 2001. Movement in corridors: enhancement by predation

threat, disturbance, and habitat structure. Ecology 82:258-273.

Goforth, R. R. and J. W. Foltz. 1998. Movements of the yellowfin shiner, Noropis

lutipinnis. Ecology of Freshwater Fish 7:49-55.
i ement in
Gowan, €. M. K. Young, K. D. Fausch, and 8. C. Riley. 199% Restricted mo
i al of Fisheries an
resident stream salmonids: a paradigm lost? Canadian Journ

Aquatic Sciences 51:2626-2637.

. 0 hiah_e]evatio
Bowan, and K. ). Fausch, 1996. Mobile brook trout in two Nig



greams: re-evaluating the CONCept of restrigreq
' v Moveme \
nt. Ca
pisheries and Aquatic Sciences 53:137()-138]

ILC.A.S. 1972. Migr

ation and me ism i
" ctabolism ip temperate stream
CCosystem, ¢
- Ecology

53:585-604.

. F.. R. Williams. and D. M. EJj;
arcup. M. - LS. 1984, Movements of b
TOWn trout, Salmo
grutta L.. in the River Gwyddon, South Wales. J
5 - Journal of Fish Biolo
gy 24:415.
426.
Harding. J. M., A. J. Burky, and C. M. Way. 1998 Habjtat preferences of the rainbow
darter., Etheostoma caeruleum, with regard to microhabitat velocity shelters

Copeia 1998:988-997.

Hill, J. and G. D. Grossman. 1987. Home range estimates for three North American
stream fishes. Copeia 1987:376-380.
Hoger, C. E. 1976. A biogeographic analysis of a Nebraska sand hills isolate of the lesser

earless lizard (Holbrookia maculate Girard). Ph. D. dissertation. University of

Nebraska, Lincoln, NE. 87 pp.

Hudy, M. and J. Shiflet. 2009. Movement and recolonization of Potomac sculpin in a

Virginia stream. North American Journal of Fisheries Management 29:196-204.

o
Ingersoll, C. G, 1. Hlohowskyj, and N. D. Mundahl. 1984. Movements and densities 0

; j ing spring
the darters Etheostoma flabellare, E. spectabile, and E. nigrum during sp

spawning. Journal of Freshwater Ecology 2:345-352.
.27 Pardo., D. A.
Jelks. H. L., S. J. Walsh, N. M. Burkhead, S. Contreras-Balderas. E. DiaZ
,N. .
ick. J. S. Nelson. S.
Hendrickson. J. Lyons, N. E. Mandrak, F. McCormic

M. L.
chmitter-Soto- E. B. Taylor, and

Platania, B A. Porter, C. B. Renaud, J. 1.5



warren. Ir. 2008, Conservation ¢
and diadromous fishes. Fisheries _33.277-4()7

Keevi. . M..L. M. Page.and C. E, Johnston.

saffron darter (Etheostoma flay
Science 50:55-38.

R. A.and R. W.

G Barbour. 1983. The American Darters, University of Kengy k
CKy

Press. Lexington, KY.

Labbe. T. R. and K. D. Fausch. 2000. Dynamics of intermittent stream habitat regulat
€
persistence of a threatened fish at multiple scales, Ecological Applications

10:1774-1791.

Lake. C. T. 1936. The life history of the fan-tailed darter Catonorus fabellaris flabellaris
(Rafinesque). American Midland Naturalist 17:816-830.
Lamphere, B. A. 2005. Movement and gene flow in an actively sedentary stream fish, the

mottled sculpin (Cottus bairdi). Ph. D. dissertation, University of North Carolina,

Chapel Hill, NC. 172 pp.

Lamphere, B. A. and M. J. Blum. 2012. Genetic estimates of population structure and

dispersal in a benthic stream fish. Ecology of Freshwater Fish 21:75-86.

Lonzarich, D. G., M. L. Warren, Jr., and M. R. E. Lonzarich. 1998. Effects of habitat

i i defaunated stream
isolation on the recovery of fish assemblages 1n experimentally

: . Sciences 55:2141-
pools in Arkansas. Canadian Journal of Fisheries and Aquatic Scien

2149. '
ated darter Etheostomd variatum
’ b

4-B.1969. Observations on the biology of the varieg

| Qe .85-92.
(Kirtland). The Ohio Journal of Seience 69:85

M



]’_ ]‘)()7_ R\( d pl'()grmn “H‘ [hC 7]

willer M. an

i . .
lysis of conungcncy tabl
es.

htp:/www.mark sgeneticsoftware pey/

hl N D.and C. G Ingersoll. 1983
\fundahl. ’ - - Early autymy mo
I Vements and de

- ; nsities
johnny (Etheostoma nigrum) and fantail (1 Nab f
‘ - Jlabe

llare) darters ip 5 Southwestern
Ohio stream. Ohio Journal of Science 83:103-108

.\_msumcda. T. 1998. Home range of the Japanese fluvial sculpin, Coyy i
5 us po ux, in

relation to nocturnal activity patterns, Environmenta] Biology of Fishes 5
Ishes 53:295-

301.
Natsumeda, T. 1999. Year-round local movements of the Japanese fluvial sculpin, Cortus

pollux (large egg type), with special reference to the distribution of spawning

nests. Ichthyological Research 46:43-48.

Page. L. M. 1974. The life history of the spottail darter, Etheostoma squamiceps, in Big
Creek. Illinois. Illinois Natural History Survey Biology Notes 89:1-20.

Page. L. M. 1983. Handbook of Darters. TFH Publications, Neptune City, NJ.

Page. L. M. and B. M. Burr. 1976. The life history of the slabrock darter, Etheostoma

smithi, in Ferguson Creek, Kentucky. Illinois Natural History Survey Biology

Notes 99:1-12.

smic size i i rter,
Page. L. M. and J. H. Knouft. 2000. Variation in egg-mimic Siz€ 1 the guardian da

Etheostoma oophylax (Percidae). Copeia 2000:782-785.

) o species of
Page, L M. M. E. Retzer. and R. A. Stles. 1982, Spavning behavior i Se¥eiF

darters (Pisces: Percidae). Brimleyana 8:135-143.

- f ecological
4t 1M and 1> 1. Swofford. 1984. Morphological coreiaies® 9
- 139-159.
.+ v of Fishes 11513

specialization in darters. Environmental Biology ©



(5

painc. ary conge

l)clcl‘_\‘on. I I

Jefaunated warmwater stre
122:199-207.

1 T.and G. D. Grossman. 2004. Restri
Pe[t\ " ] 1 can . CS'[I‘ICted Illovement b
Y mottled sculpipn (Pisc
es:

Cottidae) in a southern Appalachian stream Freshwater Biology 49:631.-6
1031-645.

power. M. E. 1984. Habitat quality and the distribution of algae-grazing catfish in o
Panamanian stream. Journal of Animal Ecology 53:357-374.

Rakes. P. L. J. R. Shute, and P. W. Shute. 1999. Reproductive behavior, captive
breeding. and restoration ecology of endangered fishes. Environmental Biology of
Fishes 55:31-42.

Reed. R. J. 1968. Mark and recapture studies of eight species of darters (Pisces: Percidae)
in three streams of northwestern Pennsylvania. Copeia 1968:172-175.

Roberts J. H. and P. L. Angermeier. 2004. A comparison of injectable fluorescent marks

in two genera of darters: effects on survival and retention rates. North American

Journal of Fisheries Management 24:1017-1024.

Roberts. J. H. and J. M. Kilpatrick. 2004. Predator feeding preferences for a benthic

ed marks. Journal of Freshwater Ecology

stream fish: effects of visible inject

19:531-538.
m fishes t0
Roberts. . H. and P. 1 Angermeier. 2007a. Movement responses Of Sred 8
B : i :971-978.
: - 1ories Society 136
introduced corridors of complex COVeT- American Fisherl

itat
poral variability of stream habl

Roberts, § 11, and p. 1., Angermeier. 2007b. Spatiotem



73

and m

Roberts:

Movement patterns of endangered Roan
oke logperch

(Percina rex)_
Freshwater Fish 17:374-381

M. A. 2002. Restricted mov :
Rodriguez. | €ment in stream figheg.
- the paradi
gm1s

incomplete. not lost. Ecology 83:1-13.

scalet. C.G. 1973. Stream movements and population density of the orangebelly d
y darter
Etheostoma radiosum cyanorum (Osteichthyes: Percidae). The South t
: western

Naturalist 17:381-387.

Schaefer, J. F.. E. Marsh-Matthews, D. E. Spooner, K. B. Gido, and W. J. Matthews.
2003. Effects of barriers and thermal refugia on local movement of the threatened
leopard darter, Percina pantherina. Environmental Biology of Fishes 66:391-400.

Schwalb. A. N., M. S. Poos, and J. D. Ackerman. 2011. Movement of logperch—the

obligate host fish for endangered snuffbox mussels: implications for mussel

dispersal. Aquatic Science 73:223-231.

Sheldon, A. L. and G. K. Meffe. 1995. Short-term recolonization by fishes of

s § 2 _8”7_
experimentally defaunated pools of a coastal plain stream. Copeia 1995:828-83

Simon, T. P. 1994. Ontogeny and systematics of darters (Percida) with discussion 0

: on. University of
ecological effects of larval morphology. Ph. D. Dissertation. Uni

[llinois. Chicago, IL. 672 pp. |
ife history of fishes 1n

ductive biology and early i

Simon, T p, and R. Wallus. 2006. Repro
h. Pikeperch, and Darters.

. i Perc
the Ohio River drainage, Volume 4: Percidae

CRC Press. Boca Raton, FL.



p.and G. DL Grossman. 2007 Microf
' N

=1d. 1. .
Sky {1¢ Id. ilbl[a[ use,

“oilt darters (Percina evideg) in o r
O' a IH d.” (€46 -\) n h()Llth
£ n Ap Ell 1
[) aChla

n (
of Freshwater Fish 17:219-23¢).

glack. W. T 8- T Ross. and J. A. Ewing, 111, 2004, goq

the bayou darter. Etheos

gmithson. E. B. and C. E. Johnston. 1999 Movement patterns of stream fishes in g
Ouachita Highlands stream: an €xamination of the restricted movement paradigm,
Transactions of the American Fisheries Society 128:847-853.

Turner. T. F. 2001. Comparative study of larval transport and gene flow in darters.
Copeia 2001:766-774.

Tumer, T. F. and J. C. Trexler. 1998. Ecological and historical association of gene flow
in darters (Teleostei: Percidae). Evolution 52:1781-1801.

US. Fish and Wildlife Service Species Reports — Listed animals. Retrieved March 15,

2012. from http://ecos.fws.gov/tess_public/pub/listedAnimals.jsp

USGS Surface-Water Daily Data for the Nation. Retrieved March 15,2012, from

http://waterdata.usgs.gov/nwis/dv?

Walker, R. H. 2011. Movement patterns of southern redbelly dace, Chrosomus

aster’s thesis.
erythrogaster, in a headwater reach of an Ozark stream. M

University of Central Arkansas, Conway, AR. 99 pp.
¢ flow in marine shore

' is of gen
Waples, R . 1987. A multispecies approach 1o the analysis of &

fishes. Evolution 41:385-400. Jp——

fourte
1\ s eCOlOgy Of
Y 1958, Comparative reproductive behavior and



sces-P
s (Piscees

o darters (

(

creidace). Feological M()nographs

28:155.191

75



76

APPENDIX A

List of Tests Completed



LIST OF Trer
) TESTS COMp] ETE] 77
A . | L TED
[ests arc listed in the order in which they are r f
. \ Clerenceq ;
n text,

vales:Females. GOF = Goodness of
- ss of Fit, DM =

\LE _
ont Rate. TOI = Test of Inde i
l\[mgmtnl R{m esto ndtpcndence N istance M
[oﬂ'ido" epth. - Maximum Corridor De € Area Stabil; s RS = eproduct
pth, ACW = iy, ACD = o e
. =A Verage

CGD = Congeneric Density. CPD = Corridor P 1
redat

Categories. and LD = Larval Drift phases. or Density, LHC = Life I ,
Istory
variables Examined Test
Marked M:F Pearson's th GOF 10‘:36 Fl;ejt Stat P value
Recaptured M:F Pearson's y*: GOF 8,49 Xzi 4876 <0.0007
DM between Sites Mann-Whitney U i 92 : 0.27 0.6067
VR between Sites Pearson's % TOI o X 2‘: 630.11 <0.0001*
CL between Sites Mann-Whitney U N ; ) 248834 0.0503
MR among RS Pearson's xz: TOl o X2 ] 14.05 <0.0001*
DM among RS Kruskal-Wallis 98 o= 4.52 22222*
Overall D:U Pearson's y: GOF 41 £=086 0.3543
seion meng R Peasoms 2 TOL 98 £=243 04883
Pre-spawning D:U Pearson's y’: GOF 40  x'=040 05271
Spawning D:U Pearson's y’: GOF 18 v =3.56 0.0593
Post-spawning D:U Pearson's y’: GOF 10 =040 0.5271
Non-spawning D:U Pearson's ': GOF 30 y =480 0.0285*
DM by Direction Mann-Whitney U 141 =16l 0.2045
DMbetween Sexes Mann-Whitmey U~ 141 £=052 04713
Pre-spawning Mann-Whitney U 45 =445 0.0348*
Spavning Mann-Whitney U n (=3P 0517
Post-spawning Mann-Whitney U =11 02787
Non-spawning Mann-Whitney U 5o =330 0.0615
MR between Sexes Pearson's X23 TOI 849 i =0.26 0.6125
'f’C~Spaw ning pearson's 2 TOI 167 xj =0/ gzzgz
Pasning pearson's 11 TO! P X; i g(l)? 0.9126
92 X

Poe .
S-Spaw ning

Pearson's xz: TOI



4 i lf \n'l‘il‘ (‘('
. -||)|L\
\ arts

Non-spawning

pirection by Sex

pemale D:U

vale D:U

:\IR by Size
Pre-spawning
Spawning
Post-spawning
Non-spawning

DM by Size
Pre-spawning
Spawning
Post-spawning
Non-spawning

Direction by Size

DMby RAS

MR by RAS

Direction by RAS

MR by ACD

MR by MCD

MR by ACW

DMby ACD: Yellow

DMby MCD: Yellow

DM by ACW: Yellow

DMby ACD: Whiteoak
DMby MCD: Whiteoak
DM by ACW: Whiteoak

YR by iy

) > N .
| ruspuwmng
%pa\*»ning

P _
(N_\pu\’\l'llnﬂ

Test 7
Pearson's v ’1"(51
Pearson's XZ; TOJ
Pearson's y*: GOF
Pearson's y*: GOp
Logistic Regression
Logistic Regression
Logistic Regression
Logistic Regression
Logistic Regression
Linear Regression
Linear Regression
Linear Regression
Linear Regression
Linear Regression
Logistic Regression
Linear Regression
Logistic Regression
Logistic Regression
Logistic Regression
Logistic Regression
Logistic Regression
Linear Regression
Linear Regression
[inear Regression
[inear Regression
inear Regression
Linear Regression
Logistic Regression
[Logistic Regression
[Logistic Regression

[Logistic Regression

78

= Test st
239W
- 0.6367
141 .
L =186
69 Xz - 0.1980
72 45 0.1176
849 * =15 0.8137
£ =0.16
0.6851
167 X2 315
75 g 2 <00001*
" =099 -
. £=673 0.0095+*
9 x=0s8 03471
2.
41 P=000  (ea0
2
0 P=013 g
18 r=007 02919
10 £=000 0904
300 =004 0286
141 =045 0.5041
98  r’=0.14 0.0001*
573 ' =295 0.0861
98  {=752 0.0061*
202 =117 0.2797
202 =024 0.6266
202 =357 0.0588
29 =015 0.0393*
29 =0.14 0.0450*
29 £=0.10 0.0872
28 £=0.03 0.3425
28 #=0.00 0.8666
g =001 0.6115
i 0,0030*
573 =884
0.6306
75 Y= 0.21
=032 0.5714
107 2-19.33 <0.0001*
()2 X = S



iles Fxamined
..‘hl(»\'
\art

\m\—sp.l\\ning
Buricrs Small Fggs
Buriers Big Lggs
Attachers
(‘lustcrcr-(iuurdcrs
CGD betw cen Sites

oM by CGD: Yellow

pM by CGD: Whiteoak

pM by CPD

MR by CPD
Buriers/Small Eggs
Buriers/Big Eggs
Attachers
Clusterer-Guarders

MR among LHC
Pre-spawning
Spawning
Post-spawning
Non-spawning
Buriers/Small Eggs
Buriers/Big Eggs
Attachers
Cluster-guarders

DM among 1.HC

Direction among LHC

Buricrs/Sma]l Eggs D:U

Buricrs/Big Eggs D:U
Altacherg D:U

"

Iuslcrcr-guardcrs D:U

DM dmong | |)

R among | )

Test
Logistic chrcssioﬁ
Logistic Regression
Logistic Regression
Logistic Regression
Logistic Regression

Mann-Whitney U
Linear Regression
Linear Regression
Linear Regression
Logistic Regression
Logistic Regression
Logistic Regression
Logistic Regression
Logistic Regression

Pearson's y*: TOI
Fisher's Exact Test

Fisher's Exact Test
Fisher's Exact Test
Fisher's Exact Test
Fisher's Exact Test
Pearson's xz : TOI

Fisher's Exact Test

Fisher's Exact Test

Kruskal-Wallis
Fisher's Exact Test
Pearson's 3°: GOF
Pearson's x2: GOF
Pearson's xzz GOF
Pearson's x°: GOF

K ruskal-Wallis
210l

Pearson's 1

B

239
30
461
58
o
16
44
54
54
199

164
17

849
167
75
92
239
30
461

Test Stat
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L P

=003
=125
X =677
X'=216
£ =0.00
=292
=001
=001
r'=0.0]
=19
=281
=555
£ =8.01
=152
L =6931

v =19.19

£ =15.92

=014
=392
£ =043
=445
221770
22720

0.8525
0.2644
0.0093
0.1420
0.9834
<0.0001 *
0.4966
0.5823
0.4085
0.1658
0.0934
0.0185*
0.0047*
02177
0.0741
0.0365*
0.2426
0.0022*
0.8956
0.1399
0.0002*
0.0334*
0.1366
0.0012*
0.0402*
0.7035
0.0477*
0.5127
0.0348*
0.0001*
0.0273*
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ables Joxamined
1A

\al

I’n,‘—\[\.‘l\\nill:_'
Sp;n\ning |
post-spaw ning
Non-spaw ning
Dcmcrsul
lipibcnlhic
pelagic

' LD

Direction among

pemersal D:U

Epibenthic D:U

Pelagic D:U

Test
IFisher's I'xact Test
Fisher's Exact Test
Fisher's Exact Test
Fisher's Exact Test
Fisher's Exact Test
Fisher's Exact Test

Pearson's y*: TO]
Pearson's xz - TOI1
Pearson's xzz GOF
Pearson's xz: GOF

Pearson's y’: GOF

167
73
87
238
54
58
453
129
18
21
90

. Test Stat

80

w

X' =25.49
=598
=200
¥=043
=444

0.8943
0.3525
0.0002#
1.0000
0.8342
0.0334%
<0.0001*
0.0503
0.1573
0.5127
0.0350*
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