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Abstract

Knowledge of potential spread by introduced species is critical to effective management and conservation. The
Smallmouth Bass Micropterus dolomieu is an example of a fish that has been introduced globally, often spreads after
introduction, and has substantial predatory impacts on fish assemblages. Nonnative Smallmouth Bass in the free-
flowing Yellowstone River, Montana, have expanded from warmer, downstream sections of river into colder, upstream
sections containing socio-economically valuable trout fisheries. We sought insight into mechanisms controlling
upstream spread by evaluating whether progressively colder upstream climates physiologically constrained successful
recruitment by limiting age-0 growth and preventing overwinter survival (i.e., population establishment). We docu-
mented the phenology, growth, and overwinter survival of age-0 Smallmouth Bass across a temperature gradient lead-
ing to their upstream extent in the Yellowstone River. The upstream extent of population establishment did not
appear limited by water temperature alone. Age-0 body size at the onset of winter did not differ significantly between
colder, upstream reaches and warmer, downstream reaches. Instead, the earlier hatch timing exhibited by some age-0
individuals in upstream sections allowed them to experience longer growing seasons than many individuals in down-
stream sections. This counter-intuitive hatching phenology mediated much of the expected decreases in growth in
colder, upstream climates. Furthermore, evidence of successful overwinter survival and simulations of age-0 starvation
mortality indicated that age-0 individuals at the upstream extent of their distribution successfully recruited to the age-
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1 year-class during four consecutive years. However, age-0 individuals were rare or absent throughout the uppermost
upstream distribution of adults, suggesting that something other than temperature limits or discourages reproduction
farther upstream. Taken together, our results suggest that Smallmouth Bass have not yet reached the thermal limit of
their upstream distribution in the Yellowstone River and that future spread may challenge fisheries managers tasked

with management of coldwater trout fisheries in this river.

Nonnative fish introductions have led to severe and wide-
spread impacts on many aquatic ecosystems (Parker et al.
1999; Marchetti et al. 2004; Gallardo et al. 2016). Even when
the mechanisms of impact, such as predation or competition,
are well understood, difficulty in predicting secondary spread
(i.e., range expansion; hereafter, “spread”) often obscures the
potential consequences of successful introductions (Cucher-
ousset and Olden2011; Kulhanek et al. 2011; Trumpickas
et al.2011). Accurate assessments of secondary spread are
therefore critical to decision making because the farther a
nonnative species spreads, the greater potential it has to
impact the host ecosystem (Parker et al. 1999).

The extent of secondary spread in systems with high
connectivity depends on the ability of propagules to estab-
lish (characterized by consistent reproduction leading to
survival of early life stages; Cudmore et al.2017; Kocov-
sky et al. 2018), after which new generations can disperse
to more distant locations (Lodge et al.2006). Conse-
quently, physiological limitations determine the availabil-
ity of suitable reproductive habitat and eventually
constrain range expansion in unfragmented systems. Physi-
ological tolerance is therefore a major control on range
boundaries, which are often characterized by repeated col-
onization attempts and year-class failures caused by inter-
annual variability in abiotic conditions (Holt et al. 2005;
Sexton et al. 2009; Kubisch et al. 2010).

Species that can tolerate a wide range of abiotic condi-
tions are among the most successful aquatic invaders
(Marchetti et al. 2004), and widespread invasions by Small-
mouth Bass Micropterus dolomieu, which are native to cen-
tral and eastern portions of the United States and Canada,
provide one such example. Smallmouth Bass exhibit broad
thermal tolerances, are resource generalists, can disperse
long distances, often exhibit high rates of nest success, and
have been widely introduced because of their recreational
value as sport fish (Loppnow et al. 2013; Brewer and Orth
2015). They tend to spread after initial introductions, out-
compete and prey on juvenile fish, reduce the abundance
and diversity of small-bodied fishes, and alter aquatic and
terrestrial food webs (Jackson2002; Carey et al.2011;
Loppnow et al. 2013). Nonnative Smallmouth Bass are now
present in 24 U.S. states and 18 countries (Marchetti et al.
2004; Brown et al. 2009), where they are often regarded as
invasive (Carey et al. 2011; Loppnow et al. 2013).

The growing distribution and potential impact of non-
native Smallmouth Bass on salmonid populations in the
Yellowstone River, Montana (Figurel), have caused

concern among fisheries managers and stakeholders (Lam-
born and Smith 2019). The upstream range of Smallmouth
Bass was initially expected to be limited to warm reaches
of the lower Yellowstone River basin, where stocking to
provide sportfishing opportunities occurred between the
mid-1960s and early 1990s (Montana FWP 2020). Instead,
Smallmouth Bass spread to cooler reaches upstream of
historical stocking locations (M. P. Ruggles, personal
communication). Although the specific timing of historical
Smallmouth Bass spread is unclear due to limited long-
term monitoring, adults were recently captured by anglers
as far upstream as Emigrant, Montana (Figure 1), which
is over 375 km upstream of the nearest stocking location,
less than 50km downstream of Yellowstone National
Park, and well within the socio-economically valuable Par-
adise Valley trout fishery (Sage2016). However, whether
recent observations signify the full impacts of an estab-
lished population versus the minimal impact of seasonal
habitat use by migratory adults as documented in other
watersheds (e.g., Langhurst and Schoenike 1990; Ruben-
son and Olden 2017) remains unknown.

Cold climates often constrain Smallmouth Bass establish-
ment at northern latitudes. Because age-0 Smallmouth Bass
are less cold tolerant than older age-classes (Whitledge et al.
2003), sufficiently cold climates can prevent survival to the
age-1 year-class (hereafter, “recruitment,” a prerequisite for
local establishment; Cudmore et al. 2017) by delaying spawn-
ing, slowing first-year growth, and causing size-selective over-
winter mortality (Shuter et al. 1980; Shuter and Post 1990;
Lawrence et al. 2015). For example, age-0 Smallmouth Bass
at the upstream extent of their distribution in the John Day
River basin, Oregon, experienced negligible overwinter sur-
vival because delayed spawning and reduced growth in these
colder habitats resulted in age-0 sizes that were too small to
survive the winter starvation period (Rubenson and Olden
2019). However, the nuances and consistency of how temper-
ature limits the spread of Smallmouth Bass in the Yellow-
stone River remain unclear because large rivers (i.e., >100 m’/
s) have been underrepresented in the literature. Water temper-
atures that inhibited establishment in the John Day River
basin are present in the Yellowstone River, but the relative
importance of temperature therein remains uncertain because
first-year growth and survival can be mediated by many other
variables (e.g., reproductive phenology, turbidity, adult densi-
ties, prey availability, and diet; Miller and Storck 1984; Dong
and DeAngelis 1998; Sweka and Hartman 2003; Rubenson
and Olden 2019). Furthermore, limited adult feeding and
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FIGURE 1. Map of the study area on the Yellowstone River, with inset maps illustrating the Yellowstone River basin regionally and within the United
States. Labeled sampling sections consist of the 11 sections sampled during distribution surveys (2016-2019) in addition to one downstream-most section
adjacent to historical stocking locations. “Extent confirmation” sections immediately upstream of the uppermost age-0 detection were sampled once in
2016 and 2018. U.S. Geological Survey (USGS) stream gauges that monitor Yellowstone River water temperatures in Montana include USGS station
06191500 at Corwin Springs (operating continuously), station 06192500 near Livingston (operating April-September), station 06195950 at Big Timber
(operating July—September), and station 06214500 at Billings (operating continuously since October 2018). The gray buffer labeled “Adults surveyed” links
the locations where adult Smallmouth Bass were captured during Montana Fish, Wildlife and Parks monitoring surveys (Montana FWP 2020).

spawning habitat, seasonal hydrology, and movement barri-
ers can also constrain the spread of Smallmouth Bass (Lawr-
ence et al. 2012; Rubenson and Olden 2016, 2019). Whether
upstream declines in water temperature currently prevent far-
ther upstream establishment in the large, unimpounded, and
geomorphically complex Yellowstone River is therefore
unclear. Such uncertainty inhibits proactive fisheries manage-
ment because it obscures whether continued expansion into
upstream trout habitat should be expected under current cli-
mate conditions.

We sought to understand (1) whether upstream estab-
lishment (i.e., consistent recruitment) by Smallmouth Bass
in the Yellowstone River was physiologically constrained
by cold water temperatures and (2) whether the uppermost
distribution of adults was representative of an established

population. Because water temperatures near the upstream
limit of Smallmouth Bass detections in the Yellowstone
River were comparable to thermally limited range bound-
aries studied elsewhere (Table S.1 available in the Supple-
ment in the online version of this article; Figure 1;
Lawrence et al.2015; Rubenson and Olden 2017), we
hypothesized that cold temperatures currently prevent far-
ther upstream establishment by limiting age-0 overwinter
survival. Specifically, we predicted that age-0 cohorts in
progressively colder upstream areas would eventually fail
to reach sufficient body sizes needed to survive the winter
starvation period because growing seasons would be pro-
gressively shorter and colder in upstream areas. We there-
fore predicted that the farthest upstream observations of
cold-tolerant adults represented seasonal habitat use
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instead of successful establishment. As such, our first
objective was to identify the upstream extent of age-0
Smallmouth Bass in the Yellowstone River (objective 1).
We then sought to characterize age-0 size by the onset of
winter (objective 2), how phenology and temperature col-
lectively influenced age-0 growth (objective 3), and age-0
overwinter mortality (objective 4) across a broad longitu-
dinal gradient leading up to the age-0 upstream extent.
Our research informs regional fisheries management and
represents a novel study system within which to test our
understanding of the thermal controls on nonnative Small-
mouth Bass invasions.

METHODS

Study Area

The Yellowstone River (Figurel) is the longest river
without major impoundments in the contiguous United
States. It is an eighth-order, snowmelt-driven stream that
begins in the high-elevation headwaters of the Greater
Yellowstone Area in northwest Wyoming, flows north
into central Montana, and winds northeast to its conflu-
ence with the Missouri River in western North Dakota.
Winters are typically long and cold, with high levels of
precipitation, and spring snowmelt causes strong peaks
in discharge (e.g., 10-year-average annual maximum =
1,321 m*/s) that gradually decline to base flow through
the short, warm, and dry summers (e.g., average daily
mean = 100 m*/s; FigureS.1 available in the Supplement
in the online version of this article). Moving upstream
from Custer, Montana, at river kilometer (rkm) 481 (as
measured from the Missouri River confluence [rkm O0];
Figure 1), the Yellowstone River gradually transitions
from a warm, turbid, anabranched river that supports
diverse prairie fish assemblages and abundant Small-
mouth Bass (Duncan et al. 2016; Reinhold et al. 2016) to
a cold, clear, single-channel river that supports a trout
fishery (Figures 1, 2).

Our study area spanned 364 km of the middle Yellow-
stone River and extended from Emigrant (rkm 845), which
is adjacent to the uppermost recent observation of an
adult (Figure 1), downstream to Custer (rkm 481), which
is adjacent to the uppermost historical Smallmouth Bass
stocking source. Thermal gradients derived from stream
gauge data available prior to our study indicated that
summer water temperatures between Custer and the
upstream extent of age-0 Smallmouth Bass (see below) dif-
fered by about 3.2°C (U.S. Geological Survey [USGS] sta-
tion 06192500 near Livingston, Montana; USGS station
06192500 at Billings, Montana; Figure 1), which is enough
to almost halve expected juvenile Smallmouth Bass growth
rates if all else is held equal (Horning and Pearson 1973;
Armour 1993).
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FIGURE 2. Section-level results for age-0 Smallmouth Bass presence (1)
and absence (0) during annual distribution (i.e., fyke-net) surveys of Yel-
lowstone River side channel habitat as a function of distance upstream
from the Missouri River confluence (2016-2019; n=31 observations).
Point size represents the number of surveys (i.e., observations [# obs.])
where age-0 individuals were present or were not detected in a section.
The solid line shows the probability of age-0 presence estimated by a
binomial generalized linear mixed-effects regression, with gray shading
indicating the areas of predicted presence (age-0 upstream extent pre-
dicted at rkm 702). The dashed line connects mean August 2018 main-
stem water temperatures at seven monitoring sites within our study area.

Data Collection

Upstream extent.— We estimated the upstream extent
of successful Smallmouth Bass reproduction by using
mini-fyke nets (hereafter, “fyke nets”; dimensions
described by Duncan et al. 2016) to sample for the pres-
ence of age-0 individuals between August 1 and September
30 from 2016 through 2019 (hereafter, “distribution sur-
veys”; n=31 total). Distribution surveys occurred in 8-km
sections of the Yellowstone River, within which we ran-
domly selected three reaches (i.e., stretches of river
between two main-channel crossover points; Welker and
Drobish 2010) that contained at least one side channel.
We then randomly selected one side channel within each
reach for passive overnight sampling using three fyke nets
—a level of effort that previously provided a 90% detec-
tion probability for all small-bodied fishes in the middle
and lower Yellowstone River (Duncan2019). We divided
the lowest 300 m of all selected side channels into three
contiguous 100-m segments and randomly set one fyke net
with 3.2-mm knotless mesh in each segment. Nets soaked
overnight, and we measured the TL (mm) and wet weight
(g; hereafter, “weight”) of each captured individual. We
conducted distribution surveys within (1) 11 equally
spaced sections that were 16 km apart, (2) an additional
section adjacent to historical stocking locations (near Cus-
ter; Figure 1), and (3) “extent confirmation sections” that
we delineated between the uppermost section where age-0
Smallmouth Bass were captured in a given year and the
next section upstream (Figure 1).

We did not sample each section in each year. Sampling
in 2016 only included sections between rkm 603 and 779,
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whereas in 2017 we expanded distribution sampling to sec-
tions between rkm 570 and 817 (Figure 1). In contrast, we
focused our efforts in 2018 and 2019 on sections that were
proximal to the farthest upstream section where age-0
individuals were captured during the preceding year. We
did so by sampling the uppermost section where age-0
Smallmouth Bass were captured the year before and then
sampling upstream until no individuals were detected in
two consecutive sections. Lastly, logistical constraints only
allowed us to delineate and sample the extent confirmation
sections in 2016 and 2018.

Three elements of the sampling scheme described above
limit our scope of inference. First, we focused sampling
within each section on side channels because they provide
high-quality nesting and nursery habitat for Smallmouth
Bass in rivers (Simonson and Swenson 1990; Orth and
Newcomb 2002). Furthermore, this focus met the limita-
tions of our permitting, which was aimed at minimizing
disruptions to public recreation on this high-use water-
body. Second, logistical constraints limited our sampling
to the lowest 300 m of side channels, which typically con-
tain the majority of slow-velocity habitat that consistently
retains connectivity to the main stem. Lastly, we limited
net locations to cod-end depths less than 0.6 m and water
velocities less than 0.4m/s to minimize mortality among
fish and air-breathing animals. Consequently, our scope of
inference is limited to shallow areas with slow current
velocity and consistent connectivity to the main stem,
which constitute optimal nesting and nursery habitat for
age-0 Smallmouth Bass in rivers (Orth and Newcomb
2002).

As a check on the probability of type II error (i.e., false
negative) where age-0 individuals may be rare, we col-
lected environmental DNA (eDNA) samples in conjunc-
tion with all 2019 surveys using the field sampling and
laboratory methods described by Franklin et al. (2018)
and Rubenson and Olden (2019). Field and laboratory
methods are described in the Supplementary Methods
available in the online version of this article.

Size and condition at the onset of winter.— Age-0 size
and condition at the onset of winter reflect internal energy
stores that were assimilated during the prior growing sea-
son, and they are important predictors of overwinter sur-
vival (i.e., successful recruitment), which is a prerequisite
for local establishment (Shuter et al. 1980). We determined
longitudinal patterns in age-0 size and condition by inten-
sively sampling three equally spaced sections at the onset
of winter in 2018 and 2019. Each section encompassed 8
rkm and was previously sampled during distribution sur-
veys. The uppermost section was located at rkm 700 (here-
after, “Upper section”; Figurel) and contained the
probable upstream extent of successful reproduction. The
lowermost section was 200 km downstream of the Upper
section and near historical stocking locations where adult

abundances were high (rkm 500; hereafter, “Lower sec-
tion”; Figure 1), and the “Middle section” was centered
between the two (rkm 603; Figure 1). We sampled age-0
Smallmouth Bass within these sections during late autumn
in 2018 and 2019, after daily mean water temperatures
declined below 10°C and active feeding was assumed to
have ceased (Shuter et al. 1980). We randomly selected
one side channel from each of five randomly selected
reaches within each section for sampling.

We electrofished both banks of the lowest 300m of
each randomly selected side channel with a fixed-electrode
electrofishing boat following Montana Fish, Wildlife and
Parks (FWP) guidelines. We measured the TL and weight
of every captured age-0 Smallmouth Bass, and we retained
a subset of randomly selected individuals from each side
channel in 2018 (69-100 fish/section) by immersing them
in a 500-mg/L solution of tricaine methanesulfonate (MS-
222) and freezing the carcasses for otolith extraction and
age determination to be conducted at a later date. We
attempted to collect an equal number of fish from each
side channel in a section to avoid over-representing indi-
vidual family groups.

We supplemented our age-0 size data with TL and
weight measurements obtained during previous sampling
in the late autumn of 2016 and 2017, which experienced
warmer temperatures and lower discharges than in 2018
or 2019 (Figures S.1, S.2). We used the same methods as
described above except that we (1) did not weigh fish or
collect otoliths in 2016 and (2) did not sample areas that
we judged to be poor overwintering habitat (i.e., lacking
large rocky substrate or woody debris; Munther 1970;
Paragamian 1981) in both 2016 and 2017. The inclusion of
these data added temporal context to the longitudinal pat-
terns we evaluated in 2018 and 2019.

We calculated the relative condition (hereafter, “condi-
tion”) of captured individuals because condition in juve-
nile fish approximates the whole-body lipid content, which
is strongly associated with starvation mortality in age-0
Smallmouth Bass (Shuter et al. 1980; Pope 2007; Schloes-
ser and Fabrizio 2017). We calculated condition using a
length-weight regression that we developed using late-
autumn TL (mm) and weight (g) data pooled across the
Upper, Middle, and Lower sections (n=447; Supplemen-
tary Methods).

Phenology.— Hatch timing can influence the length of
the age-0 growing season and may therefore be critical to
first-year growth (Miller and Storck 1984; Bestgen and
Hill2016). We wused otolith microstructure analysis
(Stevenson and Campana 1992) to estimate the hatch dates
of 30 individuals collected from each section (Upper, Mid-
dle, and Lower) during the late autumn of 2018. We
acknowledge that otoliths were collected well outside of
the 30-d period within which daily deposition has been
validated for age-0 Smallmouth Bass (Hill and Bestgen

BSUBO1T SUOWIWIOD BANERID 3ot jdde auy) Aq peusnob a.e saIe VO ‘B8N 0 SaINJ 40} Akeiq1T 8UIIUO AB]IM UO (SUONIPUCO-PUE-SULBILIOD A8 1M A1 I [BUIUO//SANY) SUONIPUOD PUe SWie | 31 39S *[2202/TT/70] uo Ariqiauliuo Ao ‘Aeiqi ouepl JO AiseAun Ag 90T Se)/200T OT/I0pALI0Y A8 1M ARl iBul|uo'SNds fe//SANLY Wi} papeojumoqd 'S ‘2202 '659887ST



532 VOSS ET AL.

2014). However, daily deposition by closely related Spot-
ted Bass M. punctulatus has been validated for up to 94 d
after swim-up (exceeding the estimated age of all age-0
Smallmouth Bass sampled here; Dicenzo and Bettoli
1995), supporting our use of daily aging approaches. Fur-
thermore, other studies have found that reliable aging of
Smallmouth Bass is possible during the growing season
(i.e., as long as water temperatures are >10°C; Graham
and Orth 1987; Hill and Bestgen 2014). However, our
interest in ensuring that individuals were at their maxi-
mum size prior to the starvation period resulted in otolith
collection occurring 9-11 d after main-stem temperatures
fell below 10°C, potentially resulting in underestimates of
fish age. However, this potential bias is systematic and
minimally affects relative differences in hatch date esti-
mates among individuals and cohorts, which are the prin-
cipal interest of this study.

We attached otoliths to glass microscope slides using
thermoplastic glue (Crystalbond 509 Mounting Adhesive;
Electron Microscopy Sciences, Hatfield, Massachusetts)
and polished the otoliths in the sagittal plane using 0.1-
15.0-uym lapping film. We stopped polishing when the
innermost rings of the nucleus, which begin to deposit upon
hatching (Hill and Bestgen 2014), were visible. We pho-
tographed the prepared otoliths at 120X magnification
under a stereomicroscope (Leica Application Suite version
4.1; Leica Camera AG, Wetzlar, Germany), and we
counted daily growth rings from the images. The lead
author read each otolith on two nonconsecutive days and
averaged the two ring counts to estimate hatch date. We
assessed the precision of hatch date estimates using the
coefficient of variation (CV =100-[SD/mean]; Campana
et al. 1995). If the CV of a pair of ring counts was greater
than 5%, we conducted a third count, averaged the three,
and rejected the otolith if the mean CV still exceeded 5%.
Three percent of aged otoliths required a third count, none
was rejected, and the mean CV among all final estimates
was 1.78% (n=120). We assessed reader bias by having a
second reader estimate ages for a length-based systematic
subsample of 10 otoliths, and we graphically contrasted the
two sets of estimates using an age-bias plot (Campana
et al. 1995). We also used Wald tests to determine whether
a simple linear regression between the estimates of the two
readers deviated from a 1:1 relationship (Campana et al.
1995). Neither the slope (7=0.599, P=0.407) nor the
intercept (7'=0.658, P=0.566) was significantly different
from values expected under a 1:1 relationship, and the age-
bias plot did not indicate bias among readers (Figure S.3).

Water temperature.— We monitored water temperatures
across our study area to describe the upstream declines
that we hypothesized would drive spatial patterns in age-0
hatch timing, body size, and overwinter mortality. Logisti-
cal challenges prevented us from using fixed temperature
loggers to accurately monitor temperatures in many of the

shallow side channels that were sampled for age-0 Small-
mouth Bass. Instead, we used mean daily temperatures
derived from hourly measurements made in the main stem
to approximate the typical thermal conditions that fish
experienced within each section. We obtained main-stem
temperature data from USGS stream gauges (https:/
waterdata.usgs.gov/mt/nwis/rt; Figure 1), maintained tem-
perature loggers (HOBO pendant; Onset Computer,
Bourne, Massachusetts) in the main stem of the Upper
section between the late summer and early winter of 2017,
and attempted to maintain loggers in the Upper, Middle,
and Lower sections between spring 2018 and summer
2020. Loss of loggers due to winter and spring scour pre-
vented acquisition of continuous temperature data within
each section. We accounted for these lost data by applying
lapse rate corrections to water temperatures measured at
Big Timber, Montana (USGS station 06195950; Figure 1),
using longitudinal lapse rates observed between the USGS
gauge and each section during the same months in the fol-
lowing year. Comparisons of observed to expected temper-
atures suggested that these estimates were adequately
precise and accurate (Supplementary Methods).

Because continuous autumn, winter, and spring temper-
atures are needed to estimate overwinter mortality (Shuter
et al. 1980), we filled gaps in our 4-year Upper section
data set using a predictive stream temperature model. We
used a nonlinear regression model to predict 2016 and
spring 2017 and 2018 stream temperatures from air tem-
perature and discharge data using least-squares regression
in R version 3.6.2 (Mohseni et al. 1998; R Core Team
2019; Supplementary Methods).

Overwinter mortality.— We sampled age-0 Smallmouth
Bass in the Upper, Middle, and Lower sections during
early spring 2019 to determine whether overwinter survival
occurred, identify minimum size requirements for survival,
and detect shifts in length distributions—a key feature of
size-selective overwinter mortality (Ludsin and DeVries
1997; Post et al. 1998). We sampled as main-stem temper-
atures rose to 10°C, and we electrofished the same side
channels using the same methods that were employed dur-
ing the preceding autumn. However, high turbidities lim-
ited the capture efficiency and sample size of spring
surveys, particularly in the Upper section, where rain the
previous night and snowmelt runoff reduced water clarity.

Data Analysis

Modeling approach.— We used mixed-effects models to
evaluate spatial and temporal patterns in age-0 Small-
mouth Bass distribution, length, condition, hatch date,
and thermal history. Each model contained a single fixed-
effects term used to evaluate the prediction in question.
We determined random-effects structures using the Barr
method, wherein all groupings of potentially non-
independent observations are included as random-effects
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terms (i.e., side channels, sections, and years), and terms
that cause nonconvergence or singular fit (i.e., almost no
variation explained) are removed (Barr et al. 2013; Bates
et al.2014). Random intercepts for side channel were
nested within section when the two terms co-occurred, and
random slopes were additionally included when the
response variable was continuous. Details regarding
random-effects structure determination for each model are
described in the Supplementary Methods. All final models
are numbered, with final structures reported in Table 1.

We assessed the significance of fixed-effect terms using
ANOVAs with Satterthwaite’s approximation (ImerTest
package; Kuznetsova et al. 2017), and the threshold prob-
ability of type I error (a) was set at 0.10 to mediate loss
of power due to observed high individual variability in
phenology and growth. When a categorical fixed effect
was significant, we assessed the significance of pairwise
differences among levels using the Bonferroni-Holm cor-
rection for multiple comparisons (multcomp package;
Hothorn et al. 2014). We conducted all statistical analyses
using R version 3.6.2.

Objective 1: upstream extent.— We estimated the
upstream extent of age-0 individuals in the Yellowstone
River by using a binomial generalized linear mixed-effects
regression (Ime4 package; Bates et al. 2014) to model the
probability of age-0 presence in sampling sections as a
function of the fixed effect of rkm (Table 1, model 1.1).
Because the numbers of age-0 presences (n=14) and
absences (n=17) in our data set were unequal, we
assigned presence versus absence using an optimal proba-
bility threshold that maximized the proportion of the area
under the curve of receiver operating characteristic plots
(hereafter, “areca under the curve”; ROCR package; Sing
et al. 2005). This approach is an effective and unbiased
indicator of model performance (Manel et al.2001), and
the area under the curve was maximized (0.962) by a
probability threshold of 0.546. We contrasted the

upstream extent of age-0 presence with the locations of
adults encountered during Montana FWP monitoring sur-
veys (Figure 1; Montana FWP 2020).

Objective 2: size and condition at the onset of winter.—
We tested the prediction that within years, age-0 Small-
mouth Bass would attain smaller body sizes and poorer
body condition in upstream sections. We accomplished
this by using linear mixed-effects ANOVAs (ImerTest
package; Kuznetsova et al.2017) to separately model TL
and condition at the onset of winter as a function of the
fixed effect of section (Table 1, models 2.1 and 2.2).

In addition to spatial data, we also considered the
effect of temperature on age-0 size and condition using
data collected across years. We predicted that age-0 body
lengths in the Upper section (2016-2019) would be longer
on average in warmer and lower-discharge years than in
cooler and higher-discharge years (FiguresS.1, S.2). We
tested for differences in mean TL in the Upper section
across years using a linear mixed-effects ANOVA, wherein
we modeled length as a function of the fixed effect of year
(Table 1, model 2.3).

Objective 3: drivers of age-0 size at the onset of win-
ter.— We used age and temperature data to evaluate how
age-0 phenology (i.e., hatch date) and main-stem tempera-
ture collectively influenced longitudinal patterns in size at
the onset of winter. First, we tested the prediction that
age-0 individuals would hatch later in cooler, upstream
sections by using a linear mixed-effects ANOVA to model
hatch date as a function of the fixed effect of section
(Table 1, model 3.1).

Next, we tested the prediction that age-0 cohorts in
upstream sections would experience shorter and colder
growing seasons using growing degree-days greater than
10°C (Rubenson and Olden 2017). The sum of growing
degree-days greater than 10°C (hereafter, GDDs) is a
holistic index of the duration and intensity of exposure to
temperatures at which Smallmouth Bass actively feed

TABLE 1. Summary of the final linear mixed-effects models used to evaluate age-0 Smallmouth Bass presence (p[presence]), TL (mm; Length) and rel-
ative condition (Condition) at the onset of winter, hatch date (HD), and first-year growing degree-days (GDDs) using multiple years of data (Years)
collected at three sampling sections in the Yellowstone River. Final models included the fixed- and random-effects terms listed below. Marginal R?

(R,zn) is a measure of variance explained by all fixed-effects terms. Conditional R? (Rf) is a measure of variance explained by fixed- and random-effects

terms.

Objective  Model  Response Years Section®  Fixed effects Random effects® R, R? P

1 1.1 p(presence) 2016-2019  * rkm None NA NA 0.01
2.1 Length 2018,2019 U, M, L Section SC+Yr <0.01 0.23 0.91
2.2 Condition 2018,2019 U, M, L Section SC 0.01  0.03 0.44
2.3 Length 2016-2019 U Year SC 047 062 <0.01

3 3.1 HD 2018 U M, L Section SC 0.12  0.35 0.23

4 4.1 Length 2018 U M, L GDDs Sec/SC 0.56 0.77 <0.01

*Asterisk (*) denotes the use of all sections included during distribution sampling (n = 14 sections); U = Upper sampling section; M = Middle section; and L = Lower

section.

®SC = side channel; Yr = year; Sec = section; plus symbol (+) denotes additional uncorrelated intercept terms; and forward slash (/) denotes nested random intercepts.
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(Shuter et al. 1980). However, because the thermal history
of each individual begins at hatching, we calculated
GDDs for each aged individual using the main-stem tem-
peratures measured between the otolith-estimated hatch
date and the date of capture. The resulting “first-year
GDDs” allowed us to assess whether antecedent thermal
history alone explained longitudinal patterns in age-0 size.
We calculated first-year GDDs using temperature data
that were specific to each section, so we did not include
section as a fixed effect in the same model as first-year
GDDs. We consequently modeled section as a random
effect and used parameter estimates to evaluate differences
in the relationship between TL and first-year GDDs across
sections and years.

Lastly, we tested the prediction that shorter and colder
growing seasons (collectively summarized by first-year
GDDs) were the principal drivers of longitudinal patterns
in age-0 size at the onset of winter using a linear mixed-
effects regression analysis (package ImerTest), wherein we
modeled age-0 TL as a function of the fixed effect of first-
year GDDs (Table 1, model 4.1).

Objective 4: overwinter mortality.— We assessed evi-
dence for longitudinal patterns in overwinter mortality,
which we hypothesized would ultimately prevent upstream
recruitment, by first comparing age-0 length distributions in
the Upper, Middle, and Lower sections between autumn
2018 and spring 2019 (as other studies have done; Ludsin
and DeVries 1997; Post et al. 1998). We did so by using a
one-sided Kolmogorov—Smirnov test, which makes no
assumption of the underlying sample size or data distribu-
tion (R version 3.6.2; Massey 1951), to separately detect
shifts toward longer body lengths within each section
between autumn 2018 and spring 2019 (Ludsin and DeV-
ries 1997; Post et al. 1998). However, we only captured one
age-0 Smallmouth Bass in the Upper section during spring
sampling, which prevented any formal tests for this section.

Next, we estimated the probability of overwinter mor-
tality due to starvation for every age-0 individual captured
at the onset of winter. Mortality probabilities (i.e., 1 -
probability of survival) in the Upper (2016-2019), Middle
(2018, 2019), and Lower (2018, 2019) sections were esti-
mated using a temperature- and size-dependent survival
model that was specific to overwintering age-0 Small-
mouth Bass (Shuter et al. 1980):

Ly =0.1884 + 14.8

Ligo = 0.328d + 33.9

where the probability of surviving a starvation period of d
days in duration increases linearly from the estimated
length below which survival is 0% (L () up to the length
above which survival is 100% (L 199). In the original
model (Shuter et al. 1980), d is determined by tallying the

number of days with mean daily temperatures less than
10°C. However, Rubenson and Olden (2019) found over-
winter survivors in the John Day River basin that were
shorter than L (. Consequently, they suggested that calcu-
lating d using days with mean daily temperatures less than
7°C may avoid underestimating survival (i.e., overestimat-
ing mortality) in rivers, as the limited feeding that is
known to occur between 7°C and 10°C may allow fish to
maintain existing energy stores (Shuter et al. 1980; Shuter
and Post 1990). Furthermore, the transition between cold
and warm temperatures is more gradual in northwestern
rivers than in lakes (Rubenson and Olden2019). We
attempted to corroborate the findings of Rubenson and
Olden (2019) by comparing L o based on days less than
7°C (d 7) and days less than 10°C (d 10) to the minimum
length of overwinter survivors that were captured during
spring 2019 sampling.

We estimated the percentage of age-0 Smallmouth Bass
that starved to death within each section in a given year
(hereafter, “cohort mortality”) using simulations. We esti-
mated cohort mortality for each simulation by performing
a single Bernoulli trial (i.e., resulting in survival or death)
on each measured individual given its length-dependent
mortality probability and then dividing the resulting num-
ber of deaths in each cohort by the starting cohort size.
We took the average of 100,000 simulations as our official
estimate of cohort mortality. Given current uncertainties
in the conditions that cause winter starvation, we dupli-
cated all of the above calculations using d7 and d.

RESULTS

Objective 1: Upstream Extent

Our generalized linear mixed-effects regression had
excellent model fit (area under the curve = 0.962) and esti-
mated that the upstream extent of age-0 Smallmouth Bass
in the Yellowstone River between 2016 and 2019 was
located within the Upper section at rkm 702 (95% confi-
dence limits=rkm 645 and 726; Figure?2). In contrast,
adults were surveyed by Montana FWP as far upstream
as rkm 751 (Montana FWP 2020; Figure 1), and repeated
anecdotal captures by anglers extend up to rkm 787 (S.
Opitz, Montana FWP, personal communication). These
results supported our prediction of a disparity between the
uppermost distribution of juveniles and that of adults.

Smallmouth Bass eDNA detections in 2019 supported
the results of our distribution surveys. We never detected
Smallmouth Bass eDNA where we did not capture age-0
individuals in fyke nets (n=15 side channels; Table S.2),
whereas we always detected Smallmouth Bass eDNA
where we captured individuals by electrofishing in 2019 (n
=122 individuals across nine side channels; Table S.3). We
also detected Smallmouth Bass eDNA in every main-stem
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sample collected in the Lower and Middle sections, two-
thirds of samples in the Upper section, and none farther
upstream (Tables S.2, S.3).

Objective 2: Size and Condition at the Onset of Winter
Despite consistent upstream declines in temperature
(Table 2; Figure S.4), neither mean age-0 length (n =446,
P =0.91, marginal R?><0.01; Table 1, model 2.1) nor con-
dition (n=446, P=0.44, marginal R?>=0.01; Tablel,
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model 2.2) at the onset of winter varied significantly
among sections (Figure 3A-D). However, variation in TL
and condition was consistently higher in downstream sec-
tions, with both the maximum and minimum observed
values for TL and condition occurring in the Lower sec-
tion during both 2018 and 2019. These results did not sup-
port our prediction that declining upstream temperatures
would lead to consistently shorter age-0 sizes and poorer
body condition in upstream sections.

In contrast, mean TLs in the Upper section did vary
among years (2016-2019; n=209, P<0.01, marginal R’
=0.47; Table 1, model 2.3). Mean length at the onset of
winter was greater in 2016 than in any other year sam-
pled, whereas the mean lengths in all other years were not
significantly different from one another (Table 3).

Objective 3: Drivers of Age-0 Size at the Onset of Win-
ter

Mean August 2018 water temperatures differed by
2.5°C between the Lower and Upper sections in 2018 and
differed by 2.7°C in 2019 (Table 2; Figure S.4). This corre-
sponded to a 25% difference in ambient GDDs between
the two sections in both years (Table 2).

Although the onset of temperatures associated with
Smallmouth Bass spawning occurred considerably later in
upstream sections (Table2), 2018 hatch dates broadly
overlapped within our study area and the mean hatch date
did not vary significantly among sections (n =90, P=0.23,
marginal R*>=0.12; Table 1, model 3.1). However, esti-
mated hatching occurred over a narrower window of time
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FIGURE 3. (A), (B) Total length and (C), (D) relative condition of age-
0 Smallmouth Bass captured at the onset of winter in side channels
within the Upper, Middle, and Lower sampling sections of the Yellow-
stone River in 2018 (n=116, 69, and 139) and 2019 (n =30, 24, and 68).
Boxes are drawn using the 25th, 50th, and 75th percentiles; diamonds
represent mean values; whiskers extend to the highest and lowest values
within 1.5 times the interquartile range; and open circles denote outliers.

and ended substantially earlier in areas farther upstream
(Table S.4), such that estimated hatching ceased in the
Upper section before 47% of aged fish had hatched in the
Lower section (Figure4A). These results did not support
our prediction that declining upstream temperatures would
delay hatching in upstream sections.

First-year GDDs were positively associated with age-0
length in all sections (n =90, P <0.01, marginal R*=0.56;
Table 1, model 4.1), and individuals that hatched in the
colder Upper section accumulated 24-28% fewer GDDs
than those hatched on the same date in the warmer Lower
section (Table2; Figures4B, S.4). However, an earlier
start and end to the hatching season in the Upper section
resulted in mean GDDs therein being only 12% lower
than the mean in the Lower section, despite ambient

TABLE2. Summary of 2019 water temperatures measured in three sampling sections within the main-stem Yellowstone River, in addition to U.S.
Geological Survey gauging station 06192500 near Livingston, Montana (Figure 1), including the first date at which the mean daily temperature
exceeded 15°C (MDT > 15°C; a temperature frequently associated with Smallmouth Bass spawning behavior; Armour 1993), the first date at which the
7-d average exceeded 15°C (7TDAD > 15°C), mean August temperature (°C), summer maximum temperature (°C), and cumulative degree-days greater
than 10°C (CDD > 10°C) calculated between July 6 (approximating the earliest onset of spawning in 2018; Figure 4B) and September 30.

Mean Aug Summer maximum
Location rkm MDT>15°C  7DAD > 15°C temperature temperature CDD > 10°C
Lower section 500 May 13 May 16 22.1 24.9 857.7
Middle section 603 May 13 Jun 30 20.5 22.8 731.7
Upper section 700 Jun 28 Jul 3 19.4 21.8 645.7
Livingston station 806 Jul 12 Jul 14 17.6 194 512.6
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TABLE 3. Summary of the post hoc multiple comparison tests conducted on model 2.3 (Table 1), which examined for pairwise differences in the mean
TL (mm; Length) of age-0 Smallmouth Bass at the onset of winter in the Upper sampling section of the Yellowstone River (2016-2019). We report
the raw difference in means, as well as the SE, Z-score, and associated P-value for each comparison.

Response Fixed-effects term Linear hypothesis Difference in means SE Z P

Length Year 2016 =2017 21.64 5.02 4.31 <0.001
2016 =2018 27.77 5.19 5.36 <0.001
2016 =2019 25.30 5.52 4.59 <0.001
2017 =2018 6.13 4.32 1.42 0.468
2017=2019 3.66 4.72 0.78 0.876
2018 =2019 -2.47 4.89 -0.51 0.876

GDDs differing by up to 28% between the two locations
(Figure 4B, C).

Objective 4: Overwinter Mortality

Spring 2019 electrofishing was hampered by high tur-
bidity, particularly in the Upper section. As a result, we
captured one age-0 overwinter survivor in the Upper sec-
tion, 12 overwinter survivors in the Middle section, and
16 overwinter survivors in the Lower section (Figure5).
However, we still detected a significant overwinter shift
toward longer body lengths in the Middle (one-sided Kol-
mogorov—Smirnov test statistic D=0.57, P<0.01) and

Lower (D=0.54, P <0.01; Figure 5) sections, as would be
expected if overwinter mortality among smaller individuals
had occurred. No overwinter survivor in any section was
shorter than Lg (i.e., the length below which mortality was
expected to be 100%) estimated from winter temperatures
less than 7°C or less than 10°C (Figure 5).

Our simulations predicted considerable overwinter mor-
tality due to starvation across our study area in 2018 and
2019. Estimated starvation mortality among age-0 cohorts
hatched in these years was never lower than 31.9% and
was never higher than 81.9% in any section based on d
or dyy (Figure6). However, longitudinal gradients in
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FIGURE4. (A) Frequency of otolith-estimated hatch dates, (B) first-year growing degree-days (GDDs) by hatch date, and (C) TL by first-year GDDs
of 30 age-0 Smallmouth Bass captured at the onset of winter (2018) in each sampling section (Upper, Middle, and Lower) within the Yellowstone
River. Hatch date frequencies in panel A are plotted with a 4-d bin width for the same individuals depicted in panel B. Linear regressions for the
Upper (dotted line), Middle (dashed line), and Lower (solid line) sections in panel C were estimated by the mixed-effects “equal-slopes” model (Table
1, model 4.1).
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FIGURES. Cumulative frequency distributions of TLs for age-0 Small-
mouth Bass in the Yellowstone River, as measured at the onset of winter
(late autumn 2018) and early the following spring (2019). Sample sizes
for autumn and spring were 119 and 1 in the Upper sampling section, 69
and 12 in the Middle section, and 139 and 16 in the Lower section.
Asterisks indicate significant shifts toward longer TLs. Vertical dashed
lines represent the late-autumn body lengths below which overwinter
mortality is estimated to be 100% given a winter duration of days less
than 7°C (gray) or days less than 10°C (black).

mortality appeared weak. Winters were always longer in
upstream areas, but winters in the Upper section were
only 11-24 d longer than those in the Lower section, cor-
responding to an increase in Ly of only 2.1-4.5 mm across
200 km of the Yellowstone River (Figure I; Shuter et al.
1980). Consequently, cohort mortality was estimated to be
slightly higher in upstream sections, but it never
approached 100% as we predicted (Figure 6). Estimates of
overwinter mortality varied more widely across years in
the Upper section (2016-2019) than across sections and
ranged from a maximum cohort mortality of 50.3-81.9%
in 2018 to a minimum of 0.2-11.2% in 2016 (Figure 7).

DISCUSSION

In this multi-year study, we sought to understand
whether upstream establishment by nonnative Smallmouth
Bass in the Yellowstone River was physiologically con-
strained by progressively colder upstream climates and
whether the uppermost distribution of adult detections
was representative of an established population. Although
age-0 Smallmouth Bass were likely absent from the upper-
most distribution of adults, the cold upstream tempera-
tures that we hypothesized would limit age-0 growth and
overwinter survival did not appear to physiologically con-
strain establishment farther upstream. Instead, the earlier
hatch timing exhibited by some age-0 individuals in
colder, upstream sections allowed them to attain sizes that

0 20 40 60 80100 0 20 40 60 80 100
Probability of overwinter mortality (%)

FIGURE 6. Normalized histograms depicting the probability of
overwinter mortality due to starvation estimated for each age-0 Small-
mouth Bass measured at the onset of winter in the Upper (n=119), Mid-
dle (n=69), and Lower (n=139) sampling sections of the Yellowstone
River during 2018 (n=119, 69, and 139) and 2019 (n =30, 24, and 68).
Gray bars show individual mortality probabilities based on a winter
duration of days less than 7°C, black bars show estimates based on days
less than 10°C, and corresponding dashed lines show the mean percent
cohort-level mortality from 100,000 simulated outcomes.

were equal to or larger than those of many individuals
in warmer, downstream sections; as a result, many fish
at the current estimated age-0 upstream extent exceeded
the minimum size needed to survive the winter in four
consecutive years. Our findings underscore that an
understanding of the interactions between environmental
conditions and Smallmouth Bass life history is crucial
for evaluating potential spread by this nonnative preda-
tor. This knowledge may help to direct future manage-
ment efforts to stream reaches where they are likely to
provide the greatest benefits (Ricciardi and Rasmussen
1998; Lodge et al.2006; Vander Zanden and Olden
2008).

Objective 1: Upstream Extent

The upstream extent of age-0 Smallmouth Bass in the
Yellowstone River (rkm 702) lagged behind the uppermost
observations of adults by up to 85 rkm. Longitudinal dif-
ferences in distributions of the age-0 and adult life stages
appear to be common with Smallmouth Bass. For exam-
ple, research outside of the Yellowstone River found that
adults often seasonally migrated from warmer, down-
stream habitat to colder, upstream habitat that offered
energetic benefits during the summer, and the adults then
returned to warmer, downstream habitat to overwinter
(Langhurst and Schoenike 1990; Rubenson and Olden
2017). In other systems, cold climates interact with
nuanced recruitment dynamics (e.g., temperature and
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FIGURE7. Normalized histograms depicting the probability of
overwinter mortality due to starvation for each age-0 Smallmouth Bass
measured at the onset of winter in the Upper sampling section of the Yel-
lowstone River during 2016 (n=26), 2017 (n=36), 2018 (n=119), and
2019 (n=30). Gray bars show individual mortality probabilities based on
a winter duration of days less than 7°C, black bars show estimates based
on days less than 10°C, and corresponding dashed lines show the mean
percent cohort-level mortality from 100,000 simulated outcomes.

foraging limit; Lawrence et al. 2015) to prevent first-year
survival of offspring in the upstream habitats (Langhurst
and Schoenike 1990; Rubenson and Olden 2019). In con-
trast, our results suggest that factors other than water tem-
perature alone must be limiting farther upstream
establishment in the Yellowstone River.

Spawning habitat quality and longitudinal patterns in
adult Smallmouth Bass density and distribution can also
influence where reproduction and recruitment occur.
While not specifically assessed herein, spawning habitat in
the upstream reaches of the Yellowstone River appears to
be suitable, with relatively low gradients (Lawrence et al.
2012), an abundance of gravel substrate, and shallow,
calm, clear water (Orth and Newcomb 2002; Dalby and
Robinson 2003; Holnbeck 2005). Alternatively, the spatial
disconnect between juvenile and adult distributions may
be caused by a temporal mismatch in upstream dispersal
versus spawning temperature cues (Rubenson and Olden
2016) or density dependence, a major driver of animal dis-
persal (Marchetti et al.2004; Matthysen 2005). Adult
Smallmouth Bass near the Upper section may currently
lack the density-driven competition needed to motivate
dispersal to upstream areas. The inability to locate mates
at low population densities (an Allee effect), particularly
in discrete, patchy reproductive habitat such as side chan-
nels, can also delay establishment and limit the speed of
ongoing invasions (Keitt et al. 2001; Taylor and Hastings
2005; Gregory et al. 2010). The potential for Allee effects
is suggested by our eDNA results, which indicated that
Smallmouth Bass were rare at and above the age-0

the size of age-0 Smallmouth Bass at the onset of winter
were surprising. Furthermore, our results from the Yellow-
stone River were inconsistent with findings from the smal-
ler North Fork John Day River, Oregon (i.e., about 40x
smaller at base flow; Figure S.1; USGS station 14,046,000
at Monument, Oregon), where upstream declines in tem-
perature were compounded with delays in spawning and
hatch timing to result in rapid declines in age-0 size
approaching the upstream range boundary (Rubenson and
Olden 2016, 2019). There, spawning was delayed in
upstream habitats because adults overwintered down-
stream and had not yet dispersed to the upstream habitats.
Indeed, the relationship between stream temperature and
age-0 size by the onset of winter appears complex and
context dependent and may be illuminated by additional
research on rivers of varying sizes and abiotic conditions.

Objective 3: Drivers of Age-0 Growth

The positive association between first-year GDDs and
body size in our study supports past findings, which indi-
cated that both the magnitude and the duration of suitable
temperatures after hatching are important drivers of first-
year growth by Smallmouth Bass (Bestgen and Hill 2016;
Rubenson and Olden 2019). Indeed, climate warming is
considered a primary factor in the northward range expan-
sion of Smallmouth Bass in North America because age-0
individuals can both hatch earlier and grow faster than
historical conditions may have allowed (Shuter and Post
1990; Sharma et al. 2007). In the unimpounded Yellow-
stone River, the onset of successful reproduction probably
depends on the timing of early summer snowmelt runoff—
a phenomenon with which this species did not evolve—
that rapidly depresses water temperatures and causes high
turbidities (FiguresS.1, S.5; Winemiller and Taylor 1982;
Orth and Newcomb 2002; Rubenson and Olden 2016).
The broadly synchronous occurrence of snowmelt runoff
across our study area could explain why the onset of
hatching was more similar across the Upper, Middle, and
Lower sections than we expected; it could also explain
why the onset of hatching probably occurred well after
mean daily temperatures associated with Smallmouth Bass

BSUBO1T SUOWIWIOD BANERID 3ot jdde auy) Aq peusnob a.e saIe VO ‘B8N 0 SaINJ 40} Akeiq1T 8UIIUO AB]IM UO (SUONIPUCO-PUE-SULBILIOD A8 1M A1 I [BUIUO//SANY) SUONIPUOD PUe SWie | 31 39S *[2202/TT/70] uo Ariqiauliuo Ao ‘Aeiqi ouepl JO AiseAun Ag 90T Se)/200T OT/I0pALI0Y A8 1M ARl iBul|uo'SNds fe//SANLY Wi} papeojumoqd 'S ‘2202 '659887ST



EARLY LIFE HISTORY OF NONNATIVE SMALLMOUTH BASS 539

spawning first appeared (15°C; Table2; Figure4A;
Armour 1993). Although this apparent delay in hatching
across all sections could be partially explained by underes-
timates of fish age, we note that the first occurrences of
15°C in the unimpounded Yellowstone River are typically
short in duration and are followed by pulses of snowmelt
runoff that depress temperatures below levels associated
with nest failure (10-14°C; Figure S.5; Armour 1993). The
importance of discharge for first-year growth and recruit-
ment may also be apparent in the 2016 cohort, which
attained the largest mean body size observed in our study
during an anomalously low-discharge growing season,
despite exposure to below-average stream temperatures
(Table 3; Figures S.1, S.2). Climate change-driven shifts to
both earlier runoff and longer durations of warm tempera-
tures are expected to continue in the Yellowstone River
(Al-Chokhachy et al.2013, 2017; Sepulveda et al.2015),
suggesting a greater potential for first-year growth, recruit-
ment, and range expansion in the future (Shuter and Post
1990; Rubenson and Olden 2019). The influence of tem-
perature and hydrology on Smallmouth Bass reproduction
is therefore a logical place for future research aimed at
understanding how Smallmouth Bass near their upstream
extent might deviate from the expected effects of water
temperature in the Yellowstone River and elsewhere.

Objective 4: Overwinter Mortality

Range boundaries constrained by environmental condi-
tions (e.g., temperature) are characterized by intermittent
reproductive success and frequent year-class failures (Holt
et al. 2005; Sexton et al.2009; Kubisch et al.2010). Our
estimates of size-selective mortality in all sections (Figure
6), combined with widespread similarities in the duration
of winter starvation, suggest that age-0 growth is an
important determinant of Smallmouth Bass recruitment
success in much of the Yellowstone River. Longitudinal
differences in overwintering conditions appeared less
important (sensu Lyons 1997), as the small variation in L,
across sites was eclipsed by the effect of intra-cohort vari-
ation in age-0 size (ranges of 28-68 mm; Figure 3A, B).
These results suggest that age-0 growth scope is probably
a more important determinant of upstream habitat suit-
ability and recruitment success than upstream increases in
the duration of winter starvation. Furthermore, age-0
growth remained high at the upstream extent of their dis-
tribution in the Yellowstone River despite temperatures
being comparable to thermally limited range boundaries
described elsewhere (Table S.1; Figure 1; Lawrence et al.
2015; Rubenson and Olden 2017). Nevertheless, probable
recruitment at the age-0 upstream extent across four con-
secutive years, combined with weak gradients in Ly and
sufficient GDDs upstream, suggests that this population
has not yet expanded to its thermal limit in the Yellow-
stone River basin.

Study Limitations

We acknowledge limitations to our study. First, logisti-
cal and public use considerations constrained our sam-
pling frame in the Yellowstone River to side channels;
consequently, our scope of inference outside of this high-
quality nursery habitat is limited. Movement into main-
stem habitat by larger age-0 individuals than we observed
is unknown but possible. However, many of the side chan-
nels we sampled exceeded 70 m in width and contained
deep pools and overwintering habitat (i.e., large rocky
substrate; Orth and Newcomb 2002). Furthermore, consis-
tent differences in maximum age-0 size among sections
suggest that at least some large individuals remained in
side channels through their first winter. Lastly, any unde-
tected presence of larger individuals than we observed
would further reinforce evidence that size-selective age-0
overwinter mortality is not preventing recruitment of age-
0 Smallmouth Bass beyond their current upstream extent.

We also acknowledge that empirical and modeled tem-
perature data imperfectly approximate the thermal condi-
tions that each age-0 Smallmouth Bass may have
experienced. Off-channel habitats can provide areas of high
thermal heterogeneity (Arscott et al. 2001; Baldock et al.
2016), and juvenile and small-bodied fishes can move into
warmwater refugia to increase growth (e.g., Neverman and
Waurtsbaugh 1994; Ward et al. 2010; Armstrong et al. 2013).
Although we consider it improbable that availability and
use of these habitats would differ across our study area
where off-channel habitat was abundant, we acknowledge
that access to increased thermal heterogeneity may allow
enhanced growth opportunities and could provide a fruitful
direction for future research on nonnative species invasions.

Implications for Upstream Range Expansion

Range size is a critical determinant of nonnative
impacts (Parker et al. 1999), but it can be difficult to pre-
dict. We found that upstream spread by Smallmouth Bass
in the Yellowstone River is not presently constrained by
water temperature and cannot be accurately predicted by
temperature alone. Smallmouth Bass spawning and hatch-
ing phenology allowed age-0 individuals at their current
upstream extent to reach body sizes necessary to survive
overwinter starvation, and farther upstream recruitment
appears possible under current climate conditions. Never-
theless, climate change will probably accelerate future
spread by bolstering overwinter survival (e.g., Al-
Chokhachy et al. 2017). However, for reasons that remain
unclear, Smallmouth Bass recruitment did not progress
upstream between 2016 and 2019 despite adult dispersal
upstream of this point.

Our results track those of other nonnative Smallmouth
Bass studies, which showed that endogenous and exogenous
factors interact with physiological restrictions imposed by
water temperature to influence invasion dynamics.
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Moreover, Smallmouth Bass are highly adaptable and cap-
able of life history divergence in novel environments (Dun-
lop et al. 2005). Site-specific nuances, interactions, and lag
times (e.g., Breton et al. 2014) therefore make it difficult to
develop generalizations about Smallmouth Bass invasion
dynamics so as to proactively manage recently invaded sys-
tems. These types of complications underscore why “an
ounce of prevention is worth a pound of cure” (Leung et al.
2002); after a nonnative species is established, it can be diffi-
cult and costly to manage. For example, Smallmouth Bass
introductions in tributaries to the Columbia River ulti-
mately resulted in invasions and substantial predation on
juvenile salmonids across most of the lower and middle
Columbia River basin, wherein widespread prevention of
future spread may now be challenging (Carey et al. 2011;
Rubenson and Olden 2020). For nonnative species that were
intentionally introduced but can have unintended conse-
quences for fish assemblages (e.g., Smallmouth Bass and
Rainbow Trout Oncorhynchus mykiss; Shelton et al. 2015;
Tiffan et al. 2020), managers will have to consider the trade-
offs of controlling adults and juveniles near the upstream
extent versus the uncertainty of future spread and amplifica-
tion of their consumptive impacts.
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