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Abstract Smallmouth bass (Micropterus dolomieu)

are a globally introduced fish species that have

experienced widespread range expansions in recent

decades and which can have deleterious effects on

native fish communities. Rapidly assessing their

expansions will aid conservation and management

actions geared towards controlling their spread and

mitigating their impacts. Smallmouth bass have

recently experienced a rapid upstream expansion in a

Great Plains river (Laramie River, Wyoming, USA),

which provided an opportunity to evaluate the drivers

and impacts of this expansion by using a modified

before-after, control-impact (BACI) design. Our

objectives were to test whether climatic drivers

(temperature, precipitation, flow) were related to this

range expansion and subsequent effects of the expan-

sion on native fish communities. Smallmouth bass

population size in Grayrocks Reservoir increased

following a climatically extreme wet year, with

statistically extreme amounts of spring-time and June

precipitation creating high discharge events that

coincided with the upstream expansion. Unlike previ-

ous studies highlighting the invasive nature of small-

mouth bass, the modified BACI analysis revealed no

declines in species richness induced by the expansion.

However, there was evidence that native small-bodied

minnow species (family Leuciscidae) declined in

relative abundance and that community-level and

species-level trophic niches were compressed for

invaded sites. Our findings provide important insight

into how climatic extremes can prompt biological

invasions that can alter community composition and

food web structure even if local extirpations do not

occur.
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Introduction

Freshwater systems are arguably the most invaded

ecosystems on the planet due to widespread, human-

assisted dispersal of species for economic purposes

(e.g., aquaculture and recreational fisheries; Gozlan

et al. 2010). The establishment and spread of aquatic,

non-native species have been further facilitated by

anthropogenic impacts, such as flow alterations, land

use change, and climate change (Craig et al. 2017). For

example, the impoundment of rivers through reservoir

construction often benefits the life-history strategies of

non-native species in these flow-altered environments

(Gido et al. 2009, 2013), and climate warming will

likely prompt future range expansions out of reservoirs

(Kirk et al. 2020; Sun et al. 2020). Climatic extremes

have been hypothesized to explain rapid and unpre-

dicted biological invasions (Winder et al. 2011; Diez

et al. 2012). Thus, the effects of continued anthro-

pogenic change may act synergistically with the

spread of non-native species to drive future changes

in native freshwater diversity (e.g., Kuczynski et al.

2018).

Invasive, piscivorous fish are one group that appear

to have this synergistic effect on freshwater diversity.

Due to their large body size and predatory nature,

invasive piscivores represent a ‘‘novel selective force’’

that can alter community structure and food web

dynamics (Mitchell and Knouft 2009; Cucherousset

and Olden 2011). Invasive piscivores displace native

predators from high trophic positions (Vander Zanden

et al. 2004), compress trophic niche space of native

communities (Rogosch and Olden 2020), and reduce

diversity of small-bodied species through consump-

tive and non-consumptive effects (Jackson and Man-

drak 2000). One group of invasive fish in particular,

black bass (Micropterus spp.), are considered among

the world’s most successful invasive species because

of their strong antagonistic interactions with native

species (Lowe et al. 2000; Loppnow et al. 2013;

Pereira and Vitule 2019). Black bass have some of the

fastest expansion rates from climate change (Comte

et al. 2013). Hydropower development is also pre-

dicted to facilitate the spread of black bass species

(Bae et al. 2018). Smallmouth bass (Micropterus

dolomieu), in particular, appear poised to benefit from

future flow alterations and climate warming, as

evident by the increasing numbers of case studies on

range expansions for this species (Alofs et al. 2014;

Lawrence et al. 2015; Van der Walt et al. 2016;

Rubenson and Olden 2017; Peterson et al. 2020).

Although detecting the drivers and impacts of

emerging black bass invasions is critical for develop-

ing management actions (e.g., Vander Zanden et al.

2004; Van der Walt 2016), identifying appropriate

management responses can be difficult because many

biological invasions are unanticipated (Ricciardi et al.

2011). Species traits provide one promising outlet for

predicting invasions, and Micropterus spp. possess

many of the traits (equilibrium life history, high

temperature tolerance, high trophic position) associ-

ated with highly invasive fish species (Marchetti et al.

2004; Buckwalter et al. 2020). Biological invasions

via range expansion involve an interaction between

species traits and environmental change, the latter of

which is far more unpredictable (e.g., climatic

extremes; Smith 2011; Diez et al. 2012). While a

mechanistic understanding of how environmental

factors determine range limits can help anticipate

gradual range expansions (Lawrence et al. 2015;

Rubenson and Olden 2017), case studies on abrupt,

rapid invasions are less common andmore concerning.

A recent upstream expansion of non-native small-

mouth bass in a Great Plains river of the central USA

provided an opportunity to explore the impacts and

drivers of an abrupt and rapid invasion. Smallmouth

bass expanded 83 river kilometers upstream (269.5 m

elevation gain) between 2008 and 2016, which

coincided with an increase in the population size of

smallmouth bass in a local reservoir in 2011 (Gray-

rocks Reservoir; Fig. 1, Fig. S1). Smallmouth bass

now interact with a relatively naı̈ve Great Plains fish

assemblage that did not historically interact with

large-bodied piscivores (Hickerson et al. 2019). Great

Plains fish assemblages have experienced high degrees

of biotic homogenization and a decline of endemic,

plains-specialist species (Quist et al. 2004; Perkin

et al. 2015; Kirk et al. 2020). Non-native species have

been identified as a primary driver of those biological

changes due to the magnitude of introductions and the

high degree of flow and landscape alteration in plains

rivers (Gido et al. 2006; Falke and Gido 2006; Stewart

et al. 2016). Managing non-native species is thus a

priority for conserving Great Plains fishes.

Using a combination of climate data, reservoir

sampling data, and stream fish community data, our

study addressed three objectives. Our first objective

was to identify the potential climatic drivers
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responsible for the rapid, upstream expansion of

smallmouth bass. The second objective was to perform

a modified before-after, control-impact (BACI) anal-

ysis on stream fish surveys performed pre- and post-

expansion of smallmouth bass to determine if any

community-level changes occurred. We hypothesized

that community diversity metrics (richness and even-

ness) would decline and community structure would

be altered following the smallmouth bass expansion.

Our third objective was to use isotopic niche data to

infer whether the presence of smallmouth bass

induced community-level and species-level changes

to trophic niche space. We hypothesized that the

presence of smallmouth bass would reduce the trophic

position of native species and compress trophic niche

space (e.g., Rogosch and Olden 2020). Finally, we

predicted that these community-level changes would

be driven by declines in small-bodied minnow species

(family Leuciscidae), which are highly susceptible to

invasive piscivores (Alofs and Jackson 2015; Van der

Walt et al. 2016; Kirk et al. 2017).

Methods

Study system

Our study encompassed a 152 km section of the

Laramie River (elevation range: 1286–1977 m),

which is a tributary of the North Platte River in

southeastern Wyoming (Fig. 1). Smallmouth bass are

non-native to Wyoming, and the construction of

Grayrocks Reservoir (42.145�,–104.737�) in 1980

led to the introduction of smallmouth bass and other

non-native gamefish species in the early 1980s.

Grayrocks is a storage reservoir that provides cooling

water for a coal-powered electrical facility, and no fish

passage systems are present to connect fish popula-

tions upstream and downstream of the reservoir.

Despite the lower Laramie River experiencing inten-

sive water development for irrigation, agriculture and

energy, the river has maintained an intact fish assem-

blage and only a few native species declines have

Fig. 1 Map of the Laramie River in southeastern Wyoming

(WY, lower-right inset) and distribution of the 14 distinct

sampling sites surveyed multiple times before and after the

smallmouth bass expansion. Gold symbols represent sites with

smallmouth bass present before and after the expansion (BI, AI-

P), blue indicates newly invaded sites (BC, AI-N), and gray

indicates sites that have not been invaded (BC, AC; see Fig. S2).

Stars indicate collection sites for isotopic niche data. Upper-left

inset shows the relationship between elevation and river

kilometer (rkm) for the distinct sampling sites. Dashed black

line indicates Grayrocks Reservoir and steepness of the line is

indicative of stream gradient (e.g., channel steepness)
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occurred since reservoir construction (Patton and

Hubert 1996; Quist et al. 2005; Kirk et al. 2020).

Our study section is composed of two distinct

stream geomorphologies, which we define as upstream

and downstream sections. Downstream sites have low

channel slopes (mean: 0.003 km elevation gain per

km) with predominately warm-water fish assemblages

and reservoir species occurring within 100 river

kilometers (rkm) of the Laramie River’s mouth

(Fig. 1). Downstream sites within 50 rkms of the

mouth have been historically occupied by smallmouth

bass since reservoir construction (Quist et al. 2005).

Upstream sites have high channel slopes (mean:

0.011 km/km) with large substrate types in the

Laramie canyon dominated by more riverine, cool-

water fish assemblages, which have only recently been

invaded by smallmouth bass (Hickerson et al. 2019).

Objective 1: climatic drivers

We tested whether statistically extreme climatic

conditions coincided with the 2011 peak of small-

mouth bass abundance in Grayrocks Reservoir using

long-term precipitation, temperature, and discharge

data. Importantly, we used the relative abundance of

smallmouth bass in Grayrocks Reservoir as the

response variable for determining what climatic

conditions elicited the upstream expansion (i.e., we

assumed the increase in relative abundance was a

proxy for expansion because the two events closely

coincided with each other [see Fig. S1; Gale 2015;

Hickerson et al. 2019; Wyoming Game and Fish

Department 2011]). While we cannot pinpoint the

specific year of the expansion, we know that the

expansion occurred between 2010 and 2013. Intensive

sampling on the Laramie River in 2014 documented

smallmouth bass in a 55 km stretch of river that did not

have them present in 2009.

We obtained daily estimates of precipitation

(mm/day), maximum daily air temperature (�C), and
minimum daily air temperature (�C) for Grayrocks

Reservoir from 1980 to 2019 using the daily surface

weather and climatological summaries database

(DAYMET; Thornton et al. 2007). DAYMET pro-

vides daily climatic estimates for 1 km by 1 km

gridded cells. Daily discharge data were downloaded

for a U.S. Geological Survey stream gauge on the

Laramie River from 1956 to 2019 (site number

06670500; U.S. Geological Survey [USGS], 2020),

which is located * 23 rkm downstream of Grayrocks

Reservoir. State agency data on discharge records

from two locations in closer proximity to the reservoir,

but with shorter time-series, revealed high correlation

among the USGS stream gauge, a reservoir inflow

gauge, and a reservoir outflow gauge (daily discharge

correlations from 1985 to 2018; all r[ 0.92). Because

data on reservoir levels and storage capacity was not

available for Grayrocks Reservoir, discharge was

considered as a proxy for reservoir levels (e.g., high

discharge corresponds to periods of high reservoir

levels).

We averaged daily values of temperature, precip-

itation, and discharge into different time periods,

which included annual, spring-time (defined as March

21–June 20), summer-time (June 21–September 20),

and by month. We considered a time period as being a

statistically extreme climatic event for precipitation

(extreme wet versus dry) and temperature (extreme

hot versus cold) if a value was two standard deviations

greater than the mean value of the entire 1980–2019

period (sensu Boucek and Rehage 2014). We consid-

ered a time period as being a statistically extreme

event for discharge (extreme high flow versus low

flow) if a value was two standard deviations greater

than the mean value of the reference period before the

completion of Grayrocks Reservoir in 1980

(1956–1979).

We then individually regressed each annual, sea-

sonal, and monthly climate variable against the annual

relative abundance of smallmouth bass in Grayrocks

Reservoir. The Wyoming Game and Fish Department

conducts annual trend-netting surveys on reservoirs

using experimental sinking gillnet sets composed of a

standard mesh array to determine population status of

gamefish species. While sampling was performed at

similar locations across years, the number and dura-

tion of sets varied. Annual smallmouth bass relative

abundance was thus standardized to catch per unit

effort (CPUE) as the number of fish per gillnet per

hour. Exploratory analyses revealed no linear trends

between smallmouth bass CPUE and climate variables

due to the non-linear nature of the CPUE data. We thus

used exponential, non-linear regression models (pack-

age nlsLM; R version 3.4.2, R Development Core

Team, 2017) to determine which climatic variables

explained the sharp increase in smallmouth bass

CPUE. We only tested univariate models with single

predictors for current year climatic conditions (t), as
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well as univariate models with lag effects for previous

year climatic conditions (t—1) and two-year previous

climatic conditions (t—2). We used Akaike informa-

tion criteria (AIC) to determine the best climatic

variables for explaining the 2011 increase in small-

mouth bass CPUE from all candidate models (n = 135

total univariate models). We considered the best

models to be those with DAIC values\ 2 of the top

model, with model weights (wi)[ 0.1, and those

deemed significant (P\ 0.05).

Objective 2: community effects

Stream fish community survey data were used in a

modified BACI framework to determine if community

composition changed after the smallmouth bass

expansion (sensu Bellow et al. 2016; Christie et al.

2019). Fish community data were collated from

numerous surveys performed by the Wyoming Game

and Fish Department, Colorado State University, and

the University of Wyoming. All sampling was

performed with electrofishing methods and conducted

during summer, low flow conditions. We attempted to

correct for different sampling effort (e.g., pass number

and reach length) across sources by standardizing

relative abundance data to only first pass estimates

when surveys were multi-pass and to an estimate of

individuals per 100 m. We also required sampling

events to have total fish captures[ 50 individuals to

accurately estimate proportional relative abundance

(e.g., Kirk et al. 2017). Sampling events were aggre-

gated into one km river segments (i.e., distinct

sampling sites), and distinct sampling sites needed to

be sampled at least once before (2002–2010) and after

(2013–2019) the smallmouth bass expansion for

inclusion. In total, 14 distinct sampling sites had 84

sampling events before (45) and after (39) the

expansion.

Our modified BACI study design closely resembled

a three 9 two factorial design with impacted (I) and

non-impacted (C) sites being sampled before (B) and

after (A) the invasion (sensu Christie et al. 2019; see

Fig. S2), but instead consisted of five period by

invasion categories: sampling events in the first period

with smallmouth bass present (before-impacted [BI];

n = 9), events in the first period without smallmouth

bass (before-control [BC]; n = 36), events in the

second period where smallmouth bass were previously

present (after-previously impacted [AI-P]; n = 12),

events in the second period where smallmouth bass

newly invaded (i.e., smallmouth bass were absent in

the first period; after-newly impacted [AI-N]; n = 19),

and events in the second period where smallmouth

bass have still not invaded (after-control [AC]; n = 8).

Our modified BACI design was required because

control and impacted sites differed profoundly in

environmental characteristics that needed to be con-

trolled for (e.g., rkm and stream geomorphology).

High variance inflation factors (VIFs) were observed

in exploratory models with traditional BACI treatment

categories that prevented the inclusion of those

confounding environmental co-variates (range of high

VIFs: 5.0–7.2; Zuur et al. 2010).

We evaluated the impacts of smallmouth bass in the

modified BACI study design using both multivariate

and univariate descriptors of stream fish community

composition (sensu Kirk et al. 2017). Multivariate

analyses included non-metric multidimensional scal-

ing (NMDS based on a Bray–Curtis dissimilarity

matrix; metaMDS function; R v. 3.4.2) for character-

izing the degree of dissimilarity in community com-

position among stream sampling events before and

after the smallmouth bass expansion. NMDS was

performed on transformed proportional relative abun-

dance data (log[x ? 1]), which allowed for the

visualization of both sampling events and fish species

in ordination space. Species that occurred in less than

five sampling events were excluded to reduce the

influence that rare species have on multivariate

approaches (4 of 34 species were excluded; see

Table S1 for all 30 species). Stress plots indicated

the first two NMDS axes were important for explain-

ing community composition differences.

We also performed an indicator species analysis

(multipatt function; R v. 3.4.2) to determine if the

identity of species most likely to be associated with

newly invaded sites differed between the pre-expan-

sion and post-expansion period. The indicator value is

calculated as the product of a species relative

frequency and relative average abundance within time

periods. We performed the analysis for only the six

distinct sampling sites (consisting of 14 sampling

events pre-expansion and 19 post-expansion) that

were newly invaded by smallmouth bass during our

study period (AI-N sites; blue symbols; Fig. 1).

Species significance for a specific time period was

assessed with a permutation procedure (n = 5,000;

P\ 0.05). The presumption is that species associated
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with only the pre-expansion period are susceptible to

smallmouth bass, whereas species associated with the

post-expansion period are unaffected by smallmouth

bass.

We calculated five univariate diversity metrics for

each community survey: 1) total species richness, 2)

native minnow richness (Leuciscidae; small-bodied

minnows), 3) the Shannon diversity index for even-

ness, 4) the Simpson diversity index for evenness, and

5) the proportion of all individuals as minnow species

based on relative abundance data. Leuciscidaewas the

only taxonomic family considered for independent

analysis because it was the only family to have

modestly high species richness (C five species).

Smallmouth bass were removed a priori from all

multivariate and univariate calculations of community

structure and diversity.

Our modified BACI framework was analogous to

an analysis of covariance (ANCOVA), repeated

measures design. We used generalized linear mixed-

effects models (glmer function; R v. 3.4.2) to deter-

mine whether assemblage structure (quantified by

scores along the two NMDS axes) and the five

univariate community metrics changed following the

smallmouth bass expansion. We used a mixed-effects

model for NMDS data instead of traditional multi-

variate analyses (e.g., PERMANOVA) because of the

need to account for the pseudoreplication of repeat

sampling events at distinct survey sites within and

between time periods as a random effect (i.e., repeated

measures design). In addition to our modified BACI

treatment variable (five treatment categories), the

fixed-effects covariates in the ANCOVA were river

kilometer and smallmouth bass abundance. River

kilometer (rkm) tested for assemblage differences

along the upstream–downstream gradient resulting

from stream geomorphological differences among

sites. Smallmouth bass abundance was included to

test if biotic changes were driven by the abundance

rather than simply the presence of this non-native

species (e.g., Chick et al. 2020). Smallmouth bass

abundance was standardized to the number per 100 m

in the first sampling pass. Distinct sampling site

(n = 14, Fig. 1) was included as a random intercept

term to control for pseudoreplication in site-specific

effects.

Mixed-effects models for richness metrics were fit

with a Poisson distribution due to the non-normal

distribution of count data, whereas evenness metrics,

proportional relative abundance of minnows, and

NMDS axes were fit with a Gaussian (normal)

distribution. Significant differences among the five

BACI treatment categories were determined using

Tukey’s post-hoc test based on least square means

comparisons (lsmeans package; R v. 3.4.2). VIFs

indicated acceptable collinearity of predictor variables

in the final models (B 3.2). Diagnostic tests for

normality and heteroscedasticity in model residuals

indicated no violation of linear model assumptions and

models were not over-dispersed (following Zuur et al.

2010). Fixed-effects variables were deemed signifi-

cant based on P\ 0.05.

Objective 3: isotopic niche data

We collected isotopic niche data in a design separate

of our modified BACI community analysis. Stable iso-

tope data were collected for fish species during three

years of the post-expansion period (2015–2017) at

three sites differing in invasion status—one that

remains uninvaded (AC), one that was newly invaded

(AI-N), and one that was previously invaded (AI-P;

stars in Fig. 1). Isotopic niches were determined from

stable isotope analyses based on carbon and nitrogen

isotope ratios (d13C and d15N). Isotope samples were

analyzed at the University of Wyoming Stable Isotope

Facility and had corrected baselines, as detailed in

Maitland (2020). We estimated community-level

trophic diversity based on all fish species present

using three metrics. The first two metrics were the

carbon and nitrogen isotopic ranges, which quantify

the realized trophic niche length along the horizontal

and vertical axes of the d13C-d15N biplot space

(Layman et al. 2007). The third metric, isotopic niche

area, quantifies the amount of trophic niche space that

all species occupy by summarizing the combination of

the carbon and nitrogen isotopic ranges using the

novel kernel utilization density (KUD) method as

implemented in the rKIN package of R (Eckrich et al.

2019).

At the species-level, we again quantified isotopic

niche area using the KUD approach, but only for eight

species with at least five individuals sampled at a given

site that were also sampled across multiple years.

Given our limited sample sizes for years (n = 2–3) and

sites (n = 2–3), we explored changes in trophic

diversity (isotopic niche area, CR, and NR) using

only descriptive statistics. For species-level patterns,
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we determined site-level differences (i.e., uninvaded

[AC], newly invaded [AI-N], previously invaded [AI-

P]) in species isotopic niche area based on whether

sites had overlapping niche areas (calculated as: mean

site value ± standard deviation (SD) across years).

Community-level relationships for isotopic area, car-

bon isotopic range, and nitrogen isotopic range for the

three distinct sampling sites across the three years

(n = 7) were related to smallmouth bass abundance

using Pearson correlation coefficients.

Finally, we quantified changes in a species’ trophic

position across sites with the tRophicPosition package

in R using d15N data (Quezada-Romegialli et al.

2018). Species trophic position was determined using

the formula from Post (2002), which corrects for

baseline levels of trophic level and d15N. We then

compared posterior samples of trophic position

between all eight species and all three sites for each

year using a Bayesian pairwise comparison. The

Bayesian comparison calculates the probability that

a given species at a site has a posterior trophic position

that is different from the trophic position of other

species-site combinations. Species’ trophic position

changes were interpreted for only descriptive purposes

given small sample sizes.

Results

Climatic drivers

2010–2011 was marked by climatic extremes in

precipitation and flow.While not statistically extreme,

2010 annual precipitation was the wettest year since

reservoir construction. Spring precipitation and sum-

mer flow in 2010 were considered statistically extreme

wet and high flow seasons, and 2011 was a statistically

extreme high flow year, high flow spring, and high

flow summer (Table S2; Fig. 2). Previous year June

precipitation (2010) was the only significant temper-

ature or precipitation variable to have a positive

threshold effect on smallmouth bass CPUE in Gray-

rocks Reservoir (wi = 0.21; DAIC = 0.98; P = 0.002;

Fig. 3), which was identified as a climatic extreme.

Models for current year (2011)March flow (wi = 0.34;

DAIC = 0; P\ 0.001) and April flow (wi = 0.19;

DAIC = 1.15; P\ 0.001) were also positively corre-

lated with the 2011 increase in smallmouth bass

CPUE; both of which were also climatic extremes

(Table S2).

Community effects

The modified BACI analysis revealed few community

changes in the Laramie River resulting from the

smallmouth bass expansion. After accounting for

decreasing total richness (b = -0.64, P = 0.005) and

decreasing minnow richness (b = -0.74; P = 0.010)

along the stream continuum, there was no evidence

that sites newly invaded by smallmouth bass declined

in richness (all pairwise comparisons with P C 0.156;

Table 1). Local smallmouth bass abundance also did

not have a negative effect on species richness and

minnow richness (both P C 0.579). Shannon and

Simpson diversity indices displayed similar patterns

with no significant changes in community evenness

among pre- and post-expansion treatment groups (all

P C 0.071). However, there was evidence for a

decline in the relative abundance of minnows after

smallmouth bass invasion. Newly invaded sites had a

significantly lower relative abundance of minnows

(AI-N; mean = 0.46, SD = 0.14) compared to those

same sites prior to the expansion (BC; mean = 0.69,

SD = 0.16; pairwise P = 0.029; Fig. 4).

The NMDS ordination (2-D stress = 0.19) sorted

sampling events and species on the first axis based on

position along the stream continuum (b = -0.91;

P = 0.048). Downstream sites with warm-water

species associated with reservoir environments had

positive values along axis one, whereas upstream sites

with cool-water, riverine species had negative values

along axis one (Fig. 5a). Sites were sorted along a

similar stream continuum pattern for the second

NMDS axis (b = -0.80; P = 0.054). After accounting

for those stream continuum effects, there was a

significant differentiation of newly invaded sites (AI-

N; red convex hull) and previously uninvaded sites

(BC; blue convex hull; Fig. 5b) along both axes (both

P B 0.014; Table 1). This differentiation resulted in a

shift of increasing similarity to downstream commu-

nities and decreasing similarity to upstream commu-

nities. There were also significant differences along

axis two for newly invaded sites (AI-N) and still

uninvaded sites (AC: black convex hull; P = 0.010),

and for sites that had smallmouth bass present in both

periods (AI-P vs. BI; P = 0.003; Table 1).
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For newly invaded sites (AI-N), the indicator

species analysis revealed that creek chub (Semotilus

atromaculatus), fathead minnow (Pimephales prome-

las), johnny darter (Etheostoma nigrum), and longnose

dace (Rhinichthys cataractae) were significantly more

associated with pre-expansion fish communities (all

P B 0.034). Common carp (Cyprinus carpio), com-

mon shiner (Luxilus cornutus), longnose sucker

(Catostomus catostomus), shorthead redhorse (Mox-

ostoma macrolepidotum), and stonecat (Noturus

flavus) were significantly more associated with post-

expansion communities (all P B 0.045).

Isotopic niche changes

Isotopic niche data supported these species-level

changes. Creek chub exhibited strong compressions

in isotopic niche area for the newly invaded (AI-N)

and the previously invaded (AI-P) sites relative to the

uninvaded site (AC, Fig. 6; Table 2). Furthermore,

probabilities were frequently[ 75% that the trophic

position of creek chub at the newly invaded site was

lower than the uninvaded site, where it occupied the

highest trophic level (Fig. 6; Table S3). There was

also weak evidence that white sucker (Catostomus

commersonii) had compressed niche space and lower

trophic positions for the newly invaded site. Common

carp, longnose sucker, sand shiner (Notropis strami-

neus), and shorthead redhorse exhibited no evidence

of compressions in isotopic niche area (Table 2),

despite evidence that sand shiner and shorthead

redhorse had high probabilities of occupying higher

trophic positions at the previously invaded site (range:

75.2–90.2%; Table S3). The only species to show a

different response between indicator species analysis

and isotopic niches was stonecat, which increased in

Fig. 2 Mean annual (dashed, blue lines) and mean spring-time

(solid, black lines) A) precipitation (top panel; 1980–2019) and

B) discharge (lower panel; 1956–2019) since the construction of

Grayrocks Reservoir (dashed vertical orange line). The vertical,

dashed red line indicates the year smallmouth bass increased in

the reservoir (Fig. S1). Horizontal solid black and dashed blue

lines correspond to values equal to two standard deviations (SD)

of the mean across all years for precipitation and for two SD of

the mean for reference, pre-reservoir conditions of discharge

(1956–1979)
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relative abundance, but had a compression in isotopic

niche area for the newly invaded site. Finally, these

species-level patterns resulted in prominent commu-

nity-level changes, as total community niche area

decreased at sites with higher smallmouth bass

abundances (r = 0.75; P = 0.054; Fig. S3). Commu-

nity-level carbon isotopic range also decreased at sites

with higher smallmouth bass abundance (r = 0.66;

P = 0.110), while community level nitrogen isotopic

range increased (r = 0.60; P = 0.155; Fig. S3).

Discussion

Drivers of the expansion

Our results indicate that smallmouth bass have exhib-

ited a rapid invasion that has caused a potential shift in

native fish community composition. The swiftness of

the expansion is similar to recent studies documenting

expansions of smallmouth bass in the Columbia River

basin, USA (Rubenson and Olden 2017, 2020).

Managing biological invasions requires understanding

what factors limit a species’ invasion potential (Ibáñez

et al. 2014; Lawrence et al. 2015). We identified

extreme precipitation and high flow events as being

correlated with the expansion of smallmouth bass’s

upstream distribution limit. The extreme wet year of

2010 likely created high in-flows that increased

reservoir levels to maximum capacity, which required

high discharge events in late 2010 and through 2011 to

drop reservoir levels. Indeed, precipitation had been

increasing annually from 2006 to 2010 while dis-

charge remained low until 2011 (Fig. 2). Three

mechanistic hypotheses are proposed below, as well

as anecdotal evidence, to explain how the smallmouth

Fig. 3 Exponential relationship between relative abundance of

smallmouth bass based on catch per unit effort (SMB CPUE) in

Grayrocks Reservoir and the previous year’s total June

precipitation

Table 1 Marginal R2 (fixed effects only) and least square mean, pairwise comparisons (P-values) of the five BACI treatment

categories for the seven community metrics evaluated in linear mixed-effects models. Bolded values indicate P\ 0.05

Treatment

comparisons

Total

richness

Minnow

richness

Shannon

diversity

Simpson

diversity

Minnow

abundance

NMDS

axis 1

NMDS

axis 2

Marginal R2 0.31 0.11 0.10 0.10 0.51 0.40 0.26

AI-N versus AC 0.884 0.999 0.999 0.953 0.977 0.090 0.010

AI-N versus AI-P 0.622 0.741 0.459 0.385 0.644 0.999 0.185

AI-N versus BC* 0.227 0.998 0.153 0.322 0.029 0.014 0.001

AI-N versus BI 0.156 0.478 0.765 0.900 0.931 0.982 0.999

AC vs AI-P 0.999 0.952 0.559 0.233 0.535 0.520 0.999

AC versus BC 0.995 0.996 0.244 0.071 0.341 0.989 0.893

AC versus BI 0.839 0.803 0.817 0.710 0.821 0.217 0.162

AI-P versus BC 0.998 0.630 0.983 0.909 0.023 0.536 0.999

AI-P versus BI 0.650 0.954 0.966 0.693 0.961 0.766 0.003

BC versus BI 0.841 0.398 0.999 0.999 0.125 0.199 0.223

* indicates the comparison of sampling events that were previously uninvaded and newly invaded by smallmouth bass (i.e., our

central hypothesis)
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bass expansion could be related to interactions among

precipitation, discharge, and reservoir levels.

First, the high flow events may have prompted

upstream spawning movements of smallmouth bass.

Smallmouth bass tend to spawn in the late-spring,

early-summer periods of May and June when water

temperatures approach 16 �C (Graham and Orth 1986;

Patton and Hubert 1996). This corresponds to the

extreme wet conditions during the spring of 2010, as

well as 2015. High spring discharge thus likely had a

positive effect on smallmouth bass spawning. Indeed,

smallmouth bass were the only non-native species to

exhibit high population abundances in years of high

spring discharge for streams of the American South-

west (Gido et al. 2013). Comparably, smallmouth bass

were the only species to exhibit an upstream expansion

during the extreme climatic conditions in the Laramie

River. Two additional reservoir non-natives captured

frequently during both periods of our study did not

exhibit prominent upstream expansions (channel cat-

fish [Ictalurus punctatus] = 8.7 km upstream shift;

yellow perch [Perca flavescens] = 4.0 km down-

stream shift).

Second, the range expansion could have resulted

from overcoming barriers that became passable during

high flow conditions. This invasion is particularly

noteworthy because it has involved dispersing into a

high gradient stream section (Fig. 1), which can

represent natural barriers that are difficult for small-

mouth bass and even native species to disperse into

(Gibson-Reinemer et al. 2017; Rubenson and Olden

2020). The immediate expansion was not solely

related to overcoming an anthropogenic barrier

because the nearest one was * 26 km upstream of

the species’ pre-expansion limit. Smallmouth bass

were able to overcome that anthropogenic barrier on

Fig. 4 Proportional relative abundance of individuals in the

family Leuciscidae for 84 sampling events before and after the

smallmouth bass range expansions. Red boxes compare sites

with smallmouth bass present in both periods (AI-P vs. BI), blue

compares sites newly invaded by smallmouth bass between

periods (AI-N vs. BC; our central hypothesis), and green

indicates sites not yet invaded by smallmouth bass (AC).

Different letters indicate statistically different groups based on

least square means comparisons (Table 1). Boxplots encompass

25th, 50th and 75 percentiles; whiskers represent values 1.5

times the interquartile range

Fig. 5 Non-metric multidimensional scaling (NMDS) ordina-

tion plot based on relative abundance data for a 30 fish species

and b 84 sample events before (BI, BC) and after (AC, AI-N, AI-

P) the smallmouth bass expansion. Convex hulls are drawn

around the five modified BACI treatment categories. Table 1

indicates significant differences among treatment categories.

See Table S1 for species abbreviations
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the Laramie River, likely due to the high flow

conditions of 2010–2011. However, they did not

overcome an anthropogenic barrier on the North

Laramie River, which currently prevents expansion

in that system (barriers identified from the national

barrier dataset of Ostroff et al. 2013). Barriers have

been shown to be effective in limiting upstream

expansions of smallmouth bass in South African

streams (Van der Walt et al. 2016).

Third, the expansion may have been prompted by

rising reservoir levels which increased recruitment

and survival leading to density-dependent movement.

Creel surveys indicated that smallmouth bass angler

catch rates were high in 2012, suggesting the

A B C

D E F

Fig. 6 Isotopic niche areas of four fish species during the years

of 2016 and 2017 for an uninvaded site (AC; Panels A, D), a

newly invaded site (AI-N; Panels B, E) and a previously invaded

site (AI-P; Panels C, F). Niche areas are defined using ellipses

based on the KUD method. Creek chub, stonecat, and white

sucker are shown because they exhibited varying levels of

support for evidence of niche compression (Table 2)

Table 2 Mean isotopic niche areas (standard deviation [SD]; number of years) for eight species captured at two or more sampling

sites in multiple years based on smallmouth bass invasion status (stars, Fig. 1)

Species Uninvaded (AC) Newly (AI-N) Previously (AI-P)

Common carp – 5.9 (3.2, 3) 13.5 (7.2, 2)

Creek chub 14.5 (1.1, 2) 8.0 (3.4, 3) 1.1 (0, 1)

Longnose sucker 1.4 (0.4, 2) – 1.4 (1.2, 2)

Sand shiner – 4.4 (5.3, 2) 2.9 (1.0, 2)

Shorthead redhorse – 2.1 (1.7, 2) 1.9 (1.0, 2)

Smallmouth bass – 16.9 (5.4, 3) 21.8 (1.7, 2)

Stonecat 4.9 (2.0, 2) 2.3 (0.3, 2) –

White sucker 20.8 (2.4, 2) 4.3 (2.2, 3) 25.3 (0.3, 2)

Bolded species differ across sites based on non-overlapping mean values ± SD
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population increase may have extended beyond 2011

(Gale 2015). Increased reservoir levels from the

extreme high flow conditions likely created more

shoreline habitat for adult smallmouth bass to occupy

that could have increased catch rates (Wyoming Game

and Fish Department 2011). However, average length

data of smallmouth bass collected from Grayrocks

Reservoir did not indicate major shifts in size structure

for 2010–2012 to suggest young-of-year recruitment

drove CPUE increases (Table S4). The magnitude of

the upstream expansion (83 rkm) also suggests that the

climatic conditions causing the expansion were acting

on adult, large-bodied smallmouth bass given their

high vagility (Rubenson and Olden 2017).

Another potential mechanism for the range expan-

sion unrelated to flow and precipitation could be

warming temperatures, which relaxes growth limita-

tion and over-wintering survival at upstream limits

(e.g., Lawrence et al. 2015; Rubenson and Olden

2017). However, temperature was not found to be

significant in the models and growth estimates derived

from scale data and bioenergetics models (Shuter et al.

1980; Francis 1990) for water temperature data are

similar between a newly invaded site and previously

invaded site (see Table S5). Furthermore, smallmouth

bass have become locally abundant with active

reproduction resulting in an average of 15.2 individ-

uals per 100 m (SD = 16.3) during the 19 sampling

events at newly invaded sites (blue symbols; Fig. 1).

However, growth is likely to limit the expansion at

sites farther upstream, which have cold in-stream

temperatures that drop growth rate potential (AC site;

Table S5). Despite the speculative nature of the causal

mechanism, our evidence suggests that extreme

climatic events (high precipitation) likely had a role

in eliciting the expansion.

While climate-induced temperature and hydrologic

changes have been predicted to cause range expan-

sions of black bass species (Chiu et al. 2005; Sharma

et al. 2009; Bae et al. 2018), our results reveal these

expansions may not be gradual in nature. Smallmouth

bass were largely confined to Grayrocks Reservoir and

downstream reaches from 1980 to 2009 (Quist et al.

2005), implying that an abrupt environmental change

drove the recent expansion. Extreme precipitation and

warming events have been well-documented as induc-

ing extreme changes in community structure (Boucek

and Rehage 2014; Marques et al. 2014) and while

climatic extremes have been hypothesized to facilitate

biological invasions (Smith 2011), there are relatively

few documented examples (but see Winder et al.

2011). Our results provide new evidence to support

this hypothesis, with the highest precipitation events

since reservoir construction and the highest discharge

events since 1983–1984 both coinciding with the

upstream expansion of smallmouth bass. Flooding

events, in particular, are hypothesized to increase

dispersal opportunities for non-native species (Diez

et al. 2012), especially those in reservoirs (Schultz

et al. 2003; Sun et al. 2020). With projected increases

in climatic extremes, the potential for explosive

expansions of invasive species is concerning given

the unpredictable nature of extreme events (Smith

2011).

Community- and species-level impacts

Contrary to predictions, smallmouth bass did not cause

a decline in native fish richness, but did induce

changes in the relative abundance of certain fish

species. Predation susceptibility is closely linked to

habitat use and body size (Scholosser 1987; Kirk et al.

2017), and our results support that paradigm. The four

species indicative of pre-expansion communities

(creek chub, fathead minnow, johnny darter, longnose

dace) were all small-bodied minnows or darters.

Despite the Laramie River and other regional systems

having high non-native species richness (Kirk et al.

2020), smallmouth bass are more piscivorous and have

greater effects on native fishes compared with other

non-native predators (Johnson et al. 2008; Hickerson

et al. 2019). A similar subset of congenerics and

conspecifics were the most likely to be extirpated from

Ontario lakes invaded by Centrarchidae species (bass

and sunfish; Alofs and Jackson 2015). The four

susceptible species are also largely lotic (riverine)

species that dominate upstream assemblages, and may

be more naı̈ve to the presence of reservoir predators at

their downstream limits. A complementary study

documented declines of another minnow (hornyhead

chub [Nocomis biguttatus]) in response to smallmouth

bass presence within our study system, and suggested

competition or predation as a mechanism for decline

(Hickerson et al. 2019).

In contrast, the five indicator species that charac-

terized post-expansion communities attain large body

sizes (common carp, Catostomidae spp.) or occupy

microhabitats (e.g., stonecats in riffle habitats) that
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provide a size or habitat refugia from predation (Van

derWalt et al. 2016; Kirk et al. 2017). The only species

to not follow habitat-body size patterns is the common

shiner, which has contradictory responses in the

literature. While common shiner has been found to

be sensitive to non-native predators in field studies

(Alofs and Jackson 2015; Kirk et al. 2017), it also

demonstrated no responses to non-native black bass in

experimental studies (Knight and Gido 2005). Fur-

thermore, one species (red shiner [Cyprinella lutren-

sis]) identified as highly susceptible to Centrarchidae

predators in Great Plains systems did not exhibit

abundance declines in our study (Knight and Gido

2005; Marsh-Matthews et al. 2013). Overall, small-

mouth bass have caused some shifts in community

composition, but have not resulted in extirpations

within the first decade of invasion. However, contin-

ued monitoring is critical because impacts may

increase with future environmental change. For

example, predation rates of smallmouth bass are

predicted to increase with climate warming due to

rising metabolic rates (Pease and Paukert 2014).

Isotopic niches provided compelling evidence to

support the top-down effects of smallmouth bass

observed in the community analyses. For example,

three of the species that had isotopic niches unaffected

by smallmouth bass (common carp, longnose sucker,

shorthead redhorse) were positively associated with

the post-expansion period from the indicator species

analysis. Our invader-induced patterns are similar to a

recent study by Rogosch and Olden (2020), with

community-level isotopic niche area decreasing, car-

bon range decreasing, and nitrogen range increasing

for sites with high abundances of non-native fishes. In

our study, these effects appeared most pronounced for

the newly invaded site versus the previously invaded

site close to Grayrocks Reservoir, possibly because

trophic interactions become stronger in lotic habitats

versus reservoir habitats (Mercado-Silva et al. 2009).

Such compressions of isotopic niche space and carbon

range are indicative of non-consumptive effects (e.g.,

competition), whereby the presence of a non-native

species shifts the resource use of other species (e.g.,

Vander Zanden et al. 2004; Marks et al. 2010). This

community-level inference is supported by the com-

pression of isotopic niche area and decline in trophic

position of creek chub, which was likely the historic

top predator in this system (Baxter and Simon 1995).

While we attempted to standardize sampling data,

there was still evidence that our inferences about

community change may be confounded by sampling

differences across data sources. For example, sites

with smallmouth bass present before (BI) and after

(AI-P) the expansion differed in community structure

for NMDS axis two. These are downstream sites (gold

symbols; Fig. 1) that should theoretically be

unchanged between time periods based on our

hypothesis, although variation in sampling month or

annual flow could also explain some of those differ-

ences (Weaver and Kwak 2003). Changes induced by

smallmouth bass along NMDS axis two should thus be

interpreted with caution. In contrast, the first NMDS

axis was unlikely confounded by methodological

differences because significant differences were only

observed for previously uninvaded (BC) and newly

invaded sites (AI-N); the specific comparison that we

expected would show a difference in fish community

composition.

Conclusions

In conclusion, our study builds on the growing body of

literature documenting the spread and impacts of

recent black bass invasions. Smallmouth bass exhib-

ited a rapid and unanticipated expansion as a result of

climatically extreme conditions (e.g., high precipita-

tion and high river flows), which affected the relative

abundance and trophic niches of small-bodied fish

species. Evaluating rapid and unanticipated biological

invasions will require developing long-term monitor-

ing programs for areas identified as high expansion

risk and then quickly assembling research efforts to

monitor these chance events (Blossey 1999; Freeman

et al. 2007; Ibáñez et a. 2014). While non-native

impacts can be inferred from a spatial context, such as

control-impact evaluations, these designs are prob-

lematic because environmental variation can also

confound differences between control and impact

groups. In contrast, BACI designs provide greater

inferential strength when inferring biotic changes

compared with these simpler designs (Ballew et al.

2016; Christie et al. 2019). Unfortunately, BACI

evaluations often require a priori study designs with

protocols for sampling replication and data standard-

ization. Given the unpredictable nature of biological

invasions (Ricciardi et al. 2011), the use of BACI
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designs may be largely opportunistic, as in our study.

Even though our modified, five category BACI

analysis was different from traditional designs, it

controlled for environmental variation among sites

and provided confidence that observed community

changes were induced by smallmouth bass. As global

change accelerates, so too will biological invasions,

and we should be prepared to rapidly assess those

invasions when they occur.
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