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Abstract
I conducted a 7‐month mark‐recapture study in two watersheds differing in urban impact in
order to assess the role that long distance dispersal plays in the response of tolerant stream fishes to
urbanization. Our two stream sites included a heavily impacted urban stream (watershed impervious
surface cover ~30%) and a mildly impacted rural stream (watershed impervious surface cover ~6%).
Species of interest were marked with 12mm HPT PIT tags and included a specialist, Campostoma
oligolepis (n=189 urban site, 200 rural site) and a generalist, Lepomis auritus (n=136 urban site, 182 rural
site). Three resampling instances for each site were conducted between September of 2016 and
February 2017 with a portable PIT antenna. Movement data was analyzed with R package Mclust to
estimate the proportion of mobile and stationary components for each population as well as parameter
estimates (mean, variance) for each component. L. auritus in the urban site exhibited a greater
proportion of long distance dispersal than in the rural site, and the rural population did not fit a
heterogeneous model better than a homogeneous model. C. oligolepis had a greater proportion of long
distance dispersal in the rural site, but both the mobile and stationary components had a significantly
greater mean movement distance in the urban site (mobile component mean=217m urban, 131m rural;
stationary component mean=51m urban, 21m rural). Tolerant generalists may increase long distance
dispersal but not home range movement in urban streams while specialists may increase movement
distances for both home range and long distance dispersal.
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Chapter 1‐ Literature Review
Urbanization
Stream habitats are a complex assemblage of physical, chemical, and biotic components‐ all of
which can be influenced by their surrounding watershed. Natural variations in morphology, water
chemistry, and biota of streams are to be expected based on their geographical location. However,
human land use can alter streams in ways that consistently result in degraded habitats supporting lower
overall diversity (Walsh et al. 2005, Wenger et al. 2009). Streams are facing increasing urban impact‐ a
product of both an increase in populations residing in urban areas and the breadth of impervious
surface cover resulting from urban and suburban development (Meyer et al. 2005). Research focusing
on urban streams has shown that urbanization can set into motion a cascade of alterations to stream
ecosystems ultimately altering their physical, chemical, and biological elements (Walsh et al. 2005,
Wenger et al. 2009).
Urban land use alters the morphology and hydrology of streams. The most consistent shift seen
in urban streams is a “flashier hydrograph” defined by Walsh et al. (2005) as the increased frequency of
erosive flows large enough to cause hydraulic disturbance to biota and likely to cause channel incision
and bank erosion. Studies consistently support the correlation between urban land use and a flashier
hydrograph, where the frequency of peak flows are increased (Wheeler et al. 2005, Roy et. al 2005,
Walsh et al. 2005, Steuer et al. 2009). Stream sedimentation also increases in unforested, urban areas
(Wheeler et al. 2005, Walters et al. 2003) resulting in the transformation of clear streams with coarse
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beds to turbid streams with finer beds (Walters et al. 2003). Channel complexity, a measure of the
spatial variance in habitat types and sediment sizes, is decreased while channel width is increased
(Walters et al. 2003).
Water quality of urban streams is often altered with specific contaminants varying based on
sources of point and non‐point pollution located in the watershed (Wenger et al. 2009). Inorganic
nutrient enrichment of streams is correlated with urban land use (Kaushal 2006) which may be a
product of both increased nutrient input (Wheeler et al. 2005, Wenger 2009) and decreased nutrient
uptake velocity (Meyer et al. 2005). Reduced benthic organic matter in urban streams may result from
high discharges flushing organic matter from stream bed sediment (Meyer et al. 2005) or from a
reduced input of organic matter caused by a reduction of riparian vegetation. While underlying geology
produces naturally variable conductivity, solute concentrations associated with human land use of
watersheds causes a consistent increase in conductivity along urbanization gradients (Wenger et al.
2009).
Physical and chemical alterations to streams in urbanized watersheds ultimately result in biotic
compositions that are lower in diversity of sensitive, endemic species and dominated by tolerant,
cosmopolitan species (Scott and Helfman 2001, Walters et al. 2003, Walsh et al. 2005, Wenger et al.
2009). This pattern is consistent among fishes and macroinvertebrates (Davies et al. 2010, Wheeler et al.
2005) and is termed biotic homogenization (Scott and Helfman 2001, Walters 2003, Scott 2006). Urban
stream studies often aim to identify causes leading to biotic homogenization as the extirpation of
endemic species leads to irreversible losses in species diversity. With the threat of urbanization growing,
identifying agents of homogenization and what causes the sensitivity or tolerance of certain taxa can
help anticipate land use effects on stream fish species before they are impacted and guide management
in a more effective way.
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Hydrology (Roy et al. 2005, Walters et al. 2003), sedimentation, and stream bed composition
(Walters et al. 2003, Scott 2006) have all been identified as correlates of biotic homogenization.
However, weighing the relative importance of any one variable engendered by urban land use on biotic
composition may be only equally or less important than considering the proportion of watershed area
that is impacted by urban land use. Studies have shown that land use variables were superior to
topographic factors as predictors of fish homogenization (Scott 2006), that impervious surface cover
proved a better predictor of stream condition than any combination of hydrological effects (Burns et al.
2014), and that global, historical, and current land use models were better predictors of fish species
occurrence than hydrogeomorphic models (Wenger 2008). This suggests that the interaction of multiple
effects following watershed urbanization is more impactful to fish assemblages than any one variable
alone. For this reason, using landscape level metrics such as total imperviousness [TI] (Walters et al.
2003), effective imperviousness [EI] (Wang et al 2001), or attenuated imperviousness [AI] (Burns 2015)
will be the best way to quantify the threat of biotic homogenization within streams.

Species Tolerance to degraded environments
While fish assemblages in urban streams are dominated by tolerant taxa, predicting how a
species may react to urbanization based on its ecology may be difficult, especially if the life history traits
of every species in a stream have not been studied (Kemp 2014). Studies have observed that regional
endemics or fluvial specialists tend to show sensitivity to urban streams while lentic‐tolerant species are
less so Walters et al. 2003, Roy et al. 2005, Scott and Helfman 2001). However, intraspecies tolerance
can vary among regions (Meador et al. 2005, Utz et al. 2010) and some species with life histories and
morphologies similar to sensitive taxa exhibit robustness (Wenger 2009). Utz et al. (2010) observed
genera which included species that exhibited both sensitivity and tolerance to land use gradients.
Currently the only way to truly identify a species' tolerance to urbanized streams is by witnessing the
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impact urbanization has had on a population. Identifying more generalized metrics of tolerance that are
quantifiable across all species and regions may be more useful than relying on life history traits and may
aid in the vital step of preventive management by reliably assessing the sensitivities of stream fishes.
Geographic range serves as a good relative measure of a species’ risk of imperilment both in
terrestrial and aquatic ecosystems (Angermeier 1995). Endemics’ small ranges suggest specialist
ecologies that depend upon a narrow range of conditions for persistence. Cosmopolitan species, with
larger ranges, may be more flexible in habitat requirements. Generalist habitat requirements cannot
solely be responsible for the trends seen in some tolerant species following alterations to watershed
land use, such as increases in both presence and abundance (Utz et al. 2010). Increases in presence and
abundance indicate that some tolerant species are able to not only persist in disturbed habitat but
colonize new areas and expand range. Albanese et al. (2009) found that mobility was an important
determinant of colonization and population recovery. Theoretical models have demonstrated that
movement may counterbalance the effects of habitat loss and fragmentation in altered landscapes
(Niebuhr 2015) and that characteristics of a population’s dispersal can serve as an indicator of their
ability to increase range (Goldwasser et al. 1994, Kot et al. 1996). Dispersal may be a fundamental
aspect of fish behavior involved in their ability to tolerate stream systems affected by human land use.

Fish Dispersal
Increased long distance dispersal by non‐generalist species in disturbed habitats may allow
them to maintain presence by locating more suitable habitat in disturbed streams. A species exhibiting
both a generalist habitat preference and high mobility would likely be able to increase rapidly in both
presence and abundance in a degraded stream system. This process may be even further expedited by a
sudden increase in unoccupied habitat due to the extirpation of more sensitive taxa. Dispersal may then
be a factor in the increase of tolerant species observed in streams impacted by land use, the “native
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invasion” step of biotic homogenization referred to in Scott and Helfman (2001). Individuals of the
generalist, urban‐tolerant species Semotilus atromaculatus exhibited very high proportions of
movement within streams with over 76% of individuals observed in the study moving >100m away from
the nearest neighboring habitat they were captured in. Correspondingly, two darter species facing risk
of imperilment were observed with very low rates of movement between habitats (Labbe and Fausch
2000, Holt et al. 2003). Further investigation into the connection between dispersal and species range
will reveal the role that mobility plays in allowing for the persistence and expansion of stream species
within disturbed habitats. Investigating dispersal’s role in the adaptability of stream fishes to degraded
habitats first involves understanding the benefits or mobility, what can spur or alter fish movement, and
commonalities among dispersal patterns of fish populations.
Movement is a fundamental process linking stream fish to their environment. Understanding
where fish move and why can reveal how fishes are utilizing habitat and what causes changes in their
habitat usage. The benefits of dispersal for stream fishes depend on the scale at which it occurs. Small‐
scale movement behaviors are essential to occupying and exploiting the resources of the most suitable
habitats for survival and growth (Gowan and Fausch 2002). Small scale movements can be associated
with home range behavior and typically occur at scales between 20‐50m (Rodriguez 2002). Large scale
movements, also termed long‐distance dispersal (LDD), occur at scales much greater than a habitat unit
(typically in the 100’s of meters) and provide fishes with an opportunity to respond to habitat change
(Walker and Adams 2016) and colonize new areas (Albanese et al. 2009). Environmental factors that can
are correlated with movement include physical aspects of habitat, interspecific interactions, and
modifications of habitat at the landscape scale. Correlates of movement, however, are often species
specific and temporally variant. The study of fish movement can reveal patterns of habitat use and how
they change with time, across regions, and in the face of environmental disturbance. Identifying the
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factors that alter fish movement also gives insight into what variables are most impactful on stream
fishes.
The complexity of stream habitats can impact the dispersal of fishes within them. Habitat
complexity was negatively correlated with movement for chub species in two studies. Albanese et al.
(2004) observed that Semotilus corporalis were less likely to disperse out of more complex habitats.
Similarly, pool complexity and area were negatively related to movement for creek chub Semotilus
atromaculatus (Walker and Adams 2016). Three darter species had varying movement responses to
environmental variability (Roberts and Angermeir 2006), demonstrating a common trend of movement
correlates in stream fishes: species‐specificity. Since urbanization often results in an overall reduction of
stream diversity due to channelization and sedimentation, it is likely to impact the movement behaviors
of resident fishes and may drive higher rates of long distance dispersal for species that have to locate
more suitable habitat.
Stream velocity has also been shown to affect dispersal both positively and negatively. Albanese
et al. (2004) observed increased movement rates for several species during flow events. However,
increasing velocity at road crossings negatively correlated with the probability of fishes dispersing across
them (Warren and Pardew 1998). Velocity of riffles was also negatively correlated with between‐pool
movement of three cyprinid species (Schaefer 2001). The effect that velocity has on stream fish
movement likely depends on that species’ ability to swim against stronger currents.
Modifications to stream habitats can influence connectivity. Storm water drains have been
shown to be used by stream fishes as intermittent habitat and connection points (Bliss et al. 2015).
Some modifications reduce connectivity by acting as barriers to dispersal. Road crossings can reduce the
overall movement of fishes with the effects varying by species. Culverts result in the greatest reduction
of movement (Benton et al. 2008) and also reduce the diversity of species exhibiting movement (Warren
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and Pardew 1998). Efforts to quantify the permeability of structural barriers (Pépino et al. 2012) may aid
stream management by maximizing connectivity when making modifications to stream habitats.
However important habitat variables may be to dispersal for a specific species, they can also be
influenced by interspecific biotic factors as well. Gilliam and Fraser (2001) found that water level was
only influential to movement of Rivulus in the presence of a predator fish species. Conversely, spatial
complexity of pool areas increased the probability that Rivulus would move into pools occupied by
predators. This interplay of abiotic and biotic variables reveals that the already complex, species‐specific
correlates of movement can be further modified by community assemblages. The presence of predators
in particular seems to directly modify dispersal behaviors. Predator introduction led to a nearly three‐
fold increase in movement rates of three cyprinid species in a simulated habitat experiment (Schaefer
2001). Movement distances and overall movement distribution of Rivulus drastically increased in the
presence of predators (Gilliam and Fraser 2001). In a follow‐up experiment, Fraser et al. (2006) found
that the increased movement of Rivulus was not linear with increased predation threat, presenting peak
movement at an intermediate threat (one predator) and a decrease of movement at a higher threat
level (two predators). Increasing movement may not always be beneficial to stream fishes in avoiding
predation, particularly by terrestrial predators. Brook trout observed in a first‐order stream has much
higher rates of mortality caused by direct predation when exhibiting higher‐than‐average movements
associated with spawning behavior (Pépino et al. 2015).
Dispersal is closely linked to habitat, interspecies influences, and alterations of stream structure.
All of these correlates, however, are likely to vary by species and temporally. Identification of common
factors influencing fish movement may be more useful on a management scale (Albanese et al. 2009)
than those that are inconsistent across regions, species, and seasons. To do so requires identifying
aspects of dispersal that are common to all fish species by analyzing their dispersal patterns. Dispersal
patterns concern rates and distances of movement demonstrated by fish populations. Studies have
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revealed that fish dispersal patterns share common distributions that may help in comparing movement
across species and regions (Skalski and Gilliam 2000, Rodriguez 2002). Comparing dispersal patters on
the same species in different environments can reveal if the environment is altering the way in which
they disperse. Dispersal patterns can also be compared across species in the same environment to
determine if they are responding differently to the same habitat variables. Fish dispersal patterns can be
analyzed in order to determine dispersal’s role in a species’ ability to persist within streams and colonize
new habitats. Evaluating dispersal distributions may also be able to reveal the invasive potential of fish
species and their ability to respond to disturbances.

Patterns of stream fish dispersal
Dispersal distributions, a plot of the probability (y‐axis) that an individual in a population will
move a certain distance (x‐axis), are leptokurtic in nature. Leptokurtic distributions vary from normal
distributions by displaying more observations in the center and tails than would be expected of a normal
distribution (higher peak/more outliers). This distribution is thought to result from heterogeneity in
dispersal within fish populations. While the majority of fish in a population exhibit only small‐scale
movements associated with home range behavior, some fishes disperse over distances much greater
than the mean movement for the population. Studies that have evaluated the distribution patterns of
fish dispersal have supported this heterogeneity and typically refer to the two resulting groups as the
“stationary” and “mobile” components of a population (Skalski and Gilliam 2000, Rodriguez 2002,
Radinger and Wolter 2014) (see Figure 2). These two groups do not likely result from individuals in a
population having a static tendency to either “move” or “stay”. Individual fish have been observed
exhibiting periods of long term dispersal followed by periods of stationary behavior in long‐term studies
(Alldredge et al. 2011, Booth et al. 2014) which is consistent with the home range shift model of fish
behavior (Crook 2004). Home range sizes can also be variable across seasons and with habitat
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morphology (i.e. stream slope, depth, substrate) (Slavik et al. 2005). Deviations from the heterogeneous
model could be expected if a population exhibits periods of population‐wide dispersal such as mating
migrations. Empirical studies of stream fishes, however, consistently result in distributions that best fit
the heterogeneous model (Rodriguez 2002, Coombs and Rodriguez 2007, Radinger and Wolter 2014)
which provides a consistency across species and populations that can be used to evaluate dispersal in
any environment. Since the mobile component of a population’s movement distribution is
representative of that population’s long‐distance dispersers, evaluating this component of a fish
population may reveal their ability to respond to habitat disturbance.
Models have shown that variability among individuals in their rates of movement can markedly
increase the rate of spread of a population and that even a small proportion of the population exhibiting
long distance dispersal can influence spread of the population (Goldwasser et al. 1994). This indicates
that the proportion of the mobile component of fish populations, which is represented in the tails of the
leptokurtic distribution, may indicate their ability to increase in range and colonize new habitats. This
may become especially important in habitats affected by urbanization where the reduction of overall
habitat complexity may reduce preferred habitat. An empirical study supporting this idea observed
higher dispersal probability and distances in two invasive Gambusia species compared to similar,
endemic Gambusia (Rehage and Sih 2004). Calculating the proportion of a population represented in the
mobile component of a fish population will provide the number of fish exhibiting the long distance
dispersal behaviors that may be important in the tolerance to degraded habitat such as urban stream
systems. If long distance dispersal is important in tolerating urbanization, the mobile component of
populations of the same species in stream habitats of varying urban impact would be expected to
represent differing proportions of the population.
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Study Design
If long distance dispersal is important in the tolerance of stream species to urbanization, the
mobile component of a population would be expected to differ in environments based on their level of
impact from urban land use. To investigate this, populations of the same species should be studied
within stream habitats that have differing levels of urbanization in their watershed area. Mark recapture
studies provide the best way to observe fish movement and recent advances in Passive Integrated
Transponder (PIT) tagging technology allow for non‐invasive resampling methods that can be conducted
more often than traditional resampling methods. While comparing sensitive and tolerant species would
be preferable, study species would need to be present in urban and rural streams in populations large
enough to provide a good sample size for a mark‐recapture study which is unlikely for sensitive species.
Studying two species both known to be tolerant to urbanization presents a way to look at how mobility
changes in habitat generalists and habitat specialists. Since generalist habitat requirements are a
common attribute for tolerant species, comparing the importance of this trait with a population’s level
of long distance dispersal will help to reveal the relative importance of either aspect in the urban
tolerance of stream fishes. In order to do so, one generalist species and one specialist species present in
all selected sampling sites can be compared across varying levels of stream urbanization. In the Etowah
River Basin, two species are present in suitable numbers and stream sites that fit this criteria:
Campostoma oligolepis and Lepomis auritus.
Campostoma oligolepis, the largescale stoneroller, is a cyprinid species present in the Etowah
River Basin. It has been documented to not only persist but thrive in urban systems (South and Ensign
2013). They are herbivorous and feed on algal communities that grow on stream rocks. Despite their
lack of generalist attributes they have persisted within urban streams and urban populations have been
observed with longer spawning seasons, higher GSI values, and shorter gut lengths than populations
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within rural streams (Mutchler et al. 2013, South and Ensign 2013). Since they depend on coarse
substrate for algal feeding, this relationship is especially counterintuitive as urban streams are typically
dominated by silt/sand bottoms with coarse substrate occurring more sparsely than in rural streams. I
hypothesize that higher rates of long distance dispersal have allowed C. oligolepis to locate and exploit
suitable habitat within degraded urban streams.
Lepomis auritus, the redbreast sunfish, is a centrarchid species present in the Etowah River
Basin. It is a documented urban tolerant generalist that will feed on insects, snails, and other small
invertebrates. It is lentic tolerant and prefers low‐velocity, deeper habitats. I hypothesize that L. auritus
will exhibit a lower proportion of long distance dispersal in both urban and rural streams since
movement for L. auritus is not as important for locating foraging. However, I still hypothesize that they
will have higher rates of long distance dispersal in urban environments than rural environments due to
the low habitat complexity.
I also hypothesize that longer distances of dispersal will be observed in populations of both
species residing in urban streams. Urban streams have increased sedimentation and channelization that
results in long stretches of homogenous habitat. This results in isolation of complex habitat units that
will require longer distances of dispersal to move between.

Predictions:
1. The mobile components of C. oligolepis and L. auritus will represent a larger proportion of the
population in urban stream systems than rural stream systems.
2.

Individuals grouped into the mobile component within urban populations of C. oligolepis and L.
auritus will have an average distance of dispersal significantly higher than individuals in the
mobile component of rural populations.
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3. The mobile component for C. oligolepis will be greater in both urban in rural sites than L. auritus
and both components will have a higher mean movement distance for C. oligolepis than L.
auritus in both urban and rural streams.
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Chapter 2‐ Validation of Experimental Methods
Section 2.1‐ Investigating the suitability of Campostoma oligolepis
for marking with 12mm PIT tags
Introduction
Prior to a mark‐recapture study implemented in field, I wanted to ensure the marking
methodology did not negatively impact the species we intended to tag. Although other cyprinid fishes
have been used for studies involving PIT telemetry (Bolland et al. 2009), C. oligolepis has a unique
physiology due to their herbivorous ecology. Their intestines occupy a large portion of the coelom,
which is the site most commonly used for PIT tag implantation in small fishes (intramuscular tagging is
only suggested in fishes >250mm) (Figure 3.2). A study focused on survival and retention of PIT tags
found significant growth and mortality effects compared to control groups in fishes less than 55mm TL
(Richard et al. 2012). For this reason, I chose to use 55mm as the minimum size for PIT tagging. A
preliminary tag retention study was undertaken in a laboratory setting to investigate the effects of PIT
tagging on C. oligolepis specimens.

Methods
In order to ensure that C. oligolepis’ unique physiology did not make it less suitable to retain
tags and rule out any effects of mortality the tagging procedure might induce, wild caught C. oligolepis
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were kept in the laboratory and split into three groups which were housed in separate aquaria. Fish
were collected via backpack electrofishing in Pumpkinvine Creek located in Paulding County, Georgia. All
groups were allowed 14 days to acclimate to aquaria conditions before being either tagged (Group 1),
injected with the surgical needle but not tagged (Group 2), or anesthetized but undergoing no surgical
procedure (Group 3).
All fishes were anesthetized in a solution of 140mg/L of MS‐222 until loss of motor function was
evident. Fishes were then either allowed to recover (Group 3) or injected in the coelom with a surgical
PIT‐implantation gun (Biomark, Idaho) which was either removed (Group 2) or used to inject a 12mm PIT
tag (Group 1). Tagged fishes had their total length (TL) and weight recorded and stored with their unique
tag ID. Fish were then allowed to recover until motor function was fully restored. If fish were showing
signs of extreme stress or injury that resulted in the inability to recover they were euthanized in a
solution of 240mg/L MS‐222.
Recovered fishes were kept in aquaria for an observation period of 4 weeks and any mortalities
removed and noted. Fishes were fed daily and kept on a 12 hour light/dark cycle. After the observation
period, fishes that had received tags were captured, anesthetized, and had their TL and weight recorded
to compare to values collected at time of tagging.

Results
After this initial round of tagging, it became clear that any mortalities would be evident
immediately following injection. Inexperience with tagging technique led to high mortality for the
tagging procedure, with 5 out of 15 C. oligolepis in Group 1 having to be euthanized post‐tagging due to
surgical error. Similar mortalities were present in Group 2. All fish in Group 3 recovered fully. All fish that
survived the initial procedure retained their tags for a 4‐week observation period and had no further
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mortalities. TL/weight ratios were not affected in any consistent direction by the tagging procedure in
Group 1 with the ratios increasing for about half of the individuals and decreasing for the other half.

Discussion
Perhaps the most valuable information garnered from this investigation into PIT‐tagging C.
oligolepis specimens was that the location of the tag injection site was important. Further analysis of
tagging mortalities showed that, in most cases, the implantation needle had punctured the intestines.
Since C. oligolepis has such a long digestive tract which is coiled around its swim bladder, incorrect
placement of the tagging gun easily results in intestinal penetration. Refinement of tagging techniques
via experience with other C. oligolepis specimens allowed us to reduce mortality significantly.
Experience with tagging has been shown to influence mortality. Richard et al (2012) found that survival
for juvenile brown trout could be affected by the individual tagging the fish, but only for fishes <55mm.
Although all of our fish greatly exceeded this size class (the smallest was 79mm), it is possible that the
unique morphology of C. oligolepis makes experience with tagging important.
Consistent with Acolas et al. (2007), no impact on growth was seen in tagged fish. 100% tag
retention of those that survived the tagging procedure align with the 96%‐100% retention observed in
other cyprinid species (Bolland et al. 2009). Survival of tagged fishes was not different in tagged fish
than the control group, which has also been observed in several studies (Richard et al. 2012, Bolland et
al. 2009). We concluded from this investigation that as long as C. oligolepis specimens recovered from
the initial tagging procedure, they would not experience any increased mortality or fitness reduction
from being implanted with 12mm PIT tags.
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Section 2.2‐ Estimating efficiency of the portable PIT detection
antenna
Introduction
Since a portable PIT‐detection antenna (Biomark, Idaho) was my primary method of tracking fish
movements, I was interested in gauging the efficiency of this methodology and any potential influences
on detection. Previous studies have indicated that detection using a portable antenna may be affected
by size of tagged fishes (Breen et al. 2009; Cucherousset et al. 2005, 2010; Sloat et al. 2011) and varies
among species (Cucherousset 2010; Banish et al. 2016). Abiotic variables such as stream discharge
(O’Donnell et al. 2010) and percent boulder substrate (Keeler et. al 2007) have also been observed
having an effect on the detection efficiency of portable PIT antennas. Further investigation into
influences on the probability of detection can provide information on suitability of sites or species for
PIT studies as well as fish length ranges that may maximize detection. This could increase the ability to
efficiently utilize materials and field hours when conducting PIT telemetry studies.
In typical mark‐recapture studies, the probability of detecting a marked individual can be
influenced by whether the marked individuals have survived, moved, and the efficiency of the detection
methodology. In order to be able to quantify efficiency of detection alone, we designed a study where
movement outside of the resampling area and mortality within the time frame of the study could be
effectively eliminated by blocking off the area and resampling within a time frame small enough to
assume zero mortality (48 hours). Knowing the actual number of tagged fishes in a sampling area to
which are confined to gives the rare opportunity to directly calculate the percentage of tagged fishes
detected when sampling with the portable antenna.
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In addition to analyzing detection probabilities in a closed system, we were also interested in
comparing detection probabilities attained from a 7‐month mark‐recapture study in two stream sites.
Since these systems were open to movement outside of the reach and the time frame was large enough
to assume the risk of mortality, only estimates of detection frequencies can be calculated.

Methods
Kennesaw Creek‐ 48 hour Study
Sampling of the closed system was conducted in “Kennesaw Creek”, a small stream located on
Kennesaw State University’s campus. A 240m study reach bordered by an upstream movement barrier
was selected and a block net was installed at the downstream reach limit. Eight separate sections were
delineated at the intersection of a pool/riffle sequence and sampled via backpack electrofishing with
collected fishes of suitable size (>55mm) anesthetized in a MS‐222 solution (140mg/L) and implanted
with a 12mm PIT tag. Tagged fishes were allowed to recover fully before being released in their section
of capture. Species, TL (mm), weight (g), and tag ID were recorded at time of marking.
Over the next 36 hours following marking, four passes of the full 240m reach were made with
the portable PIT antenna. The detection frequencies for each resampling occasion were calculated
simply by dividing the number of detected fishes for each antenna pass by the number of tagged fishes
present in the sampling reach. An overall detection frequency was calculated by dividing the total
number of detections for each species by the total number of possible detections for four passes
(number of tagged fishes*4). Two species were present in numbers suitable for this analysis, Lepomis
auritus and Semotilus atromaculatus. Frequencies were calculated for each species and species
detections were further divided into two size subclasses (<100mm TL and ≥100mm TL) to analyze the
effect of size on detection probability. Estimates of the probability of detection were also calculated
with program MARK. The probability of survival could be considered constant and fixed at 1, leaving two
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possible models (constant detection and detection which varies for each sample) which were compared
by AIC scores. The model of best fit was used to generate estimates and 95% confidence estimates of
detection probability.

Little Noonday and Picketts Mill Creek‐ 7 month Study

Data collected from the 7‐month mark‐recapture study using PIT tagging and portable antenna
resampling provided three full antenna collections for each of two sites. The two sites, Little Noonday
Creek and Picketts Mill Creek, both had initial tagging conducted in July of 2016. Little Noonday Creek
had a 740m sampling reach divided into 20 sections and was resampled with the portable antenna in
October 2016, January 2017, and February 2017. Picketts Mill Creek had a 649m sampling reach divided
into 20 sections and was resampled with the portable antenna in September 2016, October 2016, and
February 2017. Two species were included in this study, L. auritus and C. oligolepis.
Estimation of the probability of detection with the portable PIT antenna was carried out via
program MARK. The program returns probabilities of detection and survival that are either fixed
(constant across each sampling occasion) or vary by time (different for each sampling occasion). Models
containing a mixture of these variables (i.e. fixed for both, fixed for one but varying across time for the
other) are generated along with an AIC score. AIC scores for all models were compared via a likelihood
ratio test in order to determine if any model fit the data significantly better than another. If no
significance was observed in the likelihood ratio test, the model was chosen with the lowest AIC score.
Data for each species at each site were analyzed separately. Detection probability for size subclasses
within each species were analyzed, with <100mm TL or ≥100mm TL used as the size groups for L. auritus
and <80mm TL the size groups for C. oligolepis.

Habitat Analysis‐ Picketts Mill and Little Noonday
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Habitat data was collected in January 2017 across the entire reach of both study sites to
evaluate differences in habitat complexity between urban and rural sites. A top‐set wading rod and flow
meter were used to measure depth to the nearest .1 ft and velocity (ft/s), and a modified Wentworth
scale was used to quantify substrate (Table 3.2). Ten measurements of each variable were taken at
random points in each sampling section, with a single measurement of the dominant substrate being
recorded at each point of depth/velocity measurement. Since each of our sites consisted of 20 habitat
units, 200 total measurements of each variable were recorded for each site.
Measurements from both sites were pooled with habitat scores assigned to each measurement
depending on its value. Values in the upper 1/3rd of depths (>1ft) were assigned a 3, between upper
1/3rd‐2/3rd were assigned a 2, and the lower 1/3rd (≤.69ft) a 1. For velocity, values in the upper 1/3rd
(>.41ft/s) were assigned a 1, between upper 1/3rd‐2/3rd assigned a 2, and the lower 1/3rd (≤.1ft/s) a 1
(Table 3.3). Substrate received a 1 for measurement of coarse substrate (anything besides sand, silt, or
clay; Table 3.2) and a 2 for fine substrate (sand, silt, or clay). Pivot tables in Excel allowed us to quantify
the number of habitat score combinations that occurred in each stream and compare the prevalence of
habitat scores or combinations of habitat scores by stream. For example, comparing the prevalence of
coarse substrate (all habitat score combinations that had a 1 value for substrate) or “riffle” type habitat
(all habitat scores that had a 1 value for velocity and 1 for substrate) among streams.
Analyses of the proportions of habitat types from each stream were conducted that accounted
for differences in habitat complexity and availability of preferred habitat types for the species in our
study. For L. auritus, a lentic‐tolerant generalist, deep habitat was considered ideal with all habitat score
combinations that had a 3 for depth compared between the two sites. For C. oligolepis, a fluvial
specialist, we compared the prevalence of “riffle” type habitat score combinations among streams
(those that had the highest 1/3rd velocity and coarse substrate). All comparisons were done using a z‐
test for proportions.
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Results
Kennesaw Creek‐ 48 hour Study
Over all 4 sampling occasions and including both S. atromaculatus and L. auritus, 32% of tagged
fishes were detected in Kennesaw Creek. Individual passes ranged from 28%‐40% pooled detection of
both species (Figure 2.1). S. atromaculatus had an overall 37% detection rate across all 4 antenna passes
with individual antenna pass detection varying from 28%‐50%(Figure 2.1). L. auritus’ overall detection
was 26% with individual passes yielding percentages from 24%‐26% (Figure 2.1). 33% of tagged S.
atromaculatus and 45% L. auritus were never detected on any of the four passes.
Estimates of detection probability from program MARK were identical to calculated detection
efficiencies. Both species fit a model that indicated that detection probability of a tagged individual was
constant rather than different for each sampling occasion.
For both species, detection was greater for smaller (<100mmTL) than larger (≥100mm TL) fish
(Figure 2.2). Smaller L. auritus had an overall detection percentage of 36% compared to 13% for larger L.
auritus. However, 95% confidence intervals for both size classes overlapped. Smaller and larger S.
atromaculatus had 56% and 31% overall detection frequencies, respectively, and 95% confidence
intervals did not overlap. (Figure 2.2)

Little Noonday and Picketts Mill Creek‐ 7 month Study
For both species, C. oligolepis and L. auritus, in both streams, Little Noonday Creek and Picketts
Mill Creek, MARK indicated that the model of best fit was a constant detection and survival probability
across all sampling occasions. This means that each of the four populations included in the study will
have one value for their estimated detection probability which corresponds to the probability of
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detection for each antenna sample (Figure 2.3). In Little Noonday Creek, detection percentage was
estimated at 34% for C. oligolepis and 45% for L. auritus. In Picketts Mill Creek, C. oligolepis had 18%
estimated detection and L. auritus 12% estimated detection. L. auritus had significantly less of a
probability of detection in Picketts Mill, with no overlap in the 95% confidence intervals generated by
MARK. C. oligolepis’ 95% confidence intervals in Picketts Mill and Little Noonday, however, do overlap
(Figure 2.3). Smaller fishes for both species had higher detection frequencies than larger fishes in
Picketts Mill with C. oligolepis <80mm TL at 26% compared to 17% for fish ≥80mm and L. auritus
<100mm TL at 15% compared to 7% for fish ≥100mm. However, there is significant overlap in the
confidence intervals for both species. This relationship was not present in Little Noonday (Figure 2.4).

Discussion
Despite the inability of fishes to leave the sampling reach and a time period that allowed for the
assumption of no mortality, we saw variation in the detection efficiency of the portable antenna in
Kennesaw Creek. Even in a study using hidden tags in the stream rather than swimming fish, variation in
detection efficiency was seen among passes (O’Donnell et al. 2010). However, since all species fit a
model in MARK that indicated that the probability of detection is constant rather than variant among
sampling occasions, it is not likely that this variation is significant. Differences in detection efficiency
were seen in different species. Several studies using the portable PIT antenna have observed detection
efficiencies that vary among species (Banish et al. 2015, Cucherousset et al. 2010), sometimes
dramatically. Cucherousset et al. (2010) observed species detection efficiencies ranging from .7% to
43%. While L. auritus had an overall lower probability of being detected than S. atromaculatus in
Kennesaw Creek, the 95% confidence intervals generated in MARK displayed overlap.
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Size of PIT‐tagged fishes seems to have an effect on the detection efficiency of the portable
antenna but the direction of this relationship is not consistent across studies. A study done with mottled
sculpin found that larger fish were less detectable (Breen et al. 2009) while fish total length (TL) was
positively correlated with detection efficiency for salmonids (Banish et al. 2015). Our results indicate
that larger fishes of all of L. auritus and S. atromaculatus have lower detection efficiencies, but not
across all sites. This is likely due to differences in available habitat and the preference of habitat for
larger fishes. Breen et al. (2009) speculated that the lower detection for larger mottled sculpin was due
to their use of habitats containing large woody debris (LWD), which is more difficult to sample.
Electrofishing and portable antenna detection efficiencies were similar in Sloat et al. (2011), except for
large fishes in pools with high cover complexity. Since the detection distance of the portable antenna is
17‐36 cm for 12mm PIT tags (Cucherousset 2005), sampling deeper areas with the portable antenna may
reduce efficiency. A study of the life history of S. atromaculatus found that fish >age 2 preferred deeper
habitat than younger, smaller fish (Moshenko 1973). L. auritus are typically pool‐associated, and larger
fish are also likely to prefer deeper habitats. Larger S. atromaculatus were significantly less detectable
than smaller ones in Kennesaw Creek, with no overlap in 95% confidence intervals, likely due to their
location in harder to sample areas. Larger L. auritus in Kennesaw Creek were also less detectable than
smaller fish, but there was a slight overlap in the confidence intervals (Figure 2.2). C. oligolepis does not
show a significant relationship with length and detection efficiency in either site, likely because both
large and small fish prefer shallow habitat (Figure 2.4).
L. auritus was significantly less detectable in Picketts Mill Creek than in Little Noonday Creek,
with no overlap in confidence intervals of detection estimates. Habitat analysis of the two sites showed
that Picketts Mill had significantly more deep area (Z‐test, p=.002) and coarse substrate (Z‐test,
p=<.00001) (Figure 3.6). Detection efficiency has been found to be negatively correlated with the
presence of boulder substrate (Banish et al. 2015, Cucherousset et al. 2009, Linnansaari et al. 2007).
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High complexity pools have also been observed to negatively impact the detection efficiencies of larger
fish (Sloat et al. 2011). Comparison of all three sites for L. auritus (Figure 2.5) indicates that complexity
of habitat alters detection efficiency for this species. Little Noonday is a highly impacted urban site with
very little habitat complexity. Kennesaw Creek is moderately impacted, and Picketts Mill is the least
impacted and most complex site. The detection efficiencies of L. auritus are negatively correlated with
the relative complexity of these streams. Larger L. auritus are also significantly less detectable in Picketts
Mill than Little Noonday. Large L. auritus in Picketts Mill can find their preferred habitat, deep pools,
whereas those in Little Noonday are more likely to use refuge in shallower areas that are much easier to
sample with the antenna. This also explains why size does not impact L. auritus detection probability in
Little Noonday. Larger fishes that would typically take advantage of deeper, complex habitat areas do
not have it available.
This study has shown that the efficiency of detection of PIT tags with a portable antenna can be
influenced by the size and species of the fish, but that the degree and direction of these effects will vary
based on stream habitat. The prevalence of deep habitat and coarse substrate is likely to negatively
impact detection efficiencies for all species, but particularly those that prefer deep pools. Studies
wishing to maximize the number of detections in a mark/recapture study using portable PIT antennas
may want to focus on smaller fish if their species of interest prefers pool habitat. It may also be
worthwhile to combine portable PIT sampling with backpack electrofishing in highly complex streams.

26

Chapter 3‐ The Role of Long Distance Dispersal in the
Response of Stream Fishes to Urbanization
Introduction
Urbanization of a watershed has multiple impacts on the physical, chemical, and biological
elements of streams. Urbanization consistently results in the increased frequency of erosive flows (Roy
et al. 2005, Steuer et al. 2009, Walsh et al. 2005, Wheeler et al. 2005) and sedimentation (Walters et al.
2003, Wheeler et al. 2005). Overall, watershed urbanization reduces channel complexity and results in
the transformation of clear streams with coarse beds to turbid streams with fine beds (Walters et al.
2003). Water quality is often altered, with an increase in contaminants (Wenger et al. 2009), inorganic
nutrient enrichment (Kaushal 2006), and conductivity (Wenger et al. 2009). The physical and chemical
alterations to streams in urbanized watersheds ultimately result in biotic compositions that are lower in
diversity of sensitive, endemic species and dominated by tolerant, cosmopolitan species (Scott and
Helfman 2001, Walters et al. 2003, Walsh et al. 2005, Wenger et al. 2009). This “biotic homogenization”
(Scott and Helfman 2001, Walters 2003, Scott 2006) leads to irreversible losses of species diversity.
Species tolerance to urbanization varies, generally with fluvial specialists exhibiting sensitivity and lentic
tolerant species exhibiting tolerance (Walters et al. 2003, Roy et al. 2005, Scott and Helfman 200).
However, this relationship is not consistent and species with life histories and morphologies similar to
sensitive taxa can exhibit tolerance (Wenger 2008). Identifying aspects of tolerant fishes’ ecology or
behavior that allow them to respond to the habitat alterations resulting from land use changes may help
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anticipate land use effects on stream fish species before they are impacted and guide management in a
more effective way.
Geographic range serves as a good relative measure of a species’ risk of imperilment
both in terrestrial and aquatic ecosystems (Angermeir 1995). Endemics’ small ranges suggest specialist
ecologies that depend upon a narrow range of conditions for persistence. Cosmopolitan species, with
larger ranges, may be more flexible in habitat requirements. Being a habitat “generalist”, however,
could not alone result in the trends seen in some tolerant species following land use such as an increase
in both presence and abundance (Utz et al. 2010) which entails an expansion of range and colonization
of new areas. Albanese et al. (2009) found that mobility was an important determinant of colonization
and population recovery. Theoretical models have demonstrated that movement may counterbalance
the effects of habitat loss and fragmentation in altered landscapes (Niebuhr 2015) and that
characteristics of a population’s dispersal tendencies can serve as an indicator of their ability to increase
range (Goldwasser et al. 1994, Kot et al. 1996). Dispersal may be a fundamental aspect of fish behavior
involved in their ability to tolerate stream systems affected by human land use, particularly for fishes
that exhibit tolerance despite specialist ecologies.
Studies have shown that stream habitat complexity, consistently decreased by urban land use in
a watershed, can have an impact on movement of fishes. Albanese et al. (2004) observed that Semotilus
corporalis were less likely to disperse out of more complex habitats. Similarly, pool complexity and area
were negatively related to movement for creek chub Semotilus atromaculatus (Walker and Adams
2016). This negative correlation with movement and habitat complexity was also observed in Cutthroat
trout (Harvey et al. 1999). However, darter species had varying movement response to environmental
variability (Roberts and Angermeir 2006). Fishes may use increases in dispersal as a mechanism to
respond to changes in habitat complexity.
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Empirical dispersal studies of stream fishes consistently result in distributions that best fit a
heterogeneous model (Radinger and Wolter 2014, Rodriguez 2002, Skalski and Gilliam 2000) with two
components termed the “mobile” and “stationary” components (See “patterns of stream fish dispersal”
(pg. 10); Figure 3.1). Individuals grouped into the stationary component primarily display movement
associated with home range behaviors while those in the mobile component exhibit long distance
dispersal. The same species have been observed to have differing proportions of their population
represented in the mobile component in different studies (Radinger and Wolter 2014). This shows that
this proportion is not fixed and may be able to change in response to environmental needs. Since urban
streams lack the habitat complexity negatively correlated with movement and fishes may need to
disperse further to locate suitable habitat, especially if they have specialist ecologies, I hypothesize that:
1. Urban tolerant species will have a greater proportion represented in the mobile component in
urban streams than rural streams.
2. The mean movement distances for urban tolerant species will be greater for both the stationary
and mobile component in streams that are heavily impacted by urbanization than in less
impacted streams
3. Urban tolerant generalists will have a lower proportion of their population represented in the
mobile component and mean movement distances for both the stationary and mobile
component will be lower for tolerant generalists than urban tolerant specialists

Methods
Site selection
Two sites were selected in the Etowah river basin that contained the species of interest to our
study, had similar watershed areas, and varied in the degree to which the watershed area was impacted
by urban land use. Total imperviousness (TI) of the watershed area was used as a metric to estimate
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urban impact. Our less impacted/rural site, Picketts Mill Creek, has a TI of ~6% and is located in Paulding
County, Georgia (Figure 3.2, Figure 3.3). It is a second‐order tributary of Little Pumpkinvine Creek. Our
more impacted/urban site, Little Noonday Creek, has a TI of ~30% and is located in Cobb County,
Georgia (Figure 3.2, Figure 3.3). It is a second order tributary of Noonday Creek.

Species selection
Species were selected that would allow comparison of the importance of long distance dispersal
for tolerant species in urban and rural streams. In addition, we were interested in comparing habitat
generalist and specialist fishes to see the degree to which these ecological differences impact the need
for long distance dispersal in streams impacted by urban land use. Two species were selected that fit
these criteria: Campostoma oligolepis and Lepomis auritus.
Campostoma oligolepis, the largescale stoneroller, is a cyprinid present in the Etowah River
Basin. It is a documented urban tolerant species (Meador et al. 2005, Roy et al. 2005, South and Ensign
2013) and a habitat specialist that relies upon coarse substrate for feeding on epilithic communities. C.
oligolepis have been observed to not only persist but thrive in streams impacted by urban land use, with
populations in urban streams exhibiting longer spawning seasons, higher GSI values, and shorter gut
lengths than populations in less impacted streams (Mutchler et al. 2013, South and Ensign 2013).
Lepomis auritis, the redbreast sunfish, is a centrarchid species present in the Etowah River Basin.
It is a well‐known urban tolerant generalist that will feed on insects, snails, and other small
invertebrates. It is lentic tolerant and prefers low‐velocity, deeper habitats.
Given my hypotheses, my predictions are as follows:
1. The proportion of the population represented in the mobile component will be greater
in Little Noonday Creek than Picketts Mill Creek for L. auritus and C. oligolepis.
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2. The mean movement distances for the stationary and mobile components of L. auritus
and C. oligolepis will be greater in Little Noonday Creek than in Picketts Mill Creek.
3. The proportion of the population represented in the mobile component of L. auritus will
be lower than C. oligolepis and the mean movement distances for both the stationary
and the mobile component of L. auritus will be lower than C. oligolepis.
Sites were divided into sections that were comprised of a single erosional‐depositional sequence
with block nets set at the upstream and downstream end of each section prior to sampling via backpack
electrofishing. Collected fishes were identified to species with species of interest anesthetized with
140mg/L MS‐222 and surgically injected with a 12mm passive integrated transponder (PIT) tag (Biomark,
Idaho) in the abdomen posterior to the pelvic fins (Figure 3.4). Tagged fishes had section of capture,
lengths, and weights recorded before being allowed to recover fully. Recovered fishes were returned to
the midpoint of the section from which they were collected.
In total, 20 sections were sampled in each site. Picketts Mill Creek had an average sampling unit
length of 32m and a total sampling reach of 649m. Little Noonday Creek had an average sampling unit
length of 37m and a total sampling reach of 740m. 200 C. oligolepis and 182 L. auritus were tagged in
Picketts Mill Creek and 189 C. oligolepis and 136 L. auritus were tagged in Little Noonday Creek. (Table
3.1)

Resampling
Resampling via a portable antenna connected to an HPR Plus tag reader unit (Biomark, Idaho)
was conducted for the full length of each site three times. Little Noonday creek was resampled via
antenna in October 2016, January 2017, and February 2017. Picketts Mill Creek was resampled via
antenna in September 2016, October 2016, and January 2017. Ten sections at each site were also
resampled in December of 2016 via backpack electrofishing. Resampling occurred from downstream to
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upstream. Block netting was placed at the upstream and downstream ends of a sampling unit to avoid
the possibility of movement between sections during sampling, with the downstream block net removed
and placed at the downstream boundary of the next section following sampling of each unit.
For antenna recaptures, a “sampling marker” (PIT tag in a centrifuge tube) was scanned with the
antenna at the beginning of each unit prior to sweeping the entire section with the antenna. Following
the completion of antenna sampling, the “sampling marker” was scanned again. This provided the ability
to determine which sections the tag IDs were located in without relying solely upon GPS data or time of
detection. Although both of these variables are stored along with detected tag IDS, their accuracy is
proven to be suspect in areas of poor satellite reception. Upon detection of a tag, efforts were made to
evaluate the possibility of the detection being a shed tag rather than a live, marked individual. Habitats
that seemed unlikely for fish to be located were agitated following detection (in an attempt to cause a
live fish to flee), then scanned with the antenna again after the unique tag code timeout (set to 30
seconds). Repeated detections despite agitation of the area resulted in the tag ID being deleted from
our data set and not used in the calculation of movement distances.

Habitat Analysis
Habitat data were collected in January 2017 across the entire reach of both study sites to
evaluate differences in habitat complexity between urban and rural sites. A top‐set wading rod and flow
meter were used to measure depth and velocity, and a Rosgen Stream Classification scale was used to
quantify substrate (Table 3.2). Ten measurements of each variable were taken at random points in each
sampling section, with a single measurement of the dominant substrate being recorded at each point of
depth/velocity measurement. Since each of our sites consisted of 20 habitat units, 200 total
measurements of each variable were recorded for each site.
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Measurements from both sites were pooled with habitat scores assigned to each measurement
depending on its value. Values in the upper 1/3rd of depths (>1ft) were assigned a 3, between upper
1/3rd‐2/3rd were assigned a 2, and the lower 1/3rd (≤.69ft) a 1. For velocity, values in the upper 1/3rd
(>.41ft/s) were assigned a 1, between upper 1/3rd‐2/3rd assigned a 2, and the lower 1/3rd (≤.1ft/s) a 1
(Table 3.3). Substrate received a 1 for measurement of coarse substrate (anything besides sand, silt, or
clay; Table 3.2) and a 2 for fine substrate (sand, silt, or clay). Pivot tables in Excel allowed us to quantify
the number of habitat score combinations that occurred in each stream and compare the prevalence of
habitat scores or combinations of habitat scores by stream. For example, comparing the prevalence of
coarse substrate (all habitat score combinations that had a 1 value for substrate) or “riffle” type habitat
(all habitat scores that had a 1 value for velocity and 1 for substrate) among streams.
Analyses of the proportions of habitat types from each stream were conducted that accounted
for differences in habitat complexity and availability of preferred habitat types for the species in our
study. For L. auritus, a lentic‐tolerant generalist, deep habitat was considered ideal with all habitat score
combinations that had a 3 for depth compared between the two sites. For C. oligolepis, a fluvial
specialist, we compared the prevalence of “riffle” type habitat score combinations among streams
(those that had the highest 1/3rd velocity and coarse substrate). All comparisons were done using a z‐
test for proportions.

Movement Analysis
Movement distances were calculated from the midpoint of the section of marking/last
recapture to the midpoint of the section of recapture. Fishes encountered on multiple recapture events
had movement distances for each encounter included as a repeated measure.
Observed movement distances (including those=0m) for each population were analyzed in R
package Mclust (Scrucca et al 2016) which uses density estimation via Gaussian finite mixture modeling
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to estimate the model of best fit for sample data. Mclust returns the best fit model and the number of
components in that model, along with log likelihood values and parameter estimates. A two‐component
model would return estimates of the proportion of both components (corresponding to the proportion
of the mobile and stationary components), a mean for each component, and variance. Log‐likelihood
ratio tests were used to compare the fit of 2‐component models with one‐component models for each
population. Parameter estimates were used from the 2‐component model if it fit the data significantly
better than the 1‐component model (the null model for the likelihood ratio test because it estimates the
fewest parameters) for comparison across species and stream sites. Otherwise, one‐component model
parameter estimates were used.

Results
Habitat Analysis
Picketts Mill had significantly more habitat with a coarse bed than Little Noonday (z‐test,
p=<.00001). Little Noonday had significantly more “run” habitat, low complexity habitat characterized by
shallow water with a fine bed (z‐test, p=<.00001). “Riffle” habitat, characterized by high velocity water
and a coarse stream bed (the preferred habitat for C.oligolepis), was significantly more prevalent in
Picketts Mill (z‐test, p=.001). The deepest habitat was also found significantly more in Picketts Mill
(preferred for L. auritus) than Little Noonday (z‐test, p=.002). (Table 3.3)

Movement Analysis
In Picketts Mill L. auritus, a total of 46 recaptures were included in our movement data with 21
observations of 0 movement and 25 observations of movement >0m. Picketts Mill C. oligolepis had 77
total recaptures with 22 observations of 0 movement and 55 observations of movement >0m. Little
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Noonday L. auritus had 45 total recaptures with 23 observations of 0 movement and 22 observations of
movement >0m. Little Noonday C. oligolepis had 64 total recaptures with 11 observations of 0
movement and 53 observations of movement >0m. All movement distributions were leptokurtic and
non‐zero movement observations occurred in the downstream direction more often than the upstream
direction for all populations (Table 3.4).
For three out of four of our study populations, the two‐group model fit our observed distance
data significantly better than a one‐group model. C. oligolepis’ movement distributions fit the two‐group
model best in both Little Noonday (LR test, p=.00001) and Picketts Mill Creek (LR test, p=.00002). The L.
auritus population in Little Noonday Creek also fit the two‐group model best (LR test, p=.000002),
however the population in Picketts Mill did not fit the two‐group model significantly better than the one
group model (LR test, p=.43). (Table 3.5)
Proportions of the components generated from Mclust indicated that 80% of the C. oligolepis
population in Little Noonday Creek would be represented in the stationary component and 20% in the
mobile component. L. auritus in Little Noonday had 86% represented in the stationary component and
14% in the mobile component. 65% of the C. oligolepis population in Picketts Mill Creek were
represented in the stationary component and 35% in the mobile component. Since the Picketts Mill L.
auritus population did not fit the two‐component model significantly better, the entire population’s
movement data is a single component (Table 3.6).
Although the proportion of the population represented in the mobile component was greater in
Picketts Mill for C. oligolepis, mean movement distances for both the stationary components (t‐test,
p=<.00001) and mobile components (t‐test, p=.005) were greater in Little Noonday Creek (Figure 3.5).
The stationary component of C. oligolepis had an estimated mean movement distance of 38.3m in Little
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Noonday and 21m in Picketts Mill. The mobile component of C. oligolepis had an estimated mean
movement distance of 217.7m in Little Noonday and 131.3m in Picketts Mill (Table 3.6).
The stationary component of Little Noonday’s L. auritus population does not have a significantly
greater mean movement distance than the single component fit for Picketts Mill L. auritus (Figure 3.6).
L. auritus in Little Noonday had a mean movement distance of 21.9m for the stationary component and
193.3 for the mobile component. The mean movement distance for Picketts Mill L. auritus was 24.5m
(Table 3.6).
In Little Noonday Creek, C. oligolepis’ stationary component (µ =50.8m) had a significantly
higher mean movement distance than the stationary component of L. auritus (µ =21.9m) (t‐test,
p=.00004) although the mobile components were not significantly different (Table 3.6).
In Picketts Mill, C. oligolepis’ mobile component (µ =131.3m) had a significantly greater mean
movement distance than the single component of L. auritus (µ =24.5m) (t‐test, p=.04) while the
stationary component of C. oligolepis and the single component fit of L. auritus were not significantly
different (Table 3.6).

Discussion
Similar to many other stream fish dispersal studies (Gilliam and Fraser 2001, Freeman 1995,
Skalski and Gilliam 2000, Walker and Adams 2016) all of our populations’ movement distributions were
leptokurtic (Table 3.4). The consistent leptokurtosis of movement distributions in fish movement studies
is one of the findings that led to the development of the heterogeneous model of fish movement
(Radinger and Wolter 2014, Rodriguez 2002, Skalski and Gilliam 2000). However, one of our populations,
L. auritus in Picketts Mill, deviated from the heterogeneous model and has a movement distribution that
is better explained by a homogenous model. This population also has the lowest sample kurtosis value
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(4.29) of all four of our populations. While two‐component models have been supported in stream fish
movement studies (Pépino et al. 2012, Rodriguez 2002, Skalski and Gilliam 2000, Wells et al. 2017),
other studies have also found distributions that do not fit this model. Morrissey and Ferguson (2017)
observed a population with homogeneous dispersal, likely due to population‐wide spawning migration.
In a study fitting 27 data sets to both one and two‐component models, Rodriguez (2002) found that 10
of the data sets were not better explained by the two‐group model.
It is important to consider whether our experimental design could have influenced the lack of a
heterogeneous model fit for the movement distribution in Picketts Mill L. auritus. Our methodology for
re‐detections (portable PIT antenna) was less efficient in Picketts Mill than in Little Noonday, most likely
due to the significantly greater habitat complexity in Picketts Mill and L. auritus’ habitat preferences
(see results, discussion in Chapter 2). Our recaptures for L. auritus in Picketts Mill provided us with only
46 movement observations despite tagging 182 fish (compared to 45 observations of 136 tagged L.
auritus in Little Noonday). A study by Booth et al. (2014) evaluated the number of recaptures that would
maximize estimates of the true movement distribution for a fish population and indicated that
observations around our sample size may be able to effectively estimate overall mean distances in
movement, but not maximum movement distances. Another issue in our methodology was that our
marking and resampling occurred in the same reach area, which biases detections towards short
distance movement observations (Albanese 2003, Rodriguez 2002). However, the same methodology
and very similar sample size in Little Noonday’s L. auritus population resulted in a distribution that fit the
2‐component model significantly better (p<.00001, Table 3.5) than the one‐component model.
One complication of the lack of a two‐component fit for L. auritus is the inability to compare the
proportion of the mobile component in Picketts Mill and Little Noonday. Proportions aside, the highest
observed movement distance (115m) in Picketts Mill for L. auritus was lower than the smallest value in
the observed individuals that were grouped into the mobile component for Little Noonday (129m).
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Kurtosis, which was used in Lowe (2009) as a metric to compare yearly frequencies of long distance
dispersal occurring in a stream‐dwelling salamander, was much higher (almost triple) in Little Noonday
L. auritus than in Picketts Mill L. auritus (table 3.4). The mean for the entire population of Picketts Mill L.
auritus is very similar to the mean for the stationary component in Little Noonday (Table 3.6). This leads
me to conclude that there is much more long distance dispersal occurring for L. auritus in Little Noonday
Creek than in Picketts Mill Creek. This finding aligns with studies that have observed a negative
correlation with movement and habitat complexity (Albanese et al. 2004, Harvey et al. 19999, Walker
and Adams 2016). Long distances dispersal may be more important in low complexity habitats even for
habitat generalists such as L. auritus.
The proportions of the population represented in the mobile component for C. oligolepis were
significantly different, but not in the expected direction. A significantly higher proportion of C. oligolepis’
population was represented in the mobile component in Picketts Mill, our less impacted site. However,
the estimated mean movement distances were significantly lower in Picketts Mill for both the stationary
(µ=21.4m Picketts Mill, µ=50.8m Little Noonday) and mobile (µ=131.3m Picketts Mill, µ=217.7m Little
Noonday) components. It seems that although fewer fishes are grouped into the mobile component, the
entire population of C. oligolepis in Little Noonday is moving significantly longer distances. It may be that
increased movement is necessary simply for C. oligolepis to survive in Little Noonday Creek. Since they
are foragers that feed on epilithic communities and Little Noonday has significantly less coarse substrate
than Picketts Mill, locating suitable foraging may require much more movement for the stationary
component. Individuals dispersing long distances have much more low complexity habitat to traverse in
Little Noonday, which has significantly more run‐type habitat than Picketts Mill. These long stretches of
unsuitable habitat are likely causing the significant increase in long distance dispersal distances in the
mobile component because fish have to travel much further to reach preferred habitat. This aligns with
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the findings of Harvey et al. (1999), who saw the most extensive movements in environments lacking
structural complexity.
In Little Noonday, C. oligolepis had a greater proportion of their population represented in the
mobile component (20%) than L. auritus (14%), but the movement distances of the mobile components
were not significantly different. Both of these species are having to exhibit similar long distance
movement distances to traverse the low complexity habitat of Little Noonday. However, the mean
movement distances for the stationary components were significantly greater in Little Noonday C.
oligolepis than L. auritus, likely due to the increased distance that C. oligolepis has to move to locate
suitable areas to forage on epilithic communities. L. auritus’ generalist ecology is likely what allows it to
persist in Little Noonday without increased stationary component (home range) movement. For C.
oligolepis, however, locating coarse substrate in an environment dominated by fine substrate, as in Little
Noonday, requires increased home range movement.
In Picketts Mill, the stationary component for C. oligolepis did not have a greater mean
movement distance than the single component of L. auritus. The mobile component for C. oligolepis did
have a significantly greater mean movement distance than the single component of L. auritus, which
was unsurprising considering that the mean movement distance for L. auritus in Picketts Mill was only
24.5m and is more comparable to a single stationary component. Dispersal may be more important
overall for C. oligolepis since it has to move around to find suitable grazing wherever epilithic
communities are available.
In conclusion, long distance dispersers for tolerant generalists and specialists are likely to move
longer distances in low complexity urban streams. The increase in both home range and long distance
dispersal distances may be important for specialists in order to persist in low complexity urban habitat.
The proportion of the mobile component is not fixed for species but may not be a good metric alone for
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comparing dispersal among different sites and should be analyzed along with mean movement distances
for those components. Additionally, while there is a lot of support for the heterogeneous model of
stream fishes, the fit of this model should not be assumed. Had we fit all of our data to a 2‐component
model without first assessing model fit, the means for the stationary and mobile component of Picketts
Mill L. auritus would have been less than 50m in difference, which does not fit with the idea of
stationary and mobile groups in a population (Rodriguez 2002). Deviations from the heterogeneous
model may be rare, but some species may be less likely to exhibit long distance dispersal based on their
habitat preferences (e.g.‐ pool‐dwelling species with access to high complexity habitat).
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Integration of Thesis Research
This research project spans across multiple scales of biology by examining how landscape‐level
modifications affect population‐scale movement distributions. The interconnectedness of natural
environments promotes the integration of multiple‐scale approaches when considering the effects that
alterations of natural environments may have on species. Examining natural environments at only one
scale may lead to overlooking crucial elements that may be influencing a study.
This research also relied heavily upon the integration of disciplines outside of biology, namely
statistics and mathematical modeling. The findings of this research provide some evidence that
increasing dispersal is important for tolerant species in degraded environments. Continuing to analyze
dispersal of both tolerant and sensitive species using similar methods may provide a more rigorous,
quantifiable means of analyzing the effects of urbanization on stream fishes. Integrating statistics and
mathematical modeling into biological studies allows for studies conducted in nature to maintain rigor
despite the inability to control many variables of your study environment.
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