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Abstract

The Ozark streams of Missouri provide anglers with unique Smallmouth Bass Micropterus dolomieu fishing oppor-
tunities. To ensure the sustainability and potential of these fisheries, we sampled five streams in the Ozark highland
ecoregion of southern Missouri via recreational angling methods. From our samples, we developed estimates of
recruitment, growth, and mortality, and assessed current regulations for Smallmouth Bass. To accomplish these objec-
tives, we aged otoliths from 75 legal (305-mm) fish on each stream. Back-calculated length-at-age estimates were
formed for sublegal lengths, and were paired with electrofishing length distributions on each stream using an age-
length key. These data were used to develop estimates of dynamic rate functions and models of yield, spawning poten-
tial, and number of memorable fish for each study population. We found that recruitment was stable on each stream,
but growth and mortality varied among streams. We also found that models of yield, spawning potential, and number
of memorable fish varied greatly among streams. Our results showed that the current 305-mm statewide minimum
length limit is applicable for some of our study streams, but yield, spawning potential, and trophy potential could
increase with more restrictive length limits on some of our study streams. More spatially explicit length limits can
help these Smallmouth Bass populations reach their growth potential. This information can help inform stream man-
agement in Missouri and across the Ozark region of the Midwest.

Dynamic rate functions of recruitment, growth, and (Chambers and Trippel 1997). Growth is characterized
mortality are factors that can drive shifts in popula- by the rate at which an organism within a population
tions over time. Recruitment is the survival of an develops size (Beamesderfer and North 1995). Mortality
organism to a given reference point in its life cycle is the number of deaths in a population over a given

*Corresponding author: edward_sterling@fws.gov
Received March 11, 2019; accepted August 15, 2019

1175


mailto:
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fnafm.10350&domain=pdf&date_stamp=2019-10-31

1176

amount of time. Recruitment, growth, and mortality
are susceptible to change over time due to a variety of
biotic (e.g., genetic variability, food availability, inva-
sive species) and abiotic (e.g., temperature, climatic
variability) factors that can affect populations within a
given eccosystem (Beverton and Holt 1957; Sissenwine
1984). Evaluation of dynamic rate functions in popula-
tions across a spatial gradient can help inform effective
management. Proper evaluations can provide critical
population-level information, allowing managers to pre-
dict factors (e.g., harvest) that may be affecting popu-
lations while formulating regulations that best suit each
population. Evaluations are particularly necessary for
popular sportfish populations.

Sportfishing is an economically and recreationally
important activity throughout North America (USFWS
2011). High economic value gives credence for sportfish
management efforts, particularly for members of the fam-
ily Centrarchidae (Cooke and Philipp 2009). Smallmouth
Bass Micropterus dolomieu is a highly sought-after sport-
fish species throughout Missouri and the rest of the Uni-
ted States, and is tolerant of diverse habitats ranging from
large reservoirs to small streams, including streams in the
Ozark Highland ecoregion, hereafter referred to as the
“Ozarks” (MacCrimmon and Robbins 1975). Smallmouth
Bass have been studied extensively within Missouri (Pflie-
ger 1966; Matthews 1982; Probst etal. 1984; Williamson
et al. 2015), but little is known regarding dynamic rate
estimates and the resulting management strategies for
Smallmouth Bass in the Ozarks.

Many Ozark streams exhibit unique physical and chem-
ical characteristics (e.g., spring influence) that could affect
populations of Smallmouth Bass (Lohman etal. 1991;
Whitledge and Rabeni 2000). Smallmouth Bass also natu-
rally exhibit slower growth than other Micropterus species
(Beamesderfer and North 1995). Slow growth and other
natural differences between populations of Ozark stream
Smallmouth Bass could be further compounded by genetic
differences between populations. This is likely due to pre-
vious Ozark stream stocking efforts (Funk and Fleener
1974; Stark and Echelle 1998) of its subspecies, the North-
ern Smallmouth Bass M. dolomieu dolomieu and the
Neosho Smallmouth Bass M. d. velox, intergrading in the
southern Ozark streams of Missouri. Nonnative allele
introduction could pose complex genetic variability among
populations of Smallmouth Bass in this region (Brewer
and Orth 2015). Growth differences have been observed
between genetically distinct populations of Smallmouth
Bass (Brewer and Long 2015). Variable growth due to
genetics coupled with slow growth, varying habitat charac-
teristics, and potentially high harvest could lead to overex-
ploitation. It is important that managers have baseline
information on the age and growth of different Small-
mouth Bass populations within the Ozark Highlands so
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that we can improve our understanding of the various
pressures (i.e., diverse habitats, genetics, harvest) that
could influence population parameters.

Reliable estimates of age are necessary for assessing a
population's vital rates. Fishery scientists have historically
used scales, fin rays, and otoliths to derive age estimates
(DeVries and Frie 1996). Although scales have predomi-
nantly been used to age centrarchid species, many studies
depict the error associated with using this method (Prather
1967; Hammers and Miranda 1991; Long and Fisher
2001; Rude etal. 2013). Although removal of otoliths is
lethal, they have been validated for determining the age of
Smallmouth Bass (Heidinger and Clodfelter 1987). Using
a reliable aging structure is necessary for providing precise
age estimates that offer dependable assessments of
dynamic rate functions within a population.

Reliable estimates of recruitment, growth, and mortal-
ity within populations of Smallmouth Bass can be used to
simulate the response of these populations to varying
levels of exploitation. With the possibility of overexploit-
ing this species, modeling various harvest scenarios and
projected changes in populations due to harvest rates will
allow managers to understand how exploitation can affect
yield, reproductive potential, and the trophy potential for
these populations. Two types of overexploitation can be
observed in a recreational fishery: growth overfishing and
recruitment overfishing. Growth overfishing occurs when
anglers are removing fish from a population at such a rate
that growth and yield potentials cannot be maximized
(Colombo etal. 2007). Recruitment overfishing occurs
when individuals are being removed from a population
faster than they can be replaced by reproduction (Dotson
etal. 2009). Yield-per-recruit (YPR) models and spawn-
ing-potential-ratio (SPR) models are common tools used
to assess growth and recruitment overfishing. These mod-
els have been used to effectively assess sportfish popula-
tions (Goodyear 1993; Slipke et al. 2002; Bueltmann and
Phelps 2015).

The objective of this study was to estimate recruitment,
growth, and mortality of five intergrade populations of
Ozark stream Smallmouth Bass in southern Missouri and
to evaluate the relationship between different harvest rates
and minimum length limits. With a better understanding
of wvital rates, we can build upon existing information to
help ensure sustainable, quality Smallmouth Bass fisheries
throughout the Ozark Highlands.

METHODS

Study areas.— Five southern Missouri Ozark streams
were selected as study sites: Castor River, Black River,
Courtois Creek, Current River, and North Fork of the
White River (Figure1). These rivers were chosen based
on their relatively high angler use across all Ozark
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streams (Williamson et al. 2015). These rivers are all
inhabited by intergrade Smallmouth Bass populations
and are likely representative of other systems with inter-
grade populations. The Castor River is a sixth-order
stream, originating in Ste. Genevieve County, Missouri,
flowing south for 111km, emptying into the Headwater
Diversion Channel and ultimately into the Mississippi
River near Cape Girardeau, Missouri (Norman 1994).
The Castor River is wadeable throughout much of its
course, maintaining stable base flows. The Black River is
a seventh-order stream flowing south from Reynolds
County, Missouri, for approximately 40 km before emp-
tying into Clearwater Lake (Cieslewicz 2004). It is wade-
able on the upper portions and accessible by jet boat just
before emptying into Clearwater Lake. The Black River
is set apart by warmwater influence from a hydropower
plant near Lesterville, Missouri. The Courtois Creek is a
relatively small fifth-order stream in the Meramec River
drainage that flows north for 61 km and drains into the
Huzzah River in Crawford County, Missouri (Blanc et
al. 1998). This stream is wadeable throughout most of its
course with only a few deep holes (>2m). The Current
River is a large seventh-order stream, running south for
296 km from Dent County, Missouri, and emptying into
the lower Black River in Arkansas. The Current River is
accessible by jet boat throughout most of its course, and
is defined by a large amount of coldwater spring influ-
ence (Jacobson and Gran 1999; Wilkerson 2003). The
North Fork of the White River is a relatively small sev-
enth-order stream that flows south for 107km from
Wright County, Missouri, and empties into the Norfork
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FIGURE 1. A map of Missouri, showing the streams throughout the
state. The stream sample sites are highlighted. [Color figure can be
viewed at afsjournals.org.]
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reservoir in Arkansas. The North Fork of the White
River is wadeable throughout most of its course and is
characterized by heavy coldwater spring influence (Miller
and Wilkerson 2001). The North Fork of the White
River is also home to nonnative trout species that are
stocked on a yearly basis. The geological boundaries of
these streams isolate populations of fish within water-
sheds, allowing each system to be managed on an indi-
vidual basis (Pflieger 1971). The varying physical and
chemical characteristics of these streams help to provide
the platform for developing spatially explicit models for
each population.

Collection methods.— We collected 75 specimens for
aging that had a TL of greater than 305 mm from each
study system. This was accomplished via legal angling
from May 28, 2016 through October 31, 2017. We used
previously collected length frequency and tagging data
from each of these streams that were collected by the Mis-
souri Department of Conservation via spring electrofishing
in 2011 and 2013. The 2011 and 2013 samples were in
conjunction with a harvest evaluation utilizing reward tags
(Pollock etal. 2001). The fish were tagged before open
harvest season in Missouri, which begins at the end of
May each year. Harvest estimates were developed from
cumulative monthly exploitation estimates from tag
returns (Williamson et al. 2015).

Sample processing.— A target sample size of 75 speci-
mens (>305mm) were harvested from each of the five
study streams to give an adequate representation of each
river's population. Seventy-five samples allowed us to col-
lect at least 10 samples per available 25-mm length class.
Specimens were measured (as TL in mm), weighed (g),
and sexed via internal examination. The sagittal otoliths
were removed (Graham and Orth 1986), and the ovaries
from females were removed and frozen for fecundity esti-
mates.

After collection, the otoliths were dried and aged by
use of two independent readers for precision. Each otolith
was submerged in glycerol and viewed whole beneath a
dissecting microscope with low magnification (6-50x).
Any otoliths that appeared to have annuli crowded at the
margins or were unclear were fractured on the transverse
plane, mounted in clay, submerged in glycerol, and viewed
using illumination from a fiber optic light (Buckmeier and
Howells 2003). If there was disagreement on the age of a
particular specimen, those conducting the aging reviewed
the otoliths until a consensus was reached (Maceina and
Sammons 20006).

Data analyses.— With only legal-sized Smallmouth Bass
being used for aging, linear back-calculation of the otoliths
was used to provide estimates of sizes and ages of sublegal
fish (Weisberg 1986). Back-calculated length-at-age of
other centrarchid species using sagittal otoliths has been
shown to be reliable (Frie 1982; Taubert and Tranquilli
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1982; Hales and Belk 1992; Wahl etal. 2009). Utilizing a
10-mm age-length key in the Fishery Analysis and Model-
ing Simulator (FAMS; American Fisheries Society), back-
calculated length-at-age estimates were paired with length
frequency data from the 2011 and 2013 electrofishing sur-
veys to assign ages to un-aged fish (Slipke and Maceina
2014). All following analyses were performed on the paired
angling and electrofishing data.

Recruitment.— We calculated the recruitment variability
index (RVI) for each Smallmouth Bass population to
assess relative recruitment stability (Guy and Willis 1995).
The index is defined as

Sn N
RVI <Nm + N,,) N,’

where Sy represents cumulative relative frequencies across
year-classes in the sample, N,, is the number of year-
classes missing from the sample, and N, is the number of
year-classes present in the sample. Variability index values
can range from —1 to 1, with values closer to 1 represent-
ing relatively stable recruitment (Guy and Willis 1995;
Isermann etal. 2002). From this model, the status of
selected Smallmouth Bass populations could be evaluated
to determine if the populations had stable recruitment.
Growth.— Growth was calculated by use of the von
Bertalanffy growth equation available in FAMS (Von Ber-
talanffy 1938). The von Bertalanffy equation is defined as

L= Lo [l = K0

where L, is the average length at time ¢, L, is the theoretical
maximum length, K is the Brody growth coefficient, or rate
at which the fish reaches L., and ¢, is the length at time
zero. The von Bertalanffy growth equation takes the
average length-at-age into consideration to determine the
theoretical maximum length and the rate at which a fish
population reaches that length.

Mortality.— To determine mortality rates in each popu-
lation, a catch-curve method was used in FAMS (Ricker
1973; Maceina 1997; Hubert and Quist 2010). This method
assumes equal catch rates among fish across the population.
Given that electrofishing appeared to be size-selective, we
used the peak year classes and subsequent year classes for
our analyses, assuming that these cohorts had fully recruited
to the gear used (Chapman and Robson 1960; Robson and
Chapman 1961). The catch-curve equation is defined as

AM =1—(e77),

where AM is total annual mortality, and z is instanta-
neous mortality.
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After procuring estimates of dynamic rate functions,
these estimates were used in FAMS to build models pre-
dicting the potential effects of management strategies. We
used our data to analyze the effects of varying length lim-
its on each population. Our models provided estimates of
how each population would respond (yield, reproductive
potential, number of memorable sized fish: Gabelhouse
1984) to varying exploitation rates under a spectrum of
minimum length limits (MLL; e.g., 305, 330, 355, 381,
406 mm). This allowed us to predict if each population
had the propensity to succumb to the effects of recruit-
ment and/or growth overfishing under current manage-
ment strategies and more restrictive length limits.

Yield-per-recruit.— In order to assess yield and growth
overfishing, we implemented a Beverton and Holt yield-
per-recruit model (1957). The model can be expressed as

1 367/0*1 3ef2kr1 6,73kr1

A _
“(z Z+K ' Z12K Z+3K>’

Y
R

where Z is the sum of F and M, which are the instanta-
neous rates of total fishing and natural mortality, respec-
tively; 1 = t,—ty; W is weight, and K and ¢, are the
parameters of the von Bertalanffy growth equation (Bever-
ton and Holt 1957). Growth overfishing was indicated by
a descending limb in the YPR model.

Spawning potential ratio.— The model of SPR is derived
by estimating the actual lifetime production of mature
eggs per recruit (P) at an equilibrium population density
in the absence of any density-dependent suppression of
maturation or fecundity (Goodyear 1993). We used egg
counts from the ovaries that were extracted from each
female to obtain measures of fecundity. Age at sexual
maturation was determined to be the youngest female with
eggs. Any ovary that was deemed undeveloped via visual
inspection, or collected postspawn, was disregarded for
the analysis. The youngest female in which sexual matu-
rity was observed was 3 years old. All females at 4 years
of age were found to be sexually mature. We used a rate
of 50% to represent the percentage of females spawning
between 3 and 4 years of age and a rate of 100% for sub-
sequent ages. The equation for spawning potential ratio is
as follows:
i=1

P=)FE

M=

Si,
i=1

j=0

where n is the number of ages in the population, E; is
mean fecundity of females of age i in the absence of den-
sity-dependent growth; Sj; = [-(F;; + M;)] = the density-
independent annual survival probabilities of females of
age i when age j; F; = the fishing mortality rate of females
of age i when age j; and M;; = the natural mortality rate
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of females of age i when age j. The SPR is calculated as

SPR — Pﬁxhed ’

P unfished

where P (the potential recruit fecundity) represents the
number of mature eggs that could be produced by an
average recruit in a fished and unfished population. The
SPR has a maximum value of 1.00 when no harvest
occurs and declines toward zero as mortality increases
(Slipke etal. 2002). Recruitment overfishing was indicated
when the SPR value dropped below 20%. The SPR value
of 20% represents a conservative estimate of reproductive
potential necessary to maintain a resilient fish population
such as Smallmouth Bass (Slipke et al. 2002).

Model of memorable size.— Models of number of mem-
orable-sized Smallmouth Bass were developed in FAMS
as well. These models helped to visualize how many mem-
orable-sized Smallmouth Bass (>430 mm) each population
could produce under various minimum length limits and
exploitation estimates. Growth parameters and natural
mortality rates were used in these models to predict theo-
retical numbers of 430 mm Smallmouth Bass in each pop-
ulation (Slipke and Maceina 2014).

RESULTS

In total, 4,991 Smallmouth Bass were sampled by the
Missouri Department of Conservation via electrofishing in
2011 and 2013. Counts from each river were as follows:
557 from the Black River, 1,343 from the Castor River,
1,506 from the Current River, 1,062 from the Courtois
Creek, and 523 from the North Fork of the White River.
Length frequency distributions were similar among
streams, with more fish being sampled from the Current
and Castor rivers (Figure2). Mean lengths varied some-
what across streams (Appendix Table A.1). In 2016 and
2017, 367 Smallmouth Bass were collected via angling (75
from the Castor River, 74 from the Black River, 67 from
the Courtois Creek, 75 from the Current River, and 76
from the North Fork of the White River; Table A.2).
Mean lengths were similar among sample streams with
only fish greater than 305 mm being sampled (Table 1).
Age-length distributions, estimated from the back-calcula-
tion analyses, depict a right skew for the Black River,
Castor River, Current River, and Courtois Creek, and a
platykurtic distribution for the North Fork of the White
River (Figure 3).

Recruitment

Recruitment was similar among the five streams we
evaluated. The RVI values ranged from 0.69391 on the
North Fork of the White River to 0.76440 on the Cour-
tois Creek (Table 1).
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Growth

Mean length-at-age varied between stream systems,
with the Black River depicting relatively fast growth
compared with other streams and the North Fork of
the White River depicting relatively slow growth (Table
2). The von Bertalanffy growth coefficients varied
among each study stream as well (Figure4). The theo-
retical maximum length (L.) differed over 100 mm
between streams. The Castor River had the highest L.,
(662 mm), and the North Fork of the White River had
the lowest (551 mm; Table 1). The Brody growth coeffi-
cient (K), or rate at which an individual reaches the
theoretical maximum length, was highest on the Cour-
tois Creek at 0.150, and lowest on the Castor River at
0.107 (Table 1).

Mortality

Catch-curve analyses showed that mortality estimates
ranged from 49% to 60% total annual mortality (Figure
5). The total annual mortality was greatest on the Black
River at 60%, and lowest on the Courtois Creek at 49%
(Table 1).

Yield-per-Recruit

Overall, YPR models estimated that with the 305-
mm MLL, each stream could be affected by growth
overfishing under high exploitation rates, with the
exception of the North Fork of the White River (Fig-
ure 6). On the Black River, growth overfishing is
shown to occur under a 305-mm MLL at exploitation
rates exceeding 30%, under a 330-mm MLL at
exploitation rates exceeding 50%, and under a 355-mm
MLL at exploitation rates exceeding 75%. Conversely,
on the North Fork of the White River, the 305-mm
MLL provided the highest angler yield potentials under
all exploitation rates.

Spawning Potential Ratio

Similarly, the SPR models showed that with the 305-
mm MLL, each stream could be affected by recruitment
overfishing under high exploitation rates, with the excep-
tion of the North Fork of the White River (Figure 7).
On the Black River, recruitment overfishing occurred
under the 305-mm MLL at exploitation rates exceeding
40% and under the 330-mm MLL at exploitation rates
exceeding 60%. However, the North Fork of the White
River did not exhibit recruitment overfishing under any
MLL, or under high exploitation rates.

Model of Memorable Size

The models of memorable-sized Smallmouth Bass
(i.e., >430 mm) depicted an increase in their numbers in
each stream under more restrictive length limits (Figure
8). The Black River showed that under exploitation
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FIGURE2. Smallmouth Bass TL (mm) frequency distributions for each study stream from the 2011-2013 electrofishing data.

rates of 20-40%, a 381-mm MLL could produce over
40 more memorable-sized individuals per 1,000 recruits
when compared with a 305-mm MLL. Conversely, the
North Fork of the White River showed that under the
same exploitation rates, a 381-mm MLL would produce
only 10 more memorable-sized individuals per 1,000
recruits when compared with a 305-mm MLL.

DISCUSSION

Our results suggest that Smallmouth Bass dynamic
rates vary among streams in the Ozark region of Missouri.
These variations in recruitment, growth, and mortality
produced differences in our models of yield, spawning
potential, and number of memorable-sized fish in each of
our study streams. The differences that we observed in our
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TABLE 1. Life history parameters of Smallmouth Bass in each study stream; RVI are recruitment variability index values, L, K, and ¢, are von Berta-
lanfty Growth coefficients, and AM is the total annual mortality.

North Fork

Current Courtois of the White
Parameters Castor River  Black River River Creek River
RVI 0.70181 0.74955 0.74951 0.76440 0.69391
L, 662 mm 645 mm 563 mm 602 mm 551 mm
K 0.107 0.129 0.142 0.15 0.143
to -1.108 —1.183 —1.484 —0.868 -0.534
Maximum age 10 10 11 9 12
Conditional natural mortality 24% 25% 25% 27% 25%
Conditional fishing mortality 5 to 95%
Logo(weight) : log;o(length) coefficients —5.676; 3.303 —5.879; 3.389 —5.041; 3.053 —5.680; 3.303 —4.961; 3.016

(intercept; slope)

Age at sexual maturation 4 years for all streams
Fecundity-to-length relation Intercept = —2,456.349 and slope = 18.803 for all streams
% females 50% for all ages
% females spawning annually 50% for age 4 and 100% for all subsequent ages
Minimum length limits (TL) 305 mm 330 mm 356 mm 381 mm 406 mm
Total annual mortality (AM) 51% 60% 53% 49% 55%

models between streams produced a variety of manage-
ment implications for each population.

We show that Smallmouth Bass intergrade populations
in larger Ozark streams can exhibit rapid or much slower
growth. Growth ranged from relatively fast (i.e., the Black
River) to relatively slow (i.e., the North Fork of the White
River), evidenced by theoretical maximum lengths (Table
1) and mean length-at-age estimates (Table 2). These vari-
ations in growth could come as a result of a variety of
biotic or abiotic factors. Smallmouth Bass are a unique
sport fish, and are thought to naturally exhibit slow
growth when compared with other Micropterus spp.
(Beamesderfer and North 1995). Variable growth rates
have been observed in Smallmouth Bass populations
across the nation (Beamesderfer and North 1995) and in
other streams in the Ozark regions of Missouri and Okla-
homa (Lowry 1953; Fajen 1959, 1972; Covington 1982;
Orth 1983; Reed and Rabeni 1989; Balkenbush and Fisher
1999). While each of the streams that we sampled have
some similar characteristics (e.g., clear water, chert sub-
strates, relatively cool water, low productivity, etc.), it is
evident that there are other factors driving the variability
in the dynamic rate functions and resulting management
strategies for each of these populations.

Beamesderfer and North (1995) noted that in Small-
mouth Bass populations, variability could be attributed to
geographic, topographic, and other climatic features.
Brewer etal. (2007) identified that Smallmouth Bass
abundance in Ozark streams is correlated with specific
geologic strata, substrate types, and groundwater influence.
Dauwalter et al. (2007) also identified that Smallmouth Bass

abundance in Oklahoma was correlated with stream mor-
phology. With populations isolated in watersheds by geo-
graphic boundaries, variation in climate can play a role in
the dynamic rates that describe these populations. We
speculate that there may be more complex interactions
affecting these populations. Factors such as warmwater
influence, spring influence, reservoir connectivity, and
interspecific competition may affect the populations that
we sampled. Thermal refuge has been shown to be impor-
tant to Smallmouth Bass in Ozark streams, especially in
harsh winter temperatures (Westhoff et al. 2016).

In our study, growth seemed to have a positive rela-
tionship in streams containing high amounts of thermal
refuge. The Black River flows south into Clearwater Lake,
allowing Smallmouth Bass access to thermal refuge in the
winter and warm summer months, evidenced by the fact
that several tagged Smallmouth Bass were caught and
reported from Clearwater Lake in winter months (Wil-
liamson et al. 2015). The East Fork of the Black River
also has year-long warmwater influence from Tom Sauk
Energy Center. Each of these factors could influence the
growth rate of Smallmouth Bass on the Black River. Whi-
tledge et al. (2002) found that the thermal requirement for
optimum growth of Smallmouth Bass is 22°C. The yearly
average temperature on the Black River is nearly 16°C,
often reaching the thermal optimum temperature for
Smallmouth Bass in summer months (USGS 2016). Warm
temperatures and thermal refuge in the winter could help
increase fish growth in the Black River. Whitledge et al.
(2002) also found that Smallmouth Bass are subjected to
mass mortality events if temperatures exceed 27°C. The
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FIGURE 3. Smallmouth Bass age frequency distributions from back-calculated length-at-age estimates paired with electrofishing data from 2011-

2013 on each study stream.

Black River only reaches these temperatures in warm sum-
mer months (USGS 2016), but even so, this species can
seek thermal refuge in Clearwater Lake. Brewer and
Rabeni (2011) also noted that young-of-the-year Small-
mouth Bass in Ozark streams can actually benefit from
high temperatures around 29°C. Warmwater influence and
reservoir influence during thermal extremes could

contribute to the increased growth that we observed in the
Black River Smallmouth Bass population. We observed
relatively slow growth on the North Fork of the White
River. There are high amounts of coldwater spring influ-
ence at the lower end of the North Fork of the White
River, which sustains year-round temperatures of less than
21°C (Miller and Wilkerson 2001) and never reaches
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TABLE 2. The mean TL (mm) of Smallmouth Bass at various age esti-
mates for each study stream. Fish were captured via traditional angling
methods. The dashes denote that no individuals of that age were ana-
lyzed in our study.

North

Fork of

Age Black Castor Courtois Current the White
(years) River River Creek River River
1 156.4  130.9 146.0 163.8 103.5
2 221.1  188.9 214.0 214.3 173.3
3 268.5 2374 264.3 274.2 223.6
4 306.5 2827 311.8 310.0 264.9
5 3543 3218 351.3 342.5 296.0
6 388.6  361.9 384.3 366.3 327.2
7 417.5  381.7 422.1 381.6 361.9
8 4572 391.2 445.8 413.3 388.8
9 469.1 — 462.3 429.3 416.6
10 487.7  473.7 — 454.7 432.7
11 — — — 474.9 444.5
12 — — — — 455.9

thermal optimum growth for adult or young-of-the-year
Smallmouth Bass. The lower sections of the North Fork
of the White River are inhabited by nonnative Rainbow
Trout Oncorhynchus mykiss and Brown Trout Salmo
trutta. Interspecific competition has been observed
between Smallmouth Bass, trout species, and other preda-
tory fish species (Metcalf et al. 1997; Wuellner et al. 2011).
Coldwater influence paired with competition between two
predatory fish species could inhibit Smallmouth Bass
growth rates on the North Fork of the White River as
well. Although we observed decreased growth in one par-
ticularly cold stream, spring influence has been shown to
have a positive effect on Smallmouth Bass growth rates.
Whitledge et al. (2002) observed increased Smallmouth
Bass growth rates in streams with spring influence, which
facilitated thermal refuge in harsh summer and winter
months. Spring-fed systems also provide warmwater refuge
for the overwintering survival of young-of-the-year Small-
mouth Bass (Peterson and Rabeni 1996). Warmwater
streams with spring influence may exhibit increased
growth rates relative to what we observed in the North
Fork of the White River. It is also noteworthy that
growth variation has been demonstrated between geneti-
cally distinct sport fish populations (Kleinsasser et al.
1990). The Ozark region of Missouri is home to intergrade
populations of the Northern Smallmouth Bass and
Neosho Smallmouth Bass subspecies (Stark and Echelle
1998). Further investigation would be necessary to deter-
mine if genetic variation played any role in the variable
growth that was observed. Regardless of the factors that
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triggered the variable growth between populations, the
variability did affect the management implications.
Evaluations of the current 305-mm MLL in Missouri's
Ozark streams revealed that trophy potential for some
Smallmouth Bass populations in Ozark streams could
increase with more restrictive MLLs. Exploitation esti-
mates greater than 25% were reported for these study
streams, along with capture rates greater than 60%
(Williamson et al. 2015). These exploitation rates are simi-
lar to those seen in other common sport fisheries (Allen
etal. 1998; Miranda etal. 2002). Taking exploitation
estimates into consideration, the Black River is the only
stream that could currently be in danger of growth over-
fishing according to our YPR models. The models of the
Black River population showed that the highest yield
could be produced from a 355-mm or a 381-mm MLL.
The SPR models revealed that the Black River may also
be in danger of recruitment overfishing, and that a more
restrictive MLL would provide higher reproductive poten-
tial. Although the Black River was the only stream cur-
rently in danger of recruitment and growth overfishing,
our models for memorable-sized Smallmouth Bass
revealed that every population could respond positively to
a more restrictive MLL (with the exception of the North
Fork of the White River). Depending on the management
goal (i.e., either increased angler yield or increased trophy
potential), these streams would likely respond positively to
more restrictive MLLs. However, these models are density
independent and could be excluding the possibility of
intraspecific competition. Wilde (1997) found that Large-
mouth Bass Micropterus salmoides size structure did not
always increase with a more restrictive length limit, but
angler catch rates usually increased. Other Midwestern
bodies of water have exhibited increased size structures
with more restrictive regulations. Paragamian (1984)
found that a 305-mm MLL improved the size structure of
a Smallmouth Bass population on the Maquoketa River
in Towa. Lyons etal. (1996) found that a 356-mm MLL
improved Smallmouth Bass size structure in some Wiscon-
sin streams, but this author did report data from other
studies that showed negative effects from a more restric-
tive MLL. Finally, Newman and Hoff (2000) observed
increased size structure of Smallmouth Bass in Pallette
Lake, Wisconsin, after implementing a 406-mm MLL.
These results can help inform Smallmouth Bass man-
agement strategies in the Ozark streams of Missouri and
throughout the Ozark range of the Midwest. Black bass
are popular sport fishes throughout the United States
(USFWS 2011). Improving or maintaining size structure
of black bass fisheries is often a priority for managers
(Dotson etal. 2013). Often, the most effective way to
ensure that a population of fish is meeting its growth
potential is to minimize fishing mortality (Crawford et al.
2002; Dotson etal. 2013). Although there are many ways
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theoretical length at time 0.
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FIGURE 6. Yield-per-recruit models for each sample stream. The models were built using theoretical cohorts of 1,000 fish.

of minimizing fishing mortality (e.g., closed seasons,
catch-and-release regulations, slot limits), our models
show that in these Ozark stream populations, Small-
mouth Bass size distributions could respond positively
to more restrictive length limits. There is already a
closed season for Smallmouth Bass in Missouri's Ozark
streams to protect the spawning period. Additional
restrictive length limits may provide increased angler

yield and improved size structure in these populations.
Likewise, conservative length limits could increase
reproductive potential on each stream. When consider-
ing the anglers that utilize these fisheries, increasing
length limits on these streams could provide higher
angler yield and more trophy fishing opportunities in
areas that were not historically known for trophy
Smallmouth Bass fishing.
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FIGURE 7. Spawning-potential-ratio models for each sample stream. The horizontal line at 20% SPR marks the threshold for sustainable

reproduction.

Estimates of recruitment, growth, and mortality on each
of these streams provide novel data for five populations of
Smallmouth Bass in Ozark streams. Future studies should
monitor these dynamic rate functions to ensure the sustain-
ability and potential of these particular fisheries. Also, more
research is necessary to elucidate the variables responsible

for the differing growth observed within these populations.
Dynamic rate estimates remain a crucial component of fish-
eries management, and proper estimates of recruitment,
growth, and mortality will help researchers provide best
management strategies to ensure the success of Smallmouth
Bass populations throughout Midwestern Ozark streams.
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SMALLMOUTH BASS MINIMUM LENGTH LIMIT 1191

Appendix: Additional Data

TABLE A.1. Smallmouth Bass length parameters on each study stream from the 2011-2013 electrofishing samples. Mean TLs (mm) are portrayed
with SE values.

Black River Castor River Courtois Creek Current River North Fork of the White River

N 557 1,343 1,062 1,506 523
Minimum TL 76 81 74 58 89
Maximum TL 508 485 521 521 460
Mean TL 283 +3.44 255+ 1.91 264 +2.64 300 +2.15 282 + 3.08

TABLE A.2. Smallmouth Bass length and age parameters on each study stream from the 2016-2017 angling samples. Mean TLs (mm) are portrayed
with SE values.

Black River Castor River Courtois Creek Current River North Fork of the White River

N 74 75 67 75 76
Minimum TL 305 305 305 305 305
Maximum TL 471 445 455 457 450
Mean TL 346 £ 4.9 336 +£3.55 342 +4.60 338 +4.47 340 +£4.07
Minimum age 3 3 2 2 4

Maximum age 10 10 9 11 12
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