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ABSTRACT.—Etheostoma zonale, the banded darter, was introduced to the Susquehanna River
basin of Pennsylvania through an interbasin transfer, or transplantation of native fishes
outside their natural range. We examined the habitat use of a darter native to the
Susquehanna River drainage E. olmstedi, the tessellated darter, in sympatry and allopatry with
E. zonale to determine if its habitat use was different. In the presence of E. zonale, E. olmstedi
occupied significantly (P , 0.05) shallower habitats (mean depth , 27 cm) with smaller
substrates (mean substrate index , 32) and slower water velocities (mean water velocity ,

0.13 m s�1) than in sites without E. zonale. The habitat shift of E. olmstedi was accompanied by
a compression of niche breadth. The results are consistent with the hypothesis that E. zonale
excludes E. olmstedi from riffle and run habitats, restricting E. olmstedi to shallow pools and
stream margins.

INTRODUCTION

The introduction of non-native fishes has become a global problem (Zaret and Paine,
1973; Courtenay and Stauffer, 1990; Lassuy, 1995; Rahel, 2000). In North America, at least 70
fishes of foreign origin (exotic) have become established in fresh and marine waters
(Courtenay et al., 1986; Courtenay, 1995; Courtenay and Moyle, 1996). Most non-native
fishes in the United States (150 species), however, are the result of interbasin rather than
intercontinental transfers (Courtenay et al., 1986). Interbasin transfers include fishes that
have been intentionally or unintentionally transplanted beyond their native range in North
America (Moyle et al., 1986; Ross, 1991; Courtenay and Moyle, 1996) and are homogenizing
fish faunas in the United States (Rahel, 2000). Although interbasin transfers are much more
common than the introduction of exotic species, they are studied less frequently (Ross,
1991). Ecological effects of non-native fishes on native species and communities include
habitat alteration (vegetation removal, changes in water quality, Mitchell, 1986), in-
troduction of parasites and diseases (Moyle et al., 1986), trophic alterations (competition for
food, predation, Meffe, 1985; Hindar et al., 1988; Townsend and Crowl, 1991; Moyle et al.,
2003), hybridization (Hocutt and Hambrick, 1973; Raesly et al., 1990; Leary et al., 1995),
spatial alterations (competition for space, Moore et al., 1983; Gatz et al., 1987; Peterson and
Fausch, 2003) and extirpation of native species (Schoenherr, 1981; Taylor et al., 1984; Lemly,
1985). Ross (1991) found that the majority of studies (77%) examining effects of non-native
species documented a decline of native fishes following the introduction of exotic or
transplanted species. In the few cases in which a fish introduction has thought to have no
effect, small localized populations or habitats heavily influenced by stochastic events were
involved (Moyle et al., 1986; Courtenay and Moyle, 1996; Brown and Moyle, 1997).

Kneib (1972) first collected Etheostoma zonale, the banded darter, from the Susquehanna
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River drainage in Little Pine Creek, a tributary to Pine Creek, Lycoming County,
Pennsylvania, in 1971. Its presence in the Atlantic slope was attributed to a bait-bucket
introduction from an Allegheny River drainage population that probably occurred in the
late 1960s. In 1972, E. zonale was collected more than 400 km downstream from Little Pine
Creek (Denoncourt et al., 1975), perhaps aided by the record flood of Hurricane Agnes in
1972. It is currently the most abundant darter in many localities throughout the
Susquehanna River drainage (Raesly, 1991) and has hybridized with E. olmstedi, the
tessellated darter (Raesly et al., 1990).

We compared the habitat use by Etheostoma olmstedi in sympatry and allopatry with the non-
native E. zonale to determine if a habitat shift has occurred. We examined microhabitat (on
scales of centimeters or smaller, Harding et al., 1998) use because most darters are habitat
specialists (White and Aspinwall, 1984; Stauffer et al., 1996) that show few dietary differences
(Martin, 1984; Schlosser and Toth, 1984; Gray et al., 1997). Habitat shifts are among the
most common immediate effects of introductions of fishes (Werner, 1984). Measuring
overlap in spatial resources does not demonstrate the existence of interspecific competition
(Colwell and Futuyma, 1971). Nevertheless, a niche shift, a change or reduction of the
realized niche (Hutchinson, 1957) of one species when in sympatry with another (Schoener,
1974; Gatz et al., 1987; Greenberg, 1988; Taylor, 1996), may identify the importance of
intraspecific vs. interspecific interactions and provide insight into the effects of a non-native
species on resource use of native species.

METHODS

Study sites.—Four sites within the Susquehanna River basin were selected for sampling
based on darter distributions. Nescopeck Creek, a third order stream located in Luzerne
County, Pennsylvania, and two sites on Jack’s Creek (1 and 2), a fourth order stream located
in Mifflin County, Pennsylvania, did not contain Etheostoma zonale. In Sugar Creek, a third
order stream in Bradford County, Pennsylvania, both E. olmstedi and E. zonale ocurred. In
Jack’s Creek (1 and 2) and Sugar Creek, Percina peltata, the shield darter, was also present but
at very low densities. Jack’s Creek 2 was sampled in July 1994. During June to September of
1994 and 1995, Nescopeck Creek was sampled seven times, Jack’s Creek 1 was sampled six
times and Sugar Creek was sampled five times.

Data collection.—Each site contained a 40-m long riffle, run and pool sequence that was
snorkeled. Typically two investigators each spent 2 h snorkeling during each visit. We
restricted our observations to times of good visibility. We began at the downstream end of the
site and moved slowly upstream so that fishes were not disturbed. An observation was excluded
if the fish was startled by the observer. Loose rocks were turned over as snorkeling proceeded
so that observations were not biased against hidden fishes. Water temperature ranged from
15 C–26 C during the study period. The study streams were 15–20 m wide at each site.

Following a darter observation, a numbered flag was secured in the stream bed at the
specific location of the fish and the following variables were recorded: flag number, species,
age group (adult or young of the year, yoy, visually estimated), orientation to the current (1¼
snout facing upstream, 2 ¼ snout facing the right or left bank and 3 ¼ snout facing
downstream; subsequently referred to as direction), the type of vegetation present, if any, and
orientation to the substrate (subsequently referred to as position). Each fish was classi-
fied into one of four categories for the position variable: under substrate, on the top sur-
face of substrate (subsequently referred to as above), between substrate or suspended in
the water column.

Following a snorkeling session, the following abiotic variables were recorded at each flag:
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depth (to the nearest 0.5 cm), water velocity at the substrate level (subsequently referred to as
bottom water velocity, m s�1), water velocity at 0.6 depth or mean water velocity (m s�1, Bovee,
1986) and substrate size. Water velocity was recorded with a Marsh-McBirney digital flow
meter with a bulb sensor. Substrate size was quantified using a 25325 cm acrylic sheet marked
with a grid of 25, 5 3 5 cm squares. The center of the grid was placed over the flag’s location
and each of the 25 squares was examined for rocks that encompassed at least one half of the
square’s area. The rock size category (R) was quantified by determining how many squares
each rock covered. The rock size category could range from one square to 25 squares,
representing 5 3 5 cm rock to 25 3 25 cm rock. A substrate index (I) was determined by the
sum of the number of rocks (n) observed in each size category multiplied by the category
squared: I¼

P
nR2. The index ranges from 25–625 and increases as substrate size increases.

For example, if there was one 25325 cm rock under the grid, it would occupy 25 squares and
the substrate index (I) would be 13252¼625 (n¼1, R¼25). If all the substrate under the grid
was smaller than 5 3 5 cm, the substrate index (I) would be 25 3 12¼ 25 (n¼ 25, R¼ 1).

Habitat availability.—Systematic transect sampling was conducted to quantify habitat
availability at each site. Six equally spaced transects were made across the stream throughout
each study site on each sampling date. Five equidistant points across each transect were
sampled for the four abiotic variables: depth, bottom water velocity, mean water velocity and
substrate size. The type of vegetation, if present, was also noted.

Statistical analysis.—Because habitat use of stream fishes changes with abiotic fluctuations
such as depth and flow (Kessler et al., 1995; Stauffer et al., 1996), we used multivariate
analysis of variance (MANOVA, SAS 6.12, Proc GLM) of the continuous habitat availability
variables (depth, bottom water velocity, mean water velocity and substrate index) to
determine whether collections had similar habitat availability and could be pooled. For all
statistical tests we used Levene’s test to determine if transformation of variables was
necessary (SAS Institute Inc., 1996). Univariate analysis of variance (ANOVA, SAS 6.12, Proc
GLM) and the Tukey-Kramer multiple comparison method (Day and Quinn, 1989) tested
for differences among collections for each microhabitat variable. Collections with no
significant differences in abiotic variables were pooled for subsequent analyses so that darter
habitat use could be examined independent of the habitat parameters that we measured.
Alpha values were less than or equal to 0.05 for all statistical tests.

MANOVA of the continuous dependent microhabitat variables (depth, bottom water
velocity, mean water velocity and substrate index) was used to test whether Etheostoma olmstedi
shifted its habitat use in the presence of E. zonale. Univariate analysis of variance (ANOVA,
SAS 6.12, Proc GLM) and the Tukey-Kramer multiple comparison method (Day and Quinn,
1989) tested species differences for each microhabitat variable. The habitat use of E. olmstedi
was examined across sites in sympatry and allopatry with E. zonale to test for habitat shifts.
Chi-square tests of homogeneity were used to determine whether use of position and
direction categories differed among species. Young-of-the-year and adult fish were treated
separately due to potential ecological differences (Polis, 1984).

Niche breadth.—Levins’ (1968) measure of niche breadth was calculated for each species.
Niche breadth indicates where species fall on the continuum from generalist to specialist in
resource use. The index is calculated by the following formula (Levins, 1968): B¼1 (

P
pj

2)�1,
where B ¼ Levins’ niche breadth measure and pj ¼ the proportion of individuals found in
resource state j. The index is standardized to a scale of 0–1.0 by the following formula
(Hurlbert, 1978): BA¼ (B� 1) [(n� 1)]�1, where BA¼ Levins’ standardized niche breadth,
B¼ Levins’ niche breadth measure and n¼ the number of possible resource states. Levins’
standardized niche breadth (Hurlbert, 1978) values approaching one indicate habitat
generalization and values approaching zero indicate habitat specialization. Although no
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statistics have been developed to determine significance for this index, we considered values
greater than 0.66 to indicate habitat generalization and values less than 0.33 to indicate
habitat specialization. We hypothesized that if interspecific interactions between Etheostoma
zonale and E. olmstedi are stronger than intraspecific interactions among E. olmstedi,
a compression of its niche width will be observed in the presence of E. zonale. We calculated
percent change in niche width by the following formula: percent change¼ [((mean niche
width of sympatric sites)� (mean niche width of allopatric sites)) 3 (mean niche width of
allopatric sites)�1] 3 100.

RESULTS

Habitat availability.—Habitat availability differed among collections (F¼ 2.98; 68, 2070 df;
P ¼ 0.0001). Univariate ANOVAs showed that collections differed in depth (F ¼ 4.82; 17,
522 df; P¼ 0.0001), bottom water velocity (F¼ 3.28; 17, 522 df; P¼ 0.0001) and mean water
velocity (F ¼ 4.84; 17, 522 df; P ¼ 0.0001) distributions, but did not differ in substrate size
(F ¼ 1.64; 17, 522 df; P ¼ 0.0507). Collections with no significant differences in habitat
availability were pooled, resulting in two data sets. The first data set included two Nescopeck
Creek collections and two Sugar Creek collections, whereas the second data set included four
Nescopeck Creek collections, four Jack’s Creek collections and three Sugar Creek collections.
Average depths, bottom and mean water velocities were greater in the first data set (mean
depth¼ 28.0 cm, mean bottom and mean water velocity¼ 0.17, 0.28 m s�1) than the second
(mean depth¼18.8 cm, mean bottom and mean water velocity¼0.09, 0.16 m s�1). Therefore,
the two data sets are subsequently referred to as high flow and low flow, respectively (Fig. 1).
The darter habitat use data were pooled for each stream within a data set and analyzed
separately to remove effects of habitat availability.

FIG. 1.—Mean depth, bottom and mean water velocity and substrate index plus one standard
deviation of the habitat availability of the high and low flow data sets. Different letters indicate sig-
nificant differences
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Sympatry and allopatry with Etheostoma zonale.—Etheostoma olmstedi shifted its habitat in the
presence of E. zonale. In the high flow data set, E. olmstedi populations in sympatry and
allopatry with E. zonale differed in depth (F¼ 42.48; 1, 100 df; P¼ 0.0001) and mean water
velocity distribution (F ¼ 12.46; 1, 100 df; P ¼ 0.0006; Table 1; Fig. 2). When E. zonale was
absent, E. olmstedi occurred in significantly deeper faster microhabitats than in the presence
of E. zonale (P , 0.05, Fig. 2, Table 1). Allopatric and sympatric E. olmstedi differed in
distribution among position (P , 0.05), but not direction (P . 0.05) categories (Table 1).
In the presence of E. zonale, E. olmstedi occurred significantly less frequently between
substrate and more frequently under substrate than without E. zonale (Table 1). Com-
parisons of use of vegetation could not be made because vegetation was observed only in
Sugar Creek.

In the low flow data set, adult and yoy Etheostoma olmstedi sympatric and allopatric with
E. zonale differed in distribution of all four continuous habitat variables (depth� F¼ 24.33;
3, 295 df; P ¼ 0.0001; bottom water velocity � F ¼ 5.30; 3, 295 df; P ¼ 0.0014; mean water
velocity � F ¼ 4.51; 3, 295 df; P ¼ 0.0041; substrate size � F ¼ 3.94; 3, 295 df; P ¼ 0.0088;
Fig. 2; Table 1). In the absence of E. zonale, adult E. olmstedi were associated with signi-
ficantly deeper, fast-moving habitats with larger substrates than in the presence of E. zonale
(P , 0.05, Fig. 2). Etheostoma olmstedi yoy populations were associated with shallow slow-
moving waters. However, E. olmstedi yoy with E. zonale occurred in significantly faster bottom
and mean water velocities than when without E. zonale (P , 0.05, Table 1; mean bottom
water velocity¼ 0.08, 0.02 m s�1; mean water velocity¼ 0.05, 0.15 m s�1, respectively). There
were no significant differences among E. olmstedi populations in position with respect to the
substrate or direction with respect to the current (P . 0.05, Table 1).

Niche breadth.—Etheostoma olmstedi had a compressed niche in the presence of E. zonale
(Table 2). Adult and yoy E. olmstedi were habitat specialists for all variables in Sugar Creek. In

TABLE 1.—Mean and standard deviation (in parentheses) of depth, bottom and mean water velocity
and substrate size used by Etheostoma olmstedi in sympatry and allopatry with E. zonale for each data set.
For position, direction and vegetation, modes and percent of individuals at the mode is given. For
direction, the categories are: 1 ¼ snout facing upstream, 2 ¼ snout facing the right or left blank, and
3 ¼ snout facing downstream. Sample sizes of each group are given underneath the species name

Site
Data set Species Position Direction Vegetation

Depth
cm

Bottom
velocity
m s�1

Mean
velocity
m s�1

Substrate
index

Sympatry/Allopatry with E. zonale

High flow

Allopatry E. olmstedi
56

above
82%

1
55%

no vegetation
100%

38.3
(10.2)

0.09
(0.09)

0.22
(0.17)

38.30
(16.5)

Sympatry E. olmstedi
46

above
59%

1
59%

no vegetation
76%

26.4
(6.0)

0.06
(0.08)

0.10
(0.11)

31.70
(25.8)

Low flow

Allopatry E. olmstedi
181

above
76%

1
43%

no vegetation
100%

30.0
(7.5)

0.07
(0.08)

0.18
(0.14)

55.70
(65.8)

E. olmstedi yoy
39

above
87%

1
44%

no vegetation
100%

22.8
(7.6)

0.02
(0.03)

0.05
(0.06)

49.40
(29.5)

Sympatry E. olmstedi
59

above
81%

1
54%

no vegetation
80%

22.8
(6.5)

0.06
(0.10)

0.12
(0.15)

30.50
(12.5)

E. olmstedi yoy
20

above
100%

1
70%

no vegetation
100%

22.6
(4.3)

0.08
(0.07)

0.15
(0.11)

33.30
(11.5)
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FIG. 2.—Mean depth, bottom and mean water velocity and–substrate index plus one standard
deviation of Etheostoma olmstedi populations in sympatry and allopatry with the non-native E. zonale,
illustrating the shift of E. olmstedi from preferred riffle habitats to pools in the presence of E. zonale.
Different letters indicate significant differences
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sites allopatric with E. zonale, however, adult E. olmstedi were more generalized in resource
use (Table 2). A reduction of the realized niche of E. olmstedi when in sympatry with E. zonale
was observed. A substantial compression of niche width for all variables was observed from E.
olmstedi populations in Nescopeck and Jack’s creeks compared to Sugar Creek populations
in high and low flows. The percent reduction in niche width varied from 42–72% in high
flow and 3–92% in low flow conditions (Table 2). The greatest differences were seen in
substrate size and mean water velocity distribution (Table 2). No niche width changes were
observed for E. olmstedi yoy in the sympatry and allopatry with E. zonale.

DISCUSSION

Herbold and Moyle (1986) and Moyle and Light (1996) observed that many successful
introductions have occurred in disturbed habitats and that introduced fishes usually
displace native species. Habitat shifts of native species are one of the most likely immediate
effects of introduction events (Werner, 1984). We demonstrated a habitat shift of Etheostoma
olmstedi in sympatry with the non-native E. zonale. In the presence of E. zonale, E. olmstedi
occupied shallower habitats with slower water velocities and smaller substrates compared to
sites without E. zonale. Etheostoma olmstedi were, therefore, restricted to shallow pool and
stream margins in sympatric sites, whereas in allopatry, E. olmstedi occupied more diverse
habitats including riffles and runs. This shift in habitat use from allopatry to sympatry was
accompanied by a compression of the realized niche.

This study was based on data from a limited number of sites. Studies of habitat shifts and
resource use by fishes are often hampered by the ability to find a large number of sites
characterized by particular combinations of species for comparisons. Previous studies of
darter, trout, cyprinid and cisco habitat shifts were based upon a total of 3–6 sites, with 1–3
of the sites having the species of interest sympatric (Gatz et al., 1987; Greenberg, 1988;
Hindar et al., 1988; Douglas et al., 1994). We demonstrated a habitat shift between two darter
species with a total of four sites, with one of the sites including the both species. There are
problems with a lack of replication in sympatric sites. Nevertheless, Gray and Stauffer (2001)
examined substrate choice and behavioral interactions among three species in an artificial
stream and observed the same habitat shift. The presence of Etheostoma zonale induced
a shift of E. olmstedi from preferred large substrate to small substrate. In addition, E. zonale

TABLE 2.—Levins’ standardized niche breadth measures of depth, bottom and mean water velocity
and substrate index for Etheostoma olmstedi in sympatry and allopatry with E. zonale. The percent decrease
in niche width from populations in sympatry to populations in allopatry with E. zonale are given

Data set
Species

Sugar Creek – sympatry Jack’s Creek – allopatry Nescopeck Creek – allopatry

Depth
Bottom
velocity

Mean
velocity

Subst.
index Depth

Bottom
velocity

Mean
velocity

Subst.
index Depth

Bottom
velocity

Mean
velocity

Subst.
index

High flow

E.olmstedi 0.342 0.115 0.192 0.023 0.633 0.198 0.553 0.081
Percent

decrease �46% �42% �65% �72%

Low flow

E. olmstedi yoy 0.245 0.026 0.118 0.026 0.269 0.000 0.000 0.348 0.114 0.000 0.000 0.000
E. olmstedi 0.373 0.081 0.092 0.018 0.363 0.079 0.177 0.404 0.410 0.132 0.213 0.058
Percent

decrease �3% �23% �53% �92%
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was most frequently the aggressor in behavioral interactions. Etheostoma olmstedi did not
direct any agonistic behavior toward E. zonale, however 20% of aggressive acts initiated by
E. zonale were directed towards E. olmstedi (Gray and Stauffer, 2001). Interference competi-
tion for space is therefore suggested as the mechanism of the habitat shift, although con-
trolled experiments are required to test this hypothesis. Differences in fish habitat use can
not be explained by differences in stream characteristics because no significant differences
in measured abiotic conditions were found within each data set.

The habitat shift by Etheostoma olmstedi may result in population decline or local
extirpation of populations in the presence of E. zonale. Restriction of E. olmstedi to shallow
pools and stream margins may result in a reduced food base (Schlosser, 1987; Vogt and
Coon, 1990) or increased susceptibility to predation (Greenberg, 1994; Brown and Brasher,
1995; Greenberg et al., 1997). In addition, observations of E. olmstedi nest sites have shown
that in the presence of E. zonale, nests occur in deeper slower habitats than in allopatric
populations (Gray, pers. obs.). It is unknown whether reproductive success of E. olmstedi is
reduced in low velocity habitats. Nevertheless, niche shifts may not lead to extirpation;
several trophic studies have shown species to modify their feeding regime in response to
an introduced competitor (Crowder, 1984; Crowder and Crawford, 1984; Magnan and
Fitzgerald, 1984).

Characteristics often associated with successfully invading species include abundance in
its natural range, polyphagy, high reproductive rate, short generation time, long-range
dispersal ability, phenotypic plasticity, genetic variability and ability to function in a wide
range of physical conditions (Ehrlich, 1984; Taylor et al., 1984; Townsend, 1991). Etheostoma
zonale has most of these characteristics including abundance in its natural range, polyphagy,
short generation time and generalization in habitat use as compared to other darter species
(Stauffer et al., 1996). In addition, E. zonale was more fecund than seven of eight Etheostoma
species in tributaries of the Allegheny River, Pennsylvania (Kellogg et al., 1997). It is
unknown whether E. zonale is genetically more variable or is more phenotypically plastic
than other darter species. Pimm (1987) stated that the greatest effect of introduced species
are observed when the invading species is a generalist, and the greatest negative effect
should be observed on resident species that are specialists. Our results agree with this
assertion; E. zonale is a habitat generalist for most variables, whereas E. olmstedi is a habitat
specialist. In addition, the Susquehanna River basin is species poor as compared to the
Allegheny River drainage, and several investigators have observed that depauperate
drainages may be more vulnerable to invasion by non-native species (Hocutt and Hambrick,
1973; Moyle, 1984; Courtenay, 1995).

Despite the abundance of studies that have demonstrated competition, predation or
hybridization among native and introduced fish species (Meffe et al., 1983; Lemly, 1985;
Leary et al., 1993), a theory of invasion ecology has yet to be developed and our ability to
predict effects of introduced species is weak (Fausch, 1988; Townsend, 1991). Pimm (1987)
and Li and Moyle (1981) have suggested approaches to predict community changes with
regard to food webs. However, refinement of these models and additional work in this area
is required for other potentially limiting resources, such as habitat. Although it is difficult to
determine the cause of many introductions, at least seven species have been successfully
introduced through bait-bucket introductions in California alone (Moyle, 1976) and
Courtenay (1995) reported that approximately 75% of interbasin transfers in North
America are related to recreational fishing. Potential policy changes to minimize interbasin
transfers include education of anglers to either destroy unused baitfish or to use species that
are native to the drainage. These measures may be worth the cost of implementation
because it is impossible to predict the ecological effects of fish introductions and once
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a species becomes established, it is essentially impossible to control or eradicate (Hubbs
and Brodrick, 1963; Moore et al., 1983; Simberloff and Stiling, 1996).

Acknowledgments.—We thank M. Arnegard, P. Danley, M. Gutowski, P. Koltz, D. LaMarie, D. Parise,
H. Posner, I. Posner, R. Ruffing, C. Snyder, B. Stauffer, D. Stauffer, K. Walter and Z. Whisel for field
assistance. This project was funded by the National Biological Survey RWO42.

LITERATURE CITED

BOVEE, K. D. 1986. Development and evaluation of habitat suitability criteria for use in the instream flow
incremental methodology. Instream flow information paper no. 21. Biol. Rep., 86:1–28.

BROWN, L. R. AND A. M. BRASHER. 1995. Effects of predation by Sacramento squawfish (Ptychocheilus
grandis) on habitat choice of California roach (Lavinia symmetricus) and rainbow trout
(Oncorhnchus mykiss) in artificial streams. Can. J. Fish. Aquat. Sci., 52:1639–1646.

——— AND P. B. MOYLE. 1997. Invading species in the Eel River, California: successes, failures, and
relationships with resident species. Env. Biol. Fish., 49:271–291.

COLWELL, R. K. AND K. J. FUTUYMA. 1971. On the measurement of niche breadth and overlap. Ecology,
52:567–576.

COURTENAY, W. R., JR.1995. The case for caution with fish introductions, p. 413–424. In: H. L. Schramm,
Jr. and R. G. Piper (eds.). Uses and effects of cultured fishes in aquatic ecosystems. American
Fisheries Society Symposium 15, Bethesda, Maryland.

———, D. A. HENSLEY, J. N. TAYLOR AND J. A. MCCANN. 1986. Distribution of exotic fishes in North
America, p. 675–698. In: C. H. Hocutt and J. R. Stauffer, Jr. (eds.). The zoogeography of North
American freshwater fishes. Wiley-Interscience, New York, New York.

——— AND J. R. STAUFFER, JR.1990. The introduced fish problem and the aquarium fish industry. J. World
Aquaculture Soc., 21:125–159.

——— AND P. B. MOYLE. 1996. Biodiversity, fishes, and the introduction paradigm, p. 239–252. In: R. C.
Szaro and D. W. Johnston (eds.). Biodiversity in managed landscapes. Oxford University Press,
New York, New York.

CROWDER, L. B. 1984. Character displacement and habitat shift in a native cisco in southeastern Lake
Michigan: evidence for competition? Copeia, 1984:878–883.

——— AND H. L. CRAWFORD. 1984. Ecological shifts in resource use by bloaters in Lake Michigan. Trans.
Am. Fish. Soc., 113:737–743.

DAY, R. W. AND G. P. QUINN. 1989. Comparisons of treatments after an analysis of variance in ecology. Ecol.
Monogr., 59:433–463.

DENONCOURT, R. F., C. H. HOCUTT AND J. R. STAUFFER, JR.1975. Extensions of the known ranges of Ericymba
buccata Cope and Etheostoma zonale (Cope) in the Susquehanna River drainage. J. Penn. Acad.
Sci., 49:45–46.

DOUGLAS, M. E., P. C. MARSH AND W. L. MINKLEY. 1994. Indigenous fishes of western North America and
the hypothesis of competitive displacement: Meda fulgida (Cyprinidae) as a case study. Copeia,
1994:9–19.

EHRLICH, P. R. 1984. Which animal will invade? p. 79–95. In: H. A. Mooney and J. A. Drake (eds.).
Ecology of biological invasions of North America and Hawaii. Springer-Verlag, New York,
New York.

FAUSCH, K. D. 1988. Tests of competition between native and introduced salmonids in streams: what
have we learned? Can. J. Fish. Aquat. Sci., 45:2238–2246.

GATZ, A. J., JR.,M. J. SALE AND J. M. LOAR. 1987. Habitat shifts in rainbow trout: competitive influences
of brown trout. Oecologia, 74:7–19.

GRAY, E. S., J. M. BOLTZ, K. A. KELLOGG AND J. R. STAUFFER, JR.1997. Food resource partitioning by nine
sympatric darter species. Trans. Am. Fish. Soc., 126:822–840.

——— AND J. R. STAUFFER, JR.2001. Substrate choice by three species of darters in an artificial stream:
Effects of a non-native species. Copeia, 2001:254–261.

GREENBERG, L. A. 1988. Interactive segregation between the stream fishes Etheostoma simoterum and
E. rufilineatum. Oikos, 51:193–202.

174 THE AMERICAN MIDLAND NATURALIST 154(1)



———. 1994. Effects of predation, trout density and discharge on habitat use by brown trout, Salmo

trutta, in artificial streams. Freshwater Biology, 32:1–11.
———, E. BERGMAN AND A. G. EKLOV. 1997. Effects of predation and intraspecific interactions on habitat

use and foraging by brown trout in artificial streams. Ecol. Freshwater Fish, 6:16–26.
HARDING, J. M., A. J. BURKY AND C. M. WAY. 1998. Habitat preferences of the rainbow darter, Etheostoma

caeruleum, with regard to microhabitat velocity shelters. Copeia, 1998:988–997.
HERBOLD, B. AND P. B. MOYLE. 1986. Introduced species and vacant niches. Am. Nat., 128:751–760.
HINDAR, K., B. JONSSON, J. H. ANDREW AND T. G. NORTHCOTE. 1988. Resource utilization of sympatric and

experimentally allopatric cutthroat trout and Dolly Varden charr. Oecologia, 74:481–491.
HOCUTT, C. H. AND P. S. HAMBRICK. 1973. Hybridization between the darters Percina crassa roanoka and

Percina oxyrhyncha (Percidae, Etheostomatini), with comments on the distribution of Percina

crassa. Am. Midl. Nat., 90:397–405.
HUBBS, C. AND H. J. BRODRICK. 1963. Current abundance of Gambusia gaigei, an endangered fish species.

Southwest. Nat., 8:46–48.
HURLBERT, S. H. 1978. The measurement of niche overlap and some relatives. Ecology, 59:67–77.
HUTCHINSON, G. E. 1957. Concluding remarks. Cold Spring Harbor Symp. Quantit. Biol., 22:415–427.
KELLOGG, K. A., J. R. STAUFFER, JR.,E. S. VAN SNIK AND J. M. BOLTZ. 1997. Interpopulation variation in darter

oocyte production. J. Freshw. Ecol., 12:329–337.
KESSLER, R. K., A. F. CASPER AND G. K. WEDDLE. 1995. Temporal variation in microhabitat use and spatial

relations in the benthic fish community of a stream. Am. Midl. Nat., 134:361–370.
KNEIB, R. T. 1972. The effect of man’s activity on the distribution of five stream fishes in Little Pine

Creek, Pennsylvania. J. Penn. Acad. Sci., 46:49–51.
LASSUY, D. R. 1995. Introduced species as a factor in extinction and endangerment of native fish species,

p. 391–396. In: H. L. Schramm, Jr. and R. G. Piper (eds.). Uses and effects of cultured fishes in
aquatic ecosystems. American Fisheries Society Symposium 15, Bethesda, Maryland.

LEARY, R. F., F. W. ALLENDORF AND S. H. FORBES. 1993. Conservation genetics of Bull trout in the Columbia
and Klamath River drainages. Conserv. Biol., 7:856–865.

———, F. W. ALLENDORF AND G. K. SAGE. 1995. Hybridization and introgression between introduced and
native fish, p. 91–101. In: H. L. Schramm, Jr. and R. G. Piper (eds.). Uses and effects of cultured
fishes in aquatic ecosystems. American Fisheries Society Symposium 15, Bethesda, Maryland.

LEMLY, A. D. 1985. Suppression of native fish populations by green sunfish in first-order streams of
Piedmont North Carolina. Trans. Amer. Fish. Soc., 114:705–712.

LEVINS, R. 1968. Evolution in changing environments: some theoretical explorations. Princeton
University Press, Princeton, New Jersey. 120 p.

LI, H. W. AND P. B. MOYLE. 1981. Ecological analysis of species introductions into aquatic systems. Trans.

Am. Fish. Soc., 110:772–782.
MAGNAN, P. AND G. J. FITZGERALD. 1984. Mechanisms responsible for the niche shift of brook charr

Salvelinus fontinalis Mitchill, when living sympatrically with creek chub, Semotilus atromaculatus

Mitchill. Can. J. Zool., 62:1548–1555.
MARTIN, F. D. 1984. Diets of four sympatric species of Etheostoma (Pisces: Percidae) from southern

Indiana: interspecific and intraspecific multiple comparisons. Envir. Biol. Fish., 11:113–120.
MEFFE, G. K. 1985. Predation and species replacement in American southwestern fishes: a case study.

Southw. Nat., 30:173–187.
———, D. A. HENDRICKSON AND W. L. MINCKLEY. 1983. Factors resulting in decline of the endangered

Sonoran topminnow Poeciliopsis occidentalis (Atheriniformes: Poeciliidae) in the United States.
Biolog. Conserv., 25:135–159.

MITCHELL, C. P. 1986. Effects of introduced grass carp on populations of two species of small native fishes
in a small lake. New Zealand J. Mari. and Freshwater Res., 20:219–230.

MOORE, S. E., B. RIDLEY AND G. L. LARSON. 1983. Standing crops of brook trout concurrent with removal
of rainbow trout from selected streams in Great Smoky Mountains National Park. N. Am. J. Fish.

Manag., 3:72–80.
MOYLE, P. B. 1976. Fish introductions in California: history and impact on native fishes. Biol. Conser.,

9:101–118.

175VAN SNIK GRAY ET AL.: DARTER HABITAT SHIFT2005



———. 1984. Fish introductions into North America: patterns and ecological impact, p. 27–43. In: H. A.
Mooney and J. A. Drake (eds.). Ecology of biological invasions of North America and Hawaii.
Springer-Verlag, New York, New York.

———, H. W. LI AND B. A. BARTON. 1986. The Frankenstein effect: impact of introduced fishes on native
fishes in North America, p. 415–426. In: R. H. Stroud (ed.). Fish culture in fisheries man-
agement. American Fisheries Society, Bethesda, Maryland.

——— AND T. LIGHT. 1996. Fish invasions in California: do abiotic factors determine success? Ecology,

77:1666–1670.
———, P. K. CRAIN, K. WHITENER AND J. F. MOUNT. 2003. Alien fishes in natural streams: fish distribution,

assemblage structure, and conservation in the Cosumnes River, California, U.S.A. Env. Biol.

Fish., 68:143–162.
PETERSON, D. P. AND K. D. FAUSCH. 2003. Upstream movement by nonnative brook trout (Salvelinus

fontinalis) promotes invasion of native cutthroat trout (Oncorhynchus clarki) habitat. Can. J. Fish.

Aquat. Sci., 60:1502–1516.
PIMM, S. L. 1987. Determining the effects of introduced species. Trends in Ecol. Evol., 2:106–108.
POLIS, G. A. 1984. Age structure component of niche width and intraspecific resource partitioning: can

age groups function as ecological species? Am. Nat., 123:541–564.
RAESLY, R. L. 1991. Genetic and morphological consequences of a founder event in an introduced

population of the banded darter, Etheostoma zonale (Cope) (Teleostei: Percidae). Unpubl. Ph.D.
Dissertation, The Pennsylvania State University, University Park, Pennsylvania.

———, J. R. STAUFFER, JR.AND R. F. DENONCOURT. 1990. Hybridization between Etheostoma zonale and
Etheostoma olmstedi (Teleostei: Percidae) following an introduction event. Copeia, 1990:584–588.

RAHEL, F. J. 2000. Homogenization of fish faunas across the United States. Science, 288:854–856.
ROSS, S. T. 1991. Mechanisms structuring stream fish assemblages: are there lessons from introduced

species? Env. Biol. Fish., 30:359–368.
SAS INSTITUE, INC. 1996. SAS/STAT software: changes and enhancements for release 6. 12. SAS Institute

Inc., Cary, North Carolina, 168 p.
SCHLOSSER, I. J. 1987. The role of predation in age- and size-related habitat use by stream fishes. Ecology,

68:651–659.
——— AND L. A. TOTH. 1984. Niche relationships and population ecology of rainbow (Etheostoma

caeruluem) and fantail (Etheostoma flabellare) darters in a temporally variable environment. Oikos,

42:229–238.
SCHOENER, T. W. 1974. Resource partitioning in ecological communities. Science, 185:27–39.
SCHOENHERR, A. A. 1981. The role of competition in the replacement of native fishes by introduced

species, p. 173–203. In: R. J. Naiman and D. L. Soltz (eds.). Fishes in North American deserts.
John Wiley and Sons, New York, New York.

SIMBERLOFF, D. AND P. STILING. 1996. How risky is biological control? Ecology, 77:1965–1974.
STAUFFER, J. R., JR.,J. M. BOLTZ, K. A. KELLOGG AND E. S. VAN SNIK. 1996. Microhabitat partitioning in

a diverse assemblage of darters in the Allegheny River system. Env. Biol. Fish., 46:37–44.
TAYLOR, J. N., W. R. COURTENAY, JR.AND J. A. MCCANN. 1984. Known impacts of exotic fishes in the

continental United States, p. 322–373. In: W. R. Courtenay, Jr. and J. R. Stauffer, Jr. (eds.).
Distribution, biology and management of exotic fishes. John Hopkins University Press,
Baltimore, Maryland.

TAYLOR, C. M. 1996. Abundance and distribution within a guild of benthic stream fishes: local processes
and regional patterns. Freshwater Biology, 36:385–396.

TOWNSEND, C. R. 1991. Exotic species management and the need for a theory of invasion ecology. New

Zealand J. Ecol., 15:1–3.
——— AND T. A. CROWL. 1991. Fragmented population structure in a native New Zealand fish: an effect

of introduced brown trout? Oikos, 61:347–354.
VOGT, G. F., JR.AND T. G. COON. 1990. A comparison of the foraging behavior of two darter (Etheostoma)

species. Copeia, 1990:41–49.
WERNER, E. E. 1984. The mechanisms of species interactions and community organization in fish,

p. 360–382. In: D. R. Strong, D. Simberloff, L. G. Abele and A. B. Thistle (eds.). Ecological

176 THE AMERICAN MIDLAND NATURALIST 154(1)



communities: conceptual issues and the evidence. Princeton University Press, Princeton,
New Jersey.

WHITE, M. M. AND N. ASPINWALL. 1984. Habitat partitioning among five species of darters (Percidae:
Etheostoma), p. 55–60. In: D. G. Lindquist and L. M. Page (eds.). Environmental biology of
darters. Dr W. Junk Publishers, Boston, Massachusetts.

ZARET, T. M. AND R. T. PAINE. 1973. Species introduction in a tropical lake. Science, 182:449–455.

SUBMITTED 16 MARCH 2004 ACCEPTED 2 AUGUST 2004

177VAN SNIK GRAY ET AL.: DARTER HABITAT SHIFT2005


