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(SL), although few were larger than 15-cm SL (5-6years old). Stable isotope analy-
ses showed that Redeye Bass dominate the river ecosystem to the exclusion of most
native fishes, occupying multiple trophic levels and microhabitats. Adults largely
consumed non-native crayfish and large aquatic insects, while juveniles consumed
aquatic insects, the size of prey increasing with Redeye Bass length. There was no
evidence of cannibalism. Redeye Bass have effectively occupied the diverse trophic
positions of at least four native fish species and have altered the trophic position of
Rainbow Trout Oncorhynchus mykiss in sites where they co-occur with bass.
Conclusion: The introduction of Redeye Bass poses a continuing threat to native
stream fishes in California and elsewhere.
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INTRODUCTION permanently changed. They are also among the most in-

vaded by alien species, especially in temperate regions
Freshwater ecosystems are collectively the most altered (Moyle and Marchetti 2006; Light and Moyle 2015).
ecosystems in the world (Leidy and Moyle 1997; Dudgeon Consequently, 50-60% of the world's freshwater fishes
et al. 2006; Reid et al. 2019), with most river systems are estimated to face extinction in the next 50-100years
dammed, diverted, polluted, channelized, or otherwise (Moyle and Leidy 2023). In California alone, 80% of the
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native freshwater fishes are either extinct or in danger
of extinction in the near future (50-100years) if pres-
ent trends continue (Moyle et al. 2011, 2015; Leidy and
Moyle 2021). The relative importance of habitat alteration
and invasive species in causing such native fish declines
is often not clear. The two factors are generally assumed
to be synergistic (Light and Moyle 2015) because altered
habitats favor invasive species. However, species invasions
are often the primary or ultimate cause, especially if mul-
tiple alien species are involved (Light and Marchetti 2007).

The most unequivocal examples of species invasions as
the main cause of native fish declines involve piscivorous
fishes. In temperate habitats, black bass Micropterus spp.
have been particularly impactful (Woodford et al. 2005;
Fritts and Pearsons 2006; Takamura 2007). Black bass
are native to eastern North America and have been in-
troduced into freshwaters worldwide for sportfishing
(Lever 1996). Their introduction has led to extirpations
of native fish species and the homogenization of fish
faunas on a landscape scale (Jackson 2002). Five species
of Micropterus have been introduced into California:
Largemouth Bass M. nigricans, Smallmouth Bass M. dolo-
mieu, Spotted Bass M. punctulatus, Alabama Bass M. hen-
shalli, and Redeye Bass M. coosae. Their spread has been
associated with development of reservoirs, alteration of
waterways, and introductions of other nonnative species,
resulting in declines of native fishes (Moyle 2002; Moyle
and Marchetti 2006). Largemouth Bass and Smallmouth
Bass are particularly widespread in the state (Moyle 2002),
with substantial negative impacts on native fishes in lakes
and reservoirs (Moyle 2002), freshwater tidal environ-
ments (Weinersmith et al. 2019; Nobriga et al. 2021), and
streams and rivers (Huntsman et al. 2022).

In these highly altered habitats, restoration to natural
flow regimes is sometimes effective in stabilizing native fish
communities and reducing densities of both Largemouth
and Smallmouth bass (Jacinto et al. 2023). However,
Redeye Bass appear to have been solely responsible for the
near elimination of native fishes in the middle reaches of
the Cosumnes River (Moyle et al. 2003; Chasnoff 2005),
one of the few undammed rivers flowing into California’s
Central Valley. The success of the Redeye Bass invasion of
the Cosumnes River was unexpec¢ted because the native
fishes of California streams WithTa natural flow regime,
such as the Cosumnes River, usually show a remarkable
ability to resist invasions by introduced species (Baltz and
Moyle 1993; Marchetti and Moyle 2001; Kiernan et al. 2012;
Jacinto et al. 2023). Redeye Bass thus seem capable of be-
coming established in streams with various degrees of al-
teration throughout California, providing a major threat to
native fishes (Moyle 2002; Moyle et al. 2003).

The biology of Redeye Bass is not well understood, even
within its small native range, so the purpose of our study is

Impact statement

The Redeye Bass is a predatory fish that is endemic
to the Coosa River system, spanning Georgia and
Alabama, in the southeastern United States, but
introduced into California. It now dominates a

California river ecosystem, eliminating native
fishes and simplifying the food web. Its success
demonstrates the unintended consequences of in-
troducing even fish with a small native range into
aregion with an already stressed native fish fauna.

to document its life history and ecology in California to shed
light on why it has been such a successful invader in rela-
tively unaltered streams. We also explore whether Redeye
Bass represent a continuing threat to California's declining
native fishes. Specifically, we address two primary questions:

1. Do Redeye Bass in California have age and growth
patterns similar to the patterns observed in the species’
small native range, or has release from constraints
(e.g., predators and competitors) combined with fa-
vorable environmental conditions allowed them to
grow faster and larger, making them more effective
predators or competitors?

2. How do the trophic ecology and habitat use of Redeye
Bass change through ontogeny, including the size at
which they become piscivorous? We asked this ques-
tion to assess whether Redeye Bass occupy trophic po-
sitions and habitat types that are favored by multiple
species of native fish, thus leading to the reduction of
native fishes.

Our answers to these questions show that Redeye Bass
are deeply imbedded in stream ecosystems of California
and are capable of completely displacing native fishes in
some situations. Our results also suggest that management
actions to reduce the impact of Redeye Bass are limited.

BACKGROUND: REDEYE BASS

The Redeye Bass is endemic to the Coosa River, which
is a major tributary to the Alabama River in Georgia and
Tennessee. The name was originally applied more widely
to bass in adjacent river systems as well. However, re-
cent taxonomic studies have concluded that the Redeye
Bass taxon actually encompasses five species (Page
et al. 2023), including M. coosae (Baker et al. 2013; Leitner
and Earley 2015). Micropterus coosae from the Coosa
River watershed is the species that has been introduced
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into California (Moyle 2002). Redeye Bass were intro-
duced in 1962 and 1964 to provide angling in six small,
coolwater streams that were dominated by native fishes
not favored by anglers (Moyle 2002). Introductions into
Dry Creek (Nevada County) and the Sisquoc River (Santa
Barbara County) apparently failed. Introductions into the
Stanislaus River (Tuolumne County), Feather River (Butte
County), Alder Creek (Sacramento County), and Santa
Margarita River (San Diego County) were successful. In
1969, they were successfully introduced into Oroville
Reservoir (Butte County; Moyle 2002). Redeye Bass were
unexpectedly discovered in 2000 in the Cosumnes River
(El Dorado County), into which they were probably in-
troduced shortly after the original introductions into
California. Redeye Bass likely remained unnoticed for so
long in the Cosumnes River because they were misidenti-
fied as Smallmouth Bass (Chasnoff 2005).

Today, Redeye Bass are found throughout the main-
stem Cosumnes River and the Middle Fork Cosumnes
River (Figure 1) and are the most abundant fish in the
middle reaches of the river, where most native fishes have
been eliminated (Moyle et al. 2003; Chasnoff 2005). Steep
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boulder cascades have so far prevented Redeye Bass from
moving upstream into the north fork and south fork of the
Cosumnes River, which to our knowledge remain as ref-
uges for native fishes (Moyle et al. 2003). The two native
species with the greatest similarity to Redeye Bass in terms
of diet and habitat are the Rainbow Trout Oncorhynchus
mykiss and Sacramento Pikeminnow Ptychocheilus grandis
(Moyle 2002; Chasnoff 2005), which co-occur with Redeye
Bass in small numbers below the refuge areas. Other spe-
cies co-occur with Redeye Bass in the lower river from
Latrobe Falls to the mouth. Latrobe Falls is a long, steep
boulder cascade that serves as a barrier to the anadromous
fishes. It prevents “natural” upstream invasion by nonna-
tive fishes but does not prevent Redeye Bass living above
the falls from moving downstream. For a detailed descrip-
tion of the distribution and ecology of native and nonna-
tive fishes in the Cosumnes River, see Moyle et al. (2003).
The life history and ecology of the Redeye Bass in-
troduced into California are not well understood. A re-
view of Redeye Bass biology in Alabama by Leitner and
Earley (2015) did not distinguish among the recently
divided taxa identified by Baker et al. (2013); therefore,
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FIGURE 1 Map of the Cosumnes River (adapted from Moyle et al. 2003), California, labeled with 32 sampling sites (purple dots) and
the Redeye Bass range (red line). For additional site information, see kml file available in the Supplementary Material in the online version

of this article.
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species-specific life history information is sparse. In their
native streams, Redeye Bass and closely related species in-
habit clear, cool water with large, rocky pools, where they
are opportunistic predators on fish and invertebrates, es-
pecially adult aquatic and terrestrial insects (Parsons 1954;
Wright 1967; Gwinner 1973). Redeye Bass in native streams
rarely reach lengths longer than 25cm FL. They are slow
growing—living 9-10years and maturing in their second
or third year (Parsons 1954; Wright 1967; Gwinner 1973).

Study area

The Cosumnes River watershed drains 3250 km? and flows
from an elevation of 2500 m in the Sierra Nevada moun-
tains to its tidal floodplain at sea level (Moyle et al. 2003).
It is the largest stream flowing into California’'s Central
Valley without a major dam on its main stem and thus
has become the focus of conservation efforts in recent
years. Typical of Mediterranean climate streams, the
Cosumnes River has peak flows in winter as the result of
rainfall, followed by low summer flows from 5-6 months
of little precipitation (Moyle et al. 2003). This study was
conducted during the summer months over 3years, when
flows were typically less than about 0.28 m*s™ (10 ft*s™)
and most fish were found in large, deep pools with warm
(~24-27°C), clear water.

The Coosa River, from which Redeye Bass originate,
has an historic mean annual flow of 398 m>s™!; peak flows
occur in March (748 m®s™?, on average), and low flows
take place in September (158 m*s ™" [5397 ft*s™]). Annual
variation in these flows is comparatively small (Ward
et al. 2023). Average water temperatures in the main river
range from 10°C in winter to 30°Cor higher in summer.
The Coosa River supports a high diversity of freshwater
fishes (121 native species, 12 of which are endemic) as
well as many native/endemic species of snails, mussels,
and crayfish. The river has been highly modified by hydro-
power dams, so many of these organisms are threatened
with extinction. Eight species of fish in the Coosa River
are listed as federally endangered (Ward et al. 2023). The
Redeye Bass, while historically widespread in the system,
seems to be most abundant in smaller tributary streams,
which are typically cool and clear, with numerous pools
and low variability in flows.

METHODS
Field sampling

Thirty-two sites were intensively sampled for fish, mac-
roinvertebrates, and primary producers in the summers

of 2000, 2001, and 2002 (Figure 1; link to an interactive
map of the watershed, with photographs of sampling sites
[online open access]: https://www.google.com/maps/d/
edit?mid=1MDmu-m3093LYLSJ3XmBHBagr77K9xX
4U&11=38.492788627379795%2C-120.8102246&z=10).
We chose accessible sites that represented the range of
elevations within the entire watershed. Sampling sites
were approximately 0.1 km in length and were selected
to contain habitats (pools, riffles, and runs) spanning
the range of flow conditions. Fish were captured using
a Smith-Root Type 12 backpack electrofisher and dip
nets, a bag seine (8-mm mesh; 10.0 x 1.3 m), and hook
and line. Fish collected for this study were put on ice
until they could be measured and weighed in the labo-
ratory and prepared for scale, opercular bone, stom-
ach content, and stable isotope analyses. Other aquatic
species collected in the Cosumnes River watershed in-
cluded other nonnative and native fishes, crayfish, and
frogs (Table A.1). We acknowledge that the methods of
capture have imperfect detection; therefore, species that
were extremely low in number could have been missed
during the surveys.

Invertebrates were collected from the same sites
and habitats by using a Surber sampler (500-um mesh;
0.3x0.3m) or a rectangular dip net (0.5x0.3m). Primary
producers (i.e., terrestrial leaf litter, aquatic plants, and
periphyton) were collected at each site by hand. Samples
were identified immediately (under a microscope) or fro-
zen until they could be identified and prepared for isotope
analyses.

Microhabitat

Characterization of microhabitat use by fish of all sizes
followed the methods of Moyle and Baltz (1985). Redeye
Bass were counted by two snorkelers, who visually esti-
mated fish length. This method worked well for Redeye
Bass because they showed little fear of observers. At the
river location where a fish was observed, total depth and
water velocity were measured using a flowmeter and top-
setting rod. All measurements were taken in late sum-
mer (September 21-October 10, 2001), when streamflows
were at their lowest (~0.28 m>s™), at the confluence of Big
Canyon Creek (just upstream of the main-stem Cosumnes
River at Latrobe).

Age and growth

Scales were removed from 177 fish and were taken
below the lateral line near the pectoral fin. The scales
were mounted on microscope slides and read at 23x
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magnification. Ages of fish were expressed as completed
years of life corresponding to the number of breaks in
the otherwise continuous circuli, which were counted
by two independent observers (Bonar et al. 2009). When
discrepancies arose, age was averaged to the nearest
half-year and fish were placed in the lower year-class
for statistical analysis of age-size relationships. Annuli
of opercular bones were examined from 22 fish, and
length frequencies were examined for validation of age
determination by the scale method. The growth rate
(mmyear™') was calculated as the difference between
the average standard length (SL) of all fish in successive
year-classes.

Visual diet analysis

Stomachs were removed from fresh fish and examined
immediately or preserved intact in a 10% formalin solu-
tion until the stomach contents could be processed. Each
individual prey item was identified to the lowest possible
taxonomic level (usually order or family) and was meas-
ured using a microscope with an ocular micrometer (ac-
curate to 0.01 mm). Dry weights of individual prey items
were estimated from published length-mass regressions
(Benke et al. 1999; Sabo et al. 2002).

Isotope sample preparation

Approximately 1g wet weight of white dorsal muscle was
extracted from each adult fish specimen. Whole individu-
als were used for fish smaller than 40mm SL, inverte-
brates, and producers. All samples were dried at 80°C for
48hin a drying oven and were ground into a fine, homoge-
neous powder using mortar and pestle. Samples weighing
1.0, 1.5, and 3.0mg (for fish, invertebrates, and produc-
ers, respectively) were packed into tin capsules (4 X 6 mm;
Elemental Microanalysis Ltd.). Stable carbon and nitrogen
isotope analyses were performed on the same sample using
a continuous-flow Europa Hydra 20/20 isotope ratio mass
spectrometer at the Stable Isotope Facility, University of
California, Davis, yielding a data set of more than 4340 sta-
ble isotope results. Stable isotopes are expressed in delta
notation (8), defined as parts per thousand, or per mille
(%o) deviation from a standard material:

8N or8"’C = [(Rsample/Rstandard) - 1] x1000, (1)

where Ris either N/*N or *C/**C and the standard mate-
rial is the atmosphere for nitrogen and Pee Dee belemnite
for carbon. The long-term standard deviation for the labora-
tory is 0.2%o for *C and 0.3%. for °N.

Isotopic diet analysis

We characterized the contributions of different prey
items to the Redeye Bass diet by using stable isotope mix-
ing models (package MixSIAR version 3.1.10: Stock and
Semmens 2016; program R: R Core Team 2002). This
modeling technique incorporates prior information and
uncertainty in source contributions, including trophic
enrichment data (Moore and Semmens 2008; Phillips
et al. 2014). We ran a model for two sampling locations
independently, one in the upper watershed (Middle Fork
Cosumnes River at Rocky Bar) and one in the lower wa-
tershed (main-stem Cosumnes River at Highway 16;
Figure 1), with size-class as a categorical effect, and we
used both isotope markers (8"°C and 6'°N). Each model
was set to run three chains for a minimum of 100,000
Markov chain-Monte Carlo simulations, with a burn-in
of 50,000 iterations for each chain.

To minimize under-determination in the mixing mod-
els, we pooled prey items into categories prior to analy-
sis, with category assignment based on a combination
of overlapping isotope values and ecological similarity.
Trophic discrimination factors (TDFs; a measure of iso-
topic enrichment across trophic levels) were based on
values for muscle tissue (McCutchan et al. 2003), with
reported standard errors converted to standard deviations
per MixSIAR requirements. The TDFs for this model were
1.3 +1.3% for 8"°C and 2.9 +1.2%o for §"°N.

Relative trophic positions

Relative trophic positions of Redeye Bass were calculated
to show ontogenetic shifts (changes in feeding ecology
with size). To compare the trophic role of individual fish
across sampling sites, trophic position was calculated
per fish relative to that of the lowest '°N values of a fish
sampled at each sampling location. Examination of fish
8N relative to a site-specific baseline was necessary be-
cause 8"°N can be highly variable in space and time (Kling
et al. 1992; Kline et al. 1993; Gu et al. 1994; Cabana and
Rasmussen 1996; Post 2002) and may obscure variation in
8N that reflects changes in food web structure.

We calculated relative trophic position, a continuous
variable reflecting the energy-weighted mean number of
feeding links between the lowest individual fish in the
food web and Redeye Bass, as follows:

15 15
5 Nconsumer_6 Nbaseline (2)

2.9 ’

where 8N pumer 1 the value for the consumer, "Ny yiine
is the lowest 8"°N value of a fish sampled at each sampling
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location, and 2.9 is the average enrichment of 8N per
feeding link (McCutchan et al. 2003). Although most food
chain models assume that organisms in trophic position 1
are primary producers, this model assigns primary consum-
ers (fish) a trophic position of 0, secondary consumers are
assigned a trophic position of 1, and so on, up to the top
consumer.

Stable isotope biplots

For each sampling site, biplots of stable isotope values
(carbon expressed as §'°C and nitrogen expressed as 5'°N)
were created with all sampled components of the food
web (i.e., fish, invertebrates, and producers) to visual-
ize food chains. Biplots of fish stable isotope values are
shown for three sites where Redeye Bass were present
(in the lower, middle, and upper watershed, respectively)
and for one additional site where Redeye Bass were ab-
sent. These biplots illustrated four fish assemblages found
in the watershed: (1) Redeye Bass co-occurring with na-
tive Sacramento Pikeminnow, (2) Redeye Bass only, (3)
Redeye Bass co-occurring with native Rainbow Trout, and
(4) Redeye Bass absent. In lieu of presenting plots from
all sampling sites, these sites were selected because they
represented the range of trophic positions of Redeye Bass
throughout the watershed and allowed for comparison of
the isotopic range of Redeye Bass to that of the native min-
nows, suckers, and trout.

At the lower limit of the Redeye Bass range (15-m ele-
vation, main-stem Cosumnes River at Highway 16), Redeye
Bass co-occur with Sacramento Pikeminnow. In the middle
of their range (120-m elevation, main-stem Cosumnes River
at Latrobe), Redeye Bass dominate. This is typical for most
of their range in the watershed (Figure 1). Most surprisingly,
all other fish species are apparently absent. California's na-
tive fishes (e.g., Sacramento Pikeminnow, California Roach
Hesperoleucus symmetricus, Sacramento Sucker Catostomus
occidentalis, Sacramento Speckled Dace Rhinichthys oscu-
lus ajamawi, and Hardhead Mylopharodon conocephalus)
are typically abundant in these habitat conditions within
California streams. At the upper limit of their range (590-m
elevation, Middle Fork Cosumnes River at Rocky Bar),
Redeye Bass overlap with Rainbow Trout at the down-
stream limit of the Rainbow Trout's range. In some tribu-
taries within the upper watershed, native fishes dominate.
One tributary to the North Fork Cosumnes River (570-m
elevation, Camp Creek at Happy Valley) contains a series
of major cascades yet is otherwise similar in habitat condi-
tions to the Middle Fork Cosumnes River and its tributaries.
Biplots illustrate the range of stable isotope values of all fish
sampled within each site and serve to visualize energy path-
ways within food webs.

RESULTS
Age and growth

Over the 3-year study period, 257 Redeye Bass were cap-
tured and measured at 10 sites. The fish ranged from 29 to
241 mm SL, with a mean of 91 mm (Figure 2). The length-
frequency distribution was highly skewed toward Redeye
Bass in the 40-70-mm SL range, with less than 10% of fish
measuring greater than 150 mm SL. Only five Redeye Bass
greater than 200 mm SL were captured. The length-mass
regression for the total population was described by the
power function Y= 17.336X"%22% where Y is SL (mm) and
X is mass (mg; N=257, ?=0.96).

Age was determined for 177 Redeye Bass. Many (61%)
age determinations differed among observers, although
98% of the discrepancies were within +1 year. The dif-
ficulty in finding distinct annuli presumably reflected
the slow growth of the fish combined with a long grow-
ing season. Discrepancies greater than 1 year arose with
three fish larger than 150 mm SL, but those individu-
als were most likely 6-8years old. Age determinations
based on opercular bones fell within +1 year of all scale
counts. The relationship between size and age showed
some overlap between years but suggested that length
has value for estimating age (Figure 3). The length-age
regression for the total population was described by the
linear function log,(age+1)=1.064X%log,(SL)—3.612,
where age is in years and SL is in millimeters (N=177,
adjusted r*=0.81).

Daytime Microhabitat

The largest Redeye Bass (>120mm SL) dominated low-
velocity, deep pools, while small bass (<75mm) were
absent from these pools and were primarily found in shal-
low, fast-moving riffles (Figure 4). Intermediate-sized
Redeye Bass tended to be found in runs or shallow pools.

Visual diet analysis

Prey items were identified from the stomach con-
tents of 240 individual Redeye Bass, of which 38 were
empty (Table A.2). Prey items totaling at least 1% of
the diet by dry mass for large Redeye Bass included
crayfish (Astacidae [Decapoda]; 89%), dobsonfly
nymphs (Megaloptera; 7%), mayfly nymphs and adults
(Ephemeroptera; 2%), and damselfly nymphs (Zygoptera;
2%). When analyzed across three equally divided Redeye
Bass size-classes (small: <61 mm SL; medium: 61-113mm
SL; large: >113mm SL), large fish showed several
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FIGURE 2 Length-frequency histogram of Redeye Bass sampled during 2000-2002 from the Cosumnes River (N=257; minimum
length = 29 mm; maximum =241 mm; median =74 mm; mean =+ standard error=91.0+2.1 mm).
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FIGURE 3 Average standard length (mm) by age (years) for Redeye Bass from the Cosumnes River. Sample sizes for each age-class are

listed at the bottom of the figure. Box plot shows the median and interquartile ranges of all individuals (denoted by points).

differences relative to smaller size-classes. Fifty percent
(38) of the stomachs from large fish were empty, while the
stomachs of all smaller Redeye Bass contained food items.
When the stomachs of large fish contained insects, the

insects were fewer in number (average of three prey items
per stomach vs. eight prey items per stomach for other fish)
but larger in size (average of 11 mm vs. 3.2mm for other
fish), with a higher frequency and proportion of crayfish
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FIGURE 4 Daytime microhabitat characteristics of individually observed Redeye Bass grouped by size-class (mm standard length [SL]):

(A) depth and (B) velocity.

and dobsonfly nymphs (Figure 5). Fish were only found as
prey items in the stomachs of two large Redeye Bass and
included one Pacific Lamprey Entosphenus tridentatus am-
mocoete and one Prickly Sculpin Cottus asper.

Stable isotope diet analysis

Based on stable isotope analysis, Redeye Bass largely
consumed invertebrates, particularly predatory dam-
selflies (Odonata) and stoneflies (Plecoptera; Figure 6;
Table A.3). Larger individuals were more likely to con-
sume higher proportions of fish and crayfish (likely non-
native red swamp crayfish Procambarus clarkii), while
smaller individuals were more likely to consume true
bugs (Hemiptera) and caddisflies (Trichoptera; Figure 6).
Analyses of stable carbon and nitrogen in Redeye Bass and
their prey items suggested that (1) large Redeye Bass were
the top of the aquatic food web featuring fishes and inver-
tebrates; (2) large Redeye Bass heavily consumed crayfish;
and (3) small Redeye Bass fed primarily on herbivorous
macroinvertebrates. The 8"°N values of individual Redeye
Bass were positively correlated with fish length, indicating
that the larger bass were able to capture and ingest cray-
fish and large predatory macroinvertebrates (i.e., had a

larger gape). These results were consistent with the visual
analysis of stomach contents.

Relative trophic positions

After we accounted for differences in site baseline 5"°N,
the relative trophic positions of Redeye Bass sampled
across the watershed ranged from 0 (primary consumer)
to approximately 2.5 (Figure 7). Redeye Bass generally oc-
cupied a higher relative trophic position than co-occurring
fishes (Figure 7), and adult Redeye Bass typically occu-
pied a relative trophic position that was about one level
higher than the position of the smallest Redeye Bass. This
indicates that larger Redeye Bass dominated the highest
trophic levels in the watershed wherever they occurred.
The size at which Redeye Bass are piscivorous may vary
in space and time depending on prey availability, but in-
creases in relative trophic position (Figure 7) suggested
that the inclusion of fish as prey was elevated at sizes over
100mm SL. Relative trophic positions were generally cor-
related with fish size, although the range of Redeye Bass
relative trophic positions was consistent with an oppor-
tunistic diet, which is typical of many Micropterus spp.
This was particularly notable when we examined the
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FIGURE 5 Prey items by percent biomass in the stomachs of Redeye Bass from three size-classes (mm standard length [SL]). The
number of analyzed Redeye Bass with prey in their stomachs (1) is provided above each bar. A more detailed description of Redeye Bass
prey items is provided in Table A.2.
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FIGURE 6 Diets of three different size-classes (defined by standard length [SL]) Redeye Bass at two locations (Middle Fork Cosumnes
River at Rocky Bar and main-stem Cosumnes at Highway 16 [H16]) based on stable isotope mixing models. Prey categories differed across
sites due to overlap in isotope values. For example, at main-stem Cosumnes River at H16, Hemiptera and Trichoptera had isotopic values
that were indistinguishable from each other, resulting in uncertainty as to which prey item was consumed; therefore, they were condensed
into one prey category. Prey category stable isotope values are provided in Table A.3. Results are shown for three size-classes (mm standard
length [SL]) of Redeye Bass.
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FIGURE 7 Relative trophic position of three species of fish (Brown Trout Salmo trutta, Rainbow Trout, Sacramento Pikeminnow) at
three sites where Redeye Bass were present. Relative trophic position represents the trophic level relative to the lowest trophic level of fish
present at that site (e.g., primary consumer [relative trophic level =0] is the lowest trophic level for fish at a site). M. Fork, Middle Fork

Cosumnes River; Hwy, Highway.

range in relative trophic positions occupied by fish smaller
than 100 mm SL in the Middle Fork Cosumnes River.

Stable isotope biplots

Biplots of 6"°C and 8N indicated that at sites where
Redeye Bass dominated (main-stem Cosumnes River at
Latrobe; Middle Fork Cosumnes River), they generally
occupied the range of isotopic niche space of all fishes in
all sampled reaches (Figure 8). This suggests that Redeye
Bass occupied trophic space that was once occupied by na-
tive fishes throughout the river.

For comparison, we plotted values for native fishes in
one of the few refuges where Redeye Bass are absent (Camp
Creek at Happy Valley). The assemblage of Rainbow Trout,
California Roach, and Sacramento Sucker exhibited a sim-
ilar range of isotopic values as the Redeye Bass (Figure 8).

Where Redeye Bass co-occurred with other fish species
at the bottom and top limits of their range, the Redeye Bass
typically exhibited a wider range of 8'°N values than the
other sampled species (Figure 8). Thisindicated that Redeye
Bass occupied all trophic niches from primary consumer to
top consumer. Notably, individuals from some species (na-
tive Sacramento Pikeminnow and Rainbow Trout) exhib-
ited lower 8'°C values than Redeye Bass at sites where they
overlapped (Figure 8). Despite Redeye Bass being the most

widely distributed nonnative species and often the most
common species where they were found, these data suggest
that there are still carbon sources in Cosumnes River food
webs that may not be consumed by Redeye Bass. In the
upper site, isotope values and stomach analysis suggested
that these carbon sources were terrestrial (i.e., spiders and
adult flies), which were more important in Rainbow Trout
diets than in Redeye Bass diets.

DISCUSSION

Do Redeye Bass show age and growth
patterns similar to those in their native
range, or has release from constraints
allowed them to grow faster and larger?

Although there are very little growth data available for
younger ages of Redeye Bass from their native range, there
is no evidence for increased growth or size of Redeye Bass
in the Cosumnes River relative to the native range. This
is consistent with other analyses documenting general
consistency in growth between native and invasive pop-
ulations of freshwater fish species (Rypel 2014). Slower
observed growth and smaller sizes at age in higher eleva-
tion locations are also consistent with Rypel (2014), who
noted that climate is a crucial factor controlling relative
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FIGURE 8 Biplot of fish stable isotope values (%o; carbon expressed as §'°C; nitrogen expressed as 5'°N) at locations reflecting four
conditions: Redeye Bass absent (Camp Creek at Happy Valley, a tributary to the North Fork Cosumnes River), Redeye Bass co-occurring
with trout in the upper watershed at the upper limit of their range (Middle Fork Cosumnes River at Rocky Bar), Redeye Bass dominating the
fish community in most of the watershed (main-stem Cosumnes River at Latrobe, in the foothills), and Redeye Bass in the lower watershed

at the lower end of their range embedded within a community of other native and nonnative fish species (main-stem Cosumnes River at

Highway 16, on the valley floor). Redeye Bass are indicated by red squares, nonnative Brown Trout are indicated by orange circles, native

fishes (Rainbow Trout, California Roach, Sacramento Pikeminnow, Sacramento Sucker) are indicated by differently shaped blue points,

and other nonnative species (Bluegill Lepomis macrochirus, Green Sunfish L. cyanellus, Redear Sunfish L. microlophus, Largemouth Bass,

Spotted Bass, Western Mosquitofish Gambusia affinis, Black Bullhead Ameiurus melas) are indicated by gray to black circles. M. Fork,

Middle Fork Cosumnes River; Hwy, Highway.

growth between different invasive and native populations
of the same species. It is possible that elevated growth
and greater lengths at age may have been experienced
in the first years after the invasion; however, any such
growth advantage is no longer evident because the fish
community changed dramatically after the introduction
of Redeye Bass and other species.

How does the trophic ecology of Redeye
Bass compare to that of the native fishes?

Redeye Bass occupy much of the range of trophic levels
that were once occupied by four native fish species that
are still found in other parts of the watershed: Sacramento
Sucker, California Roach, Rainbow Trout, and Sacramento
Pikeminnow. The trophic position of Redeye Bass is
most similar to that of the Sacramento Pikeminnow.
Sacramento Pikeminnow also prey on fish and macroin-
vertebrates at adult sizes and consume aquatic inverte-
brates as juveniles, with prey size increasing with fish

length (Moyle 2002). It is notable that red swamp cray-
fish constituted nearly 90% of the diet by weight for adult
(>113 mm SL) Redeye Bass. The crayfish are also not
native, and they are important prey for nonnative fishes
throughout California (Moyle 2002).

Although they can be described as generalist and
opportunistic predators, Redeye Bass display particular
patterns of feeding across ontogeny that are consistent
with the patterns shown by other Micropterus spp., par-
ticularly those that favor lotic environments (e.g., Shoal
Bass M. cataractae and Guadalupe Bass M. treculii). For
example, Shoal Bass consume higher proportions of riv-
erine insects than Largemouth Bass in the same area
(Wheeler and Allen 2003), with a transition to reliance
on crayfish and fish at larger sizes. At a few sites in the
lower Cosumnes River, Redeye Bass co-occurred with
low numbers of Smallmouth, Largemouth, and Spotted
bass. The Redeye Bass was the most abundant species
of Micropterus. Many Micropterus spp. are typically the
dominant piscivores in their respective communities, and
Redeye Bass in the Cosumnes River are no exception.
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Fish contributed minimally to the stomach contents
of Redeye Bass (fish prey were found in 2 of 240 stomachs
examined), presumably because other fish species were
rare at sites where Redeye Bass were abundant (Moyle
et al. 2003). Piscivory likely plays a much greater role in
structuring the food web than it might seem from these
diet data, given seasonality in the availability of fish prey
items (i.e., larval fish would be more available when na-
tive fishes spawn earlier in the year). Furthermore, vi-
sual stomach content analysis can under-report piscivory
rates, particularly for predation on larval and juvenile
fish (Carreon-Martinez et al. 2011; Brandl et al. 2021).
Although we found no evidence of cannibalism, small
Redeye Bass would seem to be ready prey for the larger
bass, and this may be the reason for the strong habitat
segregation by size-class that we observed while snorkel-
ing the river. The nonnative red swamp crayfish provides
an abundant prey base for adult Redeye Bass, thus per-
haps reducing the energetic necessity of cannibalism.

The trophic impact of Redeye Bass on the native fish
community is high for several reasons. First, there are
documented changes to fish communities in areas of the
Cosumnes River where Redeye Bass are abundant, likely
as an aftereffect of predation during the invasion (Moyle
et al. 2003). Second, the decline of native species in these
reaches reduces their frequency in the diets of predators
such as Redeye Bass, but the overall effect of these pred-
ators on native fishes is still high (phantom predation;
Nobriga and Smith 2020). Third, juvenile Redeye Bass
are notably aggressive, which we observed. This behav-
ior may result in juveniles of native fishes being forced
out of shallow water and other predation refuges, mak-
ing native fishes more vulnerable to predation by adult
bass. Fourth, aggressive behavior by Redeye Bass may re-
sult in exclusion of juvenile native fishes from the forage
areas that they need for growth and survival.

There is little hard observational evidence of Redeye
Bass predation on native fishes, so we must rely on what
observations of California fish populations indicate;
if native fishes are absent from a waterway, predation
by nonnative fishes is often the most likely cause. Most
stream-dwelling native fishes gradually disappear after
nonnatives invade their habitats, with a few exceptions.
In streams where native fishes prevail, persistence is gen-
erally due to the Mediterranean climate flow regimes to
which the native fishes are adapted.

Do Redeye Bass present a continuing
threat to native fishes?

Redeye Bass have proven to be well suited to thrive in
the same environmental conditions that are optimal

for the assemblage of low- to mid-elevation fishes that
are native to the Sacramento-San Joaquin River basin
(Moyle 2002). Aside from the Cosumnes River, there
are eight other major tributaries in California that flow
into the Sacramento-San Joaquin River basin in which
Redeye Bass introduction would pose a threat to native
fishes. Most native fishes appeared to be excluded by
Redeye Bass from the Cosumnes River, with the pos-
sible exception of Pacific Lamprey. Where Redeye Bass
were abundant, native soft-rayed fishes (Sacramento
Pikeminnow, California Roach, Sacramento Sucker,
Sacramento Speckled Dace, Hardhead, and Rainbow
Trout) were absent or rare (Moyle et al. 2003; Chasnoff
2005). The Sacramento Pikeminnow is the principal na-
tive piscivore of central California streams with life his-
tory and feeding most similar to Redeye Bass. The native
fish species occur today mainly above natural barriers
that prevent further movement of Redeye Bass in the
upper watershed, and native fish species also occur in
small numbers in the habitat immediately below these
small refuge reaches.

Overall, Redeye Bass have monopolized the trophic
and spatial resources of the Cosumnes River at the ex-
pense of native fishes. While other species of nonna-
tive fishes are present in the lowermost section of the
Cosumnes River (including congeners Smallmouth
Bass, Largemouth Bass, and Spotted Bass), they have
failed to invade the rest of the river like the Redeye
Bass, presumably because of the long, high-gradient
section of stream known as Latrobe Falls. Other non-
native fishes also seem to lack adaptations to survive in
the colder, smaller creeks higher in the watershed. This
pattern is similar to what has happened in the Santa
Margarita River, in southern California. Historically,
the dominant fish in the stream was the Arroyo Chub
Gila orcutti, but this species has been largely absent
from much of the river since the introduction of Redeye
Bass (Moyle 2002).

The nearly complete dominance of the middle reaches
of the Cosumnes River by Redeye Bass is surprising.
Given that the Redeye Bass is endemic to a relatively
small region, though with a diverse fish assemblage, in
the southeastern United States, it might be expected that
it would be too specialized to be moved to a region that
is climatically so different. The Redeye Bass was chosen
for introduction because it was thought to be an attrac-
tive game fish adapted for small streams (Moyle 2002). We
hypothesize that the success of Redeye Bass is due to the
following combination of factors:

« Adaptations that allow them to survive in colder, smaller
creeks higher in the watershed than other Micropterus

Spp.
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« The presence of numerous deep bedrock pools that
serve as late-summer, low-flow refuges, as shown by
microhabitat use.

« Like some other Micropterus spp., Redeye Bass exhibit
aggressive behavior that allows them to dominate the
system. They can displace fishes even in the absence of
direct predation, show little fear of people snorkeling in
the pools, and are brightly colored and conspicuous.

o Small sized as adults, which enables them to be abun-
dant in a small stream.

« Morphology as a generalized predator and propensity
for opportunistic feeding, enabling them to feed at all
trophic levels.

« Absence of other bass species in the middle watershed,
such as Smallmouth and Largemouth bass, which may
prey on the much smaller Redeye Bass.

The Redeye Bass invasion is a good example of the
principle espoused by Moyle and Light (1996) that under
the right circumstances, any fish species can be an invader
and any aquatic habitat can be invaded. Redeye Bass are
notably doing well in an unregulated river despite the vari-
ability in flows created by the Californian climate, which
is typically unfavorable to nonnative species. Lack of data
limits our understanding of the effects of hydrology on
Redeye Bass populations, which is essential for managing
for native fish conservation. California native species are
adapted to thrive in prolonged seasonal droughts that are
typical of summer and fall. The Cosumnes River flow re-
gime is defined by erratic peak winter/spring flows and
low summer/fall flows in contrast to the less variable
river flow regimes and wetter climate of the southeastern
United States.

Curiously, Redeye Bass appear to be slow dispersers
from either the Cosumnes River or the nearby Stanislaus
River into other river systems in California. Despite a long
history in the two watersheds, they are rarely encountered
in downstream habitats. For example, it is remarkable
that Redeye Bass were not encountered during 5Syears of
intensive sampling of fishes using the Cosumnes River
floodplain (Moyle et al. 2007). Clause et al. (2023) also
documented that the occurrence of Redeye Bass further
downstream in tidal sloughs is rare.

Nevertheless, because of frequent confusion with
Smallmouth Bass over the past 50years, Redeye Bass
are likely more widespread in California than is known
(Moyle 2002; Valente et al. 2021). If Redeye Bass are found
or introduced into additional waterways, proactive man-
agement would be necessary to protect threatened en-
demic fish and invertebrates. Management options are
limited once Redeye Bass become established in a river.
Options for management include providing refuges for
native fishes, preventing colonization of new waters (e.g.,

construction of barriers), and opportunistic eradication
programs when populations are naturally low or have re-
stricted distributions due to drought or other factors. The
limited options for dealing with this successful invasion
remind us once again of the need to prevent the introduc-
tion of nonnative species or suffer the unintended conse-
quences of these invasions.
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APPENDIX

Fishes of the Cosumnes River.

TABLE A.1 Fishes collected at 32 sampling sites in the Cosumnes River basin, California. Native species are marked in bold.

Species Sites Occurrence®
American Shad Alosa sapidissima 1 M

White Catfish Ameiurus catus 2 M

Black Bullhead Ameiurus melas 3 M
Sacramento Sucker Catostomus occidentalis 5 NF&T, M
Prickly Sculpin Cottus asper 3 M&T
Western Mosquitofish Gambusia affinis 7 NF H, SF, M&T
Pacific Lamprey Entosphenus tridentatus 7 MF, NF, M
Green Sunfish Lepomis cyanellus 8 SF, M&T
Bluegill L. macrochirus 7 M&T
Redear Sunfish L. microlophus 4 SF, M
California Roach Hesperoleucus symmetricus 7 NF&T, SF&T, D
Redeye Bass Micropterus coosae 10 MF, M
Smallmouth Bass Micropterus dolomieu 2 M
Spotted Bass Micropterus punctulatus 2 M
Largemouth Bass Micropterus nigricans 1 M
Striped Bass Morone saxatilis 1 M
Rainbow Trout Oncorhynchus mykiss 16 MF&T, NF&T, SF
Bigscale Logperch Percina macrolepida 1 M
Sacramento Pikeminnow Ptychocheilus grandis 5 M&T
Brown Trout Salmo trutta 8 MF&T, NF&T, SF
Brook Trout Salvelinus fontinalis 1 NF H

# Occurrence codes: D, Deer Creek (a tributary of the main stem); H, headwaters; M, main-stem Cosumnes River; MF, Middle Fork Cosumnes River; NF,
North Fork Cosumnes River; SF, South Fork Cosumnes River; T, tributary.

TABLE A.2 Number of individuals (#), mass (mg), and percentage (%) of total mass of prey items found in the stomach contents of
Redeye Bass. The Redeye Bass were divided into three size-classes: class 1 (<61 mm standard length [SL]), class 2 (61-113mm SL), and class
3 (>113mm SL).

Size-class 1 (n="77) Size-class 2 (n=2387) Size-class 3 (n=76)
Prey group Taxon or stage # Mass % # Mass %o # Mass %
Amphipoda 27 1.2 <1 0 0 0 0 0
Coleoptera Larvae 5 2.1 <1 22 55.6 2 7 23.5 <1
Adults 3 1.2 <1 0 0 0 1 4.6 <1
Decapoda 1 33 7 4 2195 77 5 33,778 88
Diptera Chironomidae 158 7.2 2 72 2.8 <1 4 1.7 <1
larvae

Simuliidae larvae 21 3.9 1 83 20.6 1 86 38.3 <1
Other larvae/pupae 4 <0.1 <1 2 2.9 <1 2 4.5 <1
Adults 4 <0.1 <1 5 0.1 <1 1 0.2 <1

Ephemeroptera Larvae 254 305 64 264 109 4 31 478 1
Adult 4 0.3 <1 2 0.1 <1 0 0 0
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TABLE A.2 (Continued)
Size-class 1 (n="77) Size-class 2 (n=87) Size-class 3 (n=76)
Prey group Taxon or stage # Mass %o # Mass % # Mass %o
Hemiptera 6 4.1 1 3 5.2 <1 4 8.3 <1
Lepidoptera Larvae 15 18.3 4 23 21 1 0 0 0
Megaloptera Larvae 15.6 3 3 18.3 1 13 2979
Mollusca Gastropoda 0 0 1 0.8 <1 0 0 0
Bivalvia 0 0 0 0 0 0 2 5.5 <1
Odonata Anisoptera larvae 41 20.1 4 34 169 6 3 59.9 <1
Zygoptera larvae 7 12.8 3 7 35.6 1 3 836 2
Oligochaetes 0 0 0 2 NA NA 0 0 0
Plecoptera Larvae 7 9.6 2 15 53.8 2 5 52.5 <1
Terrestrial Arachnida 0 0 0 4 21.1 1 0 0 0
Hymenoptera 3 12.4 3 0 0 0 0 0 0
Dermoptera 0 0 0 3 80.0 3 0 0 0
Other 2 4.4 1 1 6.5 <1 1 1.8 <1
Trichoptera Hydropsychidae 0 0 0 6 16.3 1 19 42.0 <1
larvae
Other larvae 102 27.6 6 51 334 1 15 24.9 <1
Adults 12 0.2 <1 4 1.0 <1 0 0 0
Ranidae Eggs 12 NA NA 0 0 0 0 0
Other fish 0 0 0 0 0 NA NA
Total 690 480 100 611 2847 100 204 38,338 100
TABLE A.3 Stable isotope values (%o) of prey categories used for mixing model input. Values are presented as mean and standard
deviation (SD).
6130 615N
Site Prey category Mean SD Mean SD
Main-stem Cosumnes River at Highway 16 Hemiptera/Trichoptera —17.57 0.9 2.88 0.7
Odonata —17.59 0.7 4.39 0.3
Plecoptera/Decapoda —19.22 0.8 4.03 0.8
Fish —19.10 1.5 5.25 1.4
Middle Fork Cosumnes River at Rocky Bar Diptera —14.98 0.9 0.38 0.1
Trichoptera/Odonata —15.78 0.7 1.72 0.3
Odonata/Plecoptera —21.32 2.1 2.65 0.3
Plecoptera —24.72 3.0 0.85 0.7
Decapoda/fish —18.33 2.3 2.80 1.0
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