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Abstract
Temperature increases due to climate change over the coming century will likely 
affect smallmouth bass (Micropterus dolomieu) growth in lotic systems at the south-
ern extent of their native range. However, the thermal response of a stream to 
warming climate conditions could be affected by the flow regime of each stream, 
mitigating the effects on smallmouth bass populations. We developed bioenerget-
ics models to compare change in smallmouth bass growth rate potential (GRP) 
from present to future projected monthly stream temperatures across two flow 
regimes: runoff and groundwater-dominated. Seasonal differences in GRP between 
stream types were then compared. The models were developed for fourteen 
streams within the Ozark–Ouachita Interior Highlands in Arkansas, Oklahoma and 
Missouri, USA, which contain smallmouth bass. In our simulations, smallmouth bass 
mean GRP during summer months decreased by 0.005 g g−1 day−1 in runoff streams 
and 0.002 g g−1 day−1 in groundwater streams by the end of century. Mean GRP 
during winter, fall and early spring increased under future climate conditions within 
both stream types (e.g., 0.00019 g g−1 day−1 in runoff and 0.0014 g g−1 day−1 in 
groundwater streams in spring months). We found significant differences in change 
in GRP between runoff and groundwater streams in three seasons in end-of-
century simulations (spring, summer and fall). Potential differences in stream tem-
perature across flow regimes could be an important habitat component to consider 
when investigating effects of climate change as fishes from various flow regimes 
that are relatively close geographically could be affected differently by warming 
climate conditions.
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1  | INTRODUCTION

Water temperature is one of the most important abiotic conditions 
affecting lotic systems. Water temperature influences metabolic rates, 
growth rates and development of many different organisms (Naiman & 
Turner, 2000), and it can help determine growth and survival of fishes 
(Christie & Regier, 1988; Magnuson, Crowder, & Medvick, 1979). 
Water temperatures are also critical to structuring the distribution 

of organisms, for example, by limiting salmonids to high elevations in 
some regions (Flebbe, 1994) and limiting the latitudinal distribution 
of smallmouth bass (Micropterus dolomieu) (Shuter, MacLean, Fry, & 
Regier, 1980). However, climate change is expected to increase lotic 
temperatures over the coming century and many lotic systems in the 
United States are already warming (Kaushal et al., 2010). This change 
in thermal habitat could alter current distributions of organisms by 
opening new habitats to colonisation (e.g., smallmouth bass range 
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expanding farther north; Vander Zanden, Olden, Thorne, & Mandrak, 
2004) and restricting the range of species adapted to cooler water 
(e.g., Bull trout (Salvelinus confluentus); Isaak et al., 2010).

In addition to thermal patterns, hydrologic regime is also a criti-
cal structuring component of stream ecosystems (Poff et al., 2010). 
Accordingly, many regions across the United States have had streams 
classified by flow regimes, such as groundwater and runoff (e.g., 
Leasure, Magoulick, & Longing, 2016). These classification regimes 
provide clear, easily interpreted and ecologically relevant methods of 
relating stream hydrologic regime to ecological data (Poff et al., 2010). 
Groundwater-dominated streams are expected to exhibit very differ-
ent thermal patterns than runoff-dominated streams, with cooler water 
temperatures during summer months, and warmer temperatures during 
winter months (Whitledge, Rabeni, Annis, & Sowa, 2006). In addition, 
streams with more groundwater input are likely to be less sensitive to 
changes in warming air temperatures which could affect how fishes re-
spond to climate change (Carlson, Taylor, Schlee, Zorn, & Infante, 2015).

Smallmouth bass is a warm-water riverine species broadly dis-
tributed throughout North America. Because of their ecological im-
portance as apex predators in many lotic systems (Rabeni, 1992), 
smallmouth bass is a commonly studied species with many of their 
life history traits characterised (Brewer & Orth, 2015) including bio-
energetics parameters (Whitledge, Hayward, Zweifel, & Rabeni, 
2003). Although smallmouth bass are locally abundant in streams in 
the Ozark–Ouachita Interior Highlands, this region is at the southern 
extent of smallmouth bass native range and seasonal water tempera-
tures exceed optimal growth levels (22°C; Zweifel, Hayward, & Rabeni, 
1999) in many systems during a typical year. Air temperatures are ex-
pected to increase in the Ozark–Ouachita Interior Highlands due to 
climate change over the coming century (Alder & Hostetler, 2013), po-
tentially raising some stream temperatures past habitable conditions 
for smallmouth bass.

Although previous work has examined a potential northward ex-
pansion of smallmouth bass range due to climate change (Dunlop & 
Shuter, 2006; Vander Zanden et al., 2004), little work has examined 
how smallmouth bass could be affected by climate change at the 
southern portion of their range. Some fishes are expected to have 
truncated ranges due to climate change (e.g., brook trout (Salvelinus 
fontinalis); Meisner, 1990), but some previous work has not indicated 
this for smallmouth bass (Mohseni, Stefan, & Eaton, 2003). In a com-
parison of smallmouth bass growth rate in four streams across a latitu-
dinal gradient, Pease and Paukert (2014) indicated a potential increase 
in smallmouth bass prey consumption and growth due to climate 
change across their range. However, they did not take into account 
variation among stream types or factors other than temperature which 
could affect growth.

Other research indicates that high water temperatures at the 
southern extent of smallmouth bass range can be detrimental to their 
growth and abundance. In the Ozark border region of Missouri, small-
mouth bass have shown declines with replacement by their competi-
tor, largemouth bass (Micropterus salmoides) (Sowa & Rabeni, 1995). In 
particular, streams with higher maximum summer temperatures and 
more pool area had a stronger displacement (Sowa & Rabeni, 1995). 

This is likely due in part to higher thermal optima of largemouth bass 
leading to a competitive advantage in warmer streams (26°C; Zweifel 
et al., 1999). However, certain aspects of the flow regime, for exam-
ple, the amount of groundwater influence, could influence competitive 
interactions and benefit smallmouth bass populations. Streams with 
large amounts of groundwater input could provide thermal habitat 
that favours growth of smallmouth bass (Westhoff & Paukert, 2014). In 
addition, streams with high levels of groundwater input could increase 
recruitment of smallmouth bass relative to non-spring-fed streams 
(Brewer, 2013). No previous work has compared smallmouth bass 
growth in groundwater-dominated versus runoff-dominated streams.

We examined how climate change could alter stream water tem-
peratures in the Ozark–Ouachita Interior Highlands and how this 
could affect the growth rate potential (GRP) of smallmouth bass. 
Flow regimes have recently been predicted for every stream in the 
Ozark–Ouachita Interior Highlands region of Arkansas, Oklahoma and 
Missouri (Leasure et al., 2016). These flow regime classifications were 
developed from ten hydrologic variables and provide a classification 
of streams into three broad categories: groundwater, runoff and in-
termittent with subcategories within each (Leasure et al., 2016). All 
of our study streams were classified as either groundwater or runoff. 
Groundwater streams are characterised by more flow stability and 
higher base flows than runoff streams (Leasure et al., 2016). Many 
runoff streams have multiple days of no flow each year in this region 
(Leasure et al., 2016). We did not include any intermittent streams as 
many of these do not support year-round smallmouth bass popula-
tions (Magoulick, 2000). The flow classifications that we use are not 
based on the actual groundwater contribution to the system, but in-
stead are based on a wide range of hydrologic variables (Leasure et al., 
2016). We compared changes in seasonal GRP among streams from 
both flow classifications to determine how smallmouth bass growth 
could be affected differentially between flow regimes.

2  | MATERIALS AND METHODS

2.1 | Air and water temperatures

We selected fourteen streams in the Ozark–Ouachita Interior 
Highlands of Arkansas, Missouri and Oklahoma that contained small-
mouth bass and had United States Geological Survey (USGS) river 
gages that collected water temperature data (Figure 1; Appendix 1). All 
temperature data for each site were downloaded (range 1–11 years; 
Appendix 1), and a monthly mean temperature for each month of 
data was calculated at each site. If a month had fewer than 20 days of 
temperature data collected, it was excluded from analyses. Next, we 
collected monthly mean air temperatures (from the National Oceanic 
and Atmospheric Agency National Center for Climate Data) for the 
county where each site was located for a corresponding time period 
to the water temperature data. We then calculated a least-squares 
linear regression for each site to predict stream temperature from air 
temperature data (Table 1).

After calculating a predictive relationship between air and water 
temperatures, we used the USGS National Climate Change Viewer 
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F IGURE  1 Location of sites across the Ozark–Ouachita Interior Highlands of Arkansas, Oklahoma and Missouri (shaded in grey). Each site 
corresponds to a USGS river gage which collects stream temperature data. Sites from runoff streams are designated with a triangle, and sites 
from groundwater streams are designated with a circle

River Intercept Coefficient R2 Stream type

Bear Creek 10.04 .37 .79 Groundwater

Beaty Creek 6.23 .65 .92 Groundwater

East Fork Black River 2.66 .84 .96 Groundwater

Huzzah Creek 5.56 .97 .98 Groundwater

Jacks Fork 4.16 .88 .97 Groundwater

Osage Creek 10.00 .49 .79 Groundwater

Spavinaw Creek 8.66 .49 .88 Groundwater

Sylamore Creek 4.03 .76 .97 Groundwater

Big Creek 3.22 .82 .98 Runoff

Big River 1.80 .96 .99 Runoff

Buffalo River 4.67 .77 .96 Runoff

Illinois Bayou 1.85 .92 .96 Runoff

South Fork Little Red 2.34 .88 .97 Runoff

Tavern Creek 2.41 .95 .99 Runoff

TABLE  1 Linear regression results 
relating air and water temperatures from 
each site. Air temperature data were 
collected from the NOAA National Climate 
and Data Center, and water temperatures 
were collected from USGS water 
temperature gages. All regression models 
were significant at p < 0.001
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(Alder & Hostetler, 2013) to determine modelled historical air tem-
peratures (1950–2005) and future air temperatures under climate 
change for two decades (2040s and 2090s). The National Climate 
Change Viewer provides monthly minimum and maximum tem-
peratures downscaled to the county level for each year during the 
historical period, and projected monthly minimum and maximum tem-
peratures for each year at the same resolution until the year 2099. We 
selected an emissions scenario of RCP 8.5 (highest CO2 emissions) 
and used the ensemble average temperature predictions of 30 mod-
els. We chose to only model the highest climate scenario because 
of the exploratory nature of this analysis and because we focus on 
a comparison of two different future time periods which provides a 
contrast between a more and less severe change in air temperature. 
We calculated the mean minimum and maximum temperature of each 
month for the county corresponding to each of our streams during 
present and both future time periods. Monthly mean maximum and 
minimum temperatures were averaged to produce a monthly mean 
temperature for each time period. These monthly mean temperatures 
were then used to predict monthly mean water temperatures for each 
site at each time period using the previously calculated linear rela-
tionships. This approach assumes no changes in river conditions (e.g., 
hydrologic patterns) over the coming century other than temperature 
changes.

2.2 | Bioenergetics modelling

We created a bioenergetics simulation based on the Wisconsin bio-
energetics model (Hansen, Johnson, Kitchell, & Schindler, 1997) but 
coded in program R (R Development Core Team 2008) and param-
eterised for smallmouth bass (Shuter & Post, 1990; Whitledge et al., 
2003, 2006; Wrenn, 1980; Zweifel et al., 1999). All simulations were 
run for a 300-g fish (275 mm (Kolander, Willis, & Murphy, 1993); ap-
proximately age 4 in the Buffalo River, AR (Whisenant & Maughan, 
1989)). We determined simulated diet based on diet samples collected 
using gastric lavage (Kamler & Pope, 2001) from smallmouth bass cap-
tured in the Buffalo River, AR, in May–September 2014 (n = 34; 73% 
crayfish, 24% fish and 3% macroinvertebrate). These proportions are 
similar to what other researchers have found for smallmouth bass 
diets (Dauwalter & Fisher, 2008; Rabeni, 1992). Energy density of prey 
was set at 3,063 J/g for crayfish (Procambarus crayfish; Eggleton & 
Schramm, 2002), 3,853 J/g for fish prey (fathead minnow (Pimephales 
promelas); Whitledge et al., 2003) and 3,421 J/g for aquatic insect lar-
vae (average value of Chironomidae, Odonata and Ephemeroptera; 
Cummins & Wuycheck, 1971).

The bioenergetics model was used to calculate GRP for small-
mouth bass at each month for each time period. Calculating GRP al-
lows assessment of the effects of water temperature on smallmouth 

F IGURE  2 Linear regression models for each site relating mean monthly air temperature (from NOAA National Climate Data Center) and 
mean monthly water temperature (from USGS river gage specific to each site). Model results for each site are shown in Table 1
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bass growth with all other factors being held constant (e.g., Coulter, 
Sepúlveda, Troy, & Höök, 2014). We conducted ten GRP models for 
each month, altering the proportion of maximum consumption (p 
value) from 0.1 to 1.0 at 0.1 increments and outputting growth in 
grams of growth per gram of fish per day (g g−1 day−1). This range 
of consumption values is much wider than a fish likely experiences 
naturally, but we chose to model this wide range to examine ef-
fects of climate change even at unrealistically high consumption 
levels. This approach models all potential scenarios, from very low 
prey availability to assuming that prey availability will increase to 
compensate for increasing smallmouth bass consumption. This was 
repeated for each stream and for each time period (present, mid-
century and end of century). Next, mean growth rate potential for 
each month in each stream was calculated and a seasonal change in 
GRP from present to mid-century or end of century for each stream 
calculated (winter: January–March; spring: April–June; summer: 
July–September; fall: October–December). Changes in growth 
rate potential were compared between stream types using paired 
t-tests for each season at both time periods. All data analyses were 
conducted in program R.

3  | RESULTS

Air and water temperatures were significantly linearly related at all 
sites with all R2 values >0.78 (Table 1; Figure 2). Groundwater streams 
typically showed less variation in temperature over the course of the 
year than runoff streams (Figure 3). Climate simulations indicated that 
across our sites, future yearly mean air temperatures will increase by 
an average of 2.5°C by mid-century and increase by an average of 
5.8°C by the end of century. Future predicted water temperatures 
corresponded with predicted future air temperatures (Figure 3).

Growth rate potential models indicated a general increase in 
GRP for smallmouth bass during most winter, early spring and fall 
months and a general decrease in GRP during late-spring and sum-
mer months relative to present water temperatures (Figure 4). 
Runoff streams typically showed an increase in GRP during winter, 
spring and fall months (e.g., 0.001 g g−1 day−1 increase in March 
GRP by mid-century; 0.003 g g−1 day−1 increase in March GRP by 
the end of century), but a decrease in GRP during summer months 
(e.g., 0.001 g g−1 day−1 decrease in August GRP by mid-century, 
0.006 g g−1 day−1 decrease in August GRP by the end of century). 

F IGURE  3 Predicted historical (1950–2005; solid line), mid-century (2040–2049; long dash) and end of century (2090–2099; short dash) 
mean monthly stream temperatures calculated using linear regression predictive models for each stream and air temperature data from the 
USGS Climate Change Viewer ensemble average of all models. The top two rows are groundwater streams, and the bottom two rows are runoff 
streams
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Groundwater streams showed similar trends, but at a lower magni-
tude (e.g., 0.001 g g−1 day−1 and 0.003 g g−1 day−1 increase in March 
GRP for mid- and end of century respectively; 0.001 g g−1 day−1 and 
0.003 g g−1 day−1 decrease in August GRP for mid- and end of cen-
tury respectively).

In general, runoff streams demonstrated more extreme changes 
in temperature leading to larger changes in seasonal growth rate 
potential (Figures 2 and 5). Runoff streams had significantly 
more positive changes in growth rate potential than groundwa-
ter streams in both mid-century and end-of-century simulations 
during fall months (mid-century t = −3.54, p = .007; end of century 
t = −3.18, p = .014; Figure 6). Groundwater streams had a more 
positive change in GRP than runoff streams in end-of-century sim-
ulations during spring months (t = 2.80, p = .016; Figure 6). During 
late spring months, runoff streams were experiencing a decline in 
GRP leading to a lower change in GRP from present conditions 
than seen in groundwater streams (Figure 5). Runoff streams had 
a significantly more negative change in growth rate potential than 
groundwater streams in end-of-century simulations during summer 
months (t = 2.99, p = .012; Figure 6).

4  | DISCUSSION

Our models predict that an increase in stream warming across the 
Ozark–Ouachita Interior Highlands due to climate change will lead to an 
increase in GRP for smallmouth bass during winter, early spring and fall 
months. However, late-spring and summer months warmed past opti-
mal temperature for smallmouth bass growth, resulting in a reduction in 
GRP for smallmouth bass in most of the modelled streams. Although the 
population-level effects of reduced summer growth on smallmouth bass 
are unknown, it is possible that reduced GRP during these very warm 
months could lead to largemouth bass and spotted bass (Micropterus 
punctulatus) having a competitive advantage over smallmouth bass due 
to higher thermal optima (Zweifel et al., 1999), potentially leading to 
local declines or extirpation (Sowa & Rabeni, 1995).

Smallmouth bass GRP was altered significantly differently between 
groundwater and runoff streams in multiple seasons. Previous work 
has indicated that spring-fed streams could have higher smallmouth 
bass growth relative to warmer, non-spring-fed streams (Whitledge 
et al., 2006). In addition, empirical work found that spring-fed streams 

F IGURE  4 Results of all growth rate potential models for adult smallmouth bass (p value range = .1–1) for present climate conditions 
(box plots), and mean of all growth rate potential models at mid-century (solid line) and end of century (dashed line). The top two rows are 
groundwater streams, and the bottom two rows are runoff streams
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have higher abundances of juvenile smallmouth bass, that is, better 
reproduction (Brewer, 2013) and lotic smallmouth bass abundance 
in Missouri are positively associated with higher spring-flow volumes 
(Brewer, Rabeni, Sowa, & Annis, 2007). Groundwater input may also 
provide thermal resistance to streams in Michigan, promoting the con-
servation of salmonids susceptible to the effects of climate change 
(Carlson et al., 2015). Our models predict that smallmouth bass in 
groundwater streams will not decline in growth rate potential during 
summer months to the extent of runoff streams, indicating the impor-
tance of these habitats for smallmouth bass populations during future 
temperature regimes.

Smallmouth bass have an upper mean weekly temperature thresh-
old of 27°C for sustained positive growth and viable populations 
(Whitledge et al., 2006). Above this temperature, one would expect re-
duced annual growth, condition and fecundity (Bagenal, 1967). Under 
present climate conditions, no streams that we modelled have a mean 
monthly temperature >27°C at any point. By mid-century, this thresh-
old is expected to be surpassed by one groundwater stream (Jack’s 
Fork) for at least one month of the year, and in six runoff streams for 
at least one month of the year. By the end of century, this increases 

to four groundwater streams, and all seven runoff streams exceed this 
threshold for at least one month out of the year. Similarly, Bouska, 
Whitledge, and Lant (2015) identified a threshold upper mean annual 
maximum air temperature of 31°C where smallmouth bass occurrence 
was not associated with streams across the central United States that 
experienced air temperatures exceeding this level. By the end of cen-
tury, air temperatures associated with all of our modelled streams are 
predicted to exceed this level, but water temperatures are not likely to 
reach lethal limits for smallmouth bass (37°C; Wrenn, 1980).

It is possible that adult smallmouth bass could behaviourally adapt 
to changing water temperatures. Adult smallmouth bass can migrate 
to regulate body temperature during winter months in Ozark streams 
with groundwater inputs (Peterson & Rabeni, 1996; Westhoff, Paukert, 
Ettinger-Dietzel, Dodd, & Siepker, 2016). Therefore, it is plausible 
that smallmouth bass could regulate body temperature during sum-
mer months by utilising spatial variations in thermal habitat, similar to 
salmonids (e.g., rainbow trout; Ebersole, Liss, & Frissell, 2001). Many 
streams in this region are thermally heterogeneous with cooler water 
patches due to stream stratification (Matthews, 1998) and ground-
water inputs (Westhoff & Paukert, 2014). Groundwater inputs into 

F IGURE  5 Change in growth rate potential from present for each stream at both time periods. The solid horizontal line indicates no change 
from present. The top two rows are groundwater streams, and the bottom two rows are runoff streams
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streams can range from large springs (e.g., Alley Spring on the Jack’s 
Fork river; discharge = 2.7 m3/s; Mugel, Richards, & Schumacher, 
2009) with long downstream influence (Westhoff & Paukert, 2014), 
to small seepages associated with channel curvature with localised 
influence (Dugdale, Bergeron, & St-Hilaire, 2015). Smallmouth bass 
could migrate (Westhoff et al., 2016) or use other behavioural adap-
tations to utilise these temperature refuges. However, these refuges 
may be lacking in many runoff-dominated streams and typical summer 
drought conditions lead to isolated pools in many runoff streams in 
this region (Homan, Girondo, & Gagen, 2005; Magoulick, 2000). This 
drying would prevent migrations of smallmouth bass in many runoff 
streams during summer months (Hafs, Gagen, & Whalen, 2010). More 
data are needed on groundwater inputs into many of these systems 
to better understand available thermal refuges. The streams that we 
modelled encompass the range of several subspecies of smallmouth 
bass (Interior Highland intergrade and Neosho smallmouth bass 
(Micropterus dolomieu velox); Brewer & Orth, 2015). We do not attempt 
to account for differences in bioenergetics parameters for these sub-
species as no data exist; however, many of the parameters that we 
use were developed in the Ozarks of Missouri (Whitledge et al., 2003). 
Different subspecies could have different thermal tolerances affecting 
how fish adapt and respond to climate change.

There are several limitations to our study. For example, our water 
temperature predictions are relatively simplistic. Linear air and water 
temperature relationships are commonly used to examine the pre-
dicted effects of climate change on future stream water temperatures 
(e.g., Almodóvar, Nicola, Ayllón, & Elvira, 2012; Carlson et al., 2015; 
Pease & Paukert, 2014; Peterson & Kwak, 1999). Predictive relation-
ships between air and water temperatures generally improve at longer 
timescales (Morrill, Bales, & Conklin, 2005) and at the monthly scale are 

often strongly related (Erickson & Stefan, 2000). However, these rela-
tionships are not as strong at temperature extremes and correlations 
tend to plateau at high temperatures (Erickson & Stefan, 2000). We did 
not observe any levelling of stream temperatures at high air tempera-
tures (Figure 2), and our regressions were all significant and well fit. 
Although there may be a risk of over-predicting stream temperatures 
at the very warmest air temperatures, we believe our water tempera-
ture predictions were adequate for our modelling efforts because of 
our coarse timescale and our strong regressions that we created spe-
cifically for each stream. Further, none of our streams were headwater 
streams (all either third or fourth order) which reduces variability asso-
ciated with small streams. Linear relationships between air and water 
temperatures can strongly predict both groundwater-dominated and 
runoff-dominated streams, although groundwater streams typically 
have lower regression slopes (Erickson & Stefan, 2000). Similar to our 
results, Whitledge et al. (2006) found strong predictive relationships 
between air and water temperature in both spring-fed and non-spring-
fed streams in the Ozark Highlands of Missouri.

Another limitation to our study is that our temperature data are 
based solely on a single gage location for a river. In some cases, this 
gage could be located very close to a spring and could be heavily influ-
enced by groundwater (Westhoff & Paukert, 2014). All of our streams 
have groundwater input to some extent, and the location of these 
inputs could have affected our temperature predictions. However, 
as we include at least six streams from each stream type, we assume 
that not all are affected in such a way. It is also possible that there 
may be thermal refuges present in both stream types that our mod-
els do not simulate. We model average stream temperatures and do 
not attempt to simulate the heterogeneous thermal environment that 
these streams likely contain. Another limitation is the limited amount 

F IGURE  6 Mean seasonal change in 
growth rate potential from present for 
both flow classifications at both time 
periods. Asterisks indicate a significant 
difference (p < .05) in the mean value of the 
change in growth rate potential between 
groundwater and runoff streams based on 
a paired t-test. Error bars show standard 
error
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of water temperature data that we have for each site. For example, 
temperature predictions from Tavern Creek are based on only one year 
of water temperature data. However, all air and water temperature lin-
ear regressions were highly significant and a good fit, so we chose to 
include all sites to bolster our sample size.

Previous work has indicated some ways to mitigate the effects of 
increasing temperatures due to climate change. Stressors for small-
mouth bass include destruction of riparian habitat leading to decreased 
shade and increased water temperatures (Whitledge et al., 2006), 
gravel mining (Brown, Lyttle, & Brown, 1998) and other anthropogenic 
land-use alterations (Allan, 2004). Increasing riparian shading through 
restoration efforts can decrease the daily temperature fluctuations in 
streams; however, this is most pronounced in low-order (narrow-width) 
streams (Whitledge et al., 2006). Mitigation efforts can also focus on 
minimising habitat degradation leading to the formation of pools and 
siltation of substrates (Waters, 1995). Siltation and increased pool area 
can cause a reduction in preferred smallmouth bass prey and poten-
tially increase risk of being outcompeted by largemouth bass (Sowa & 
Rabeni, 1995). Protecting thermal habitat is of even higher importance 
as several species of native Ozark crayfish have similar optimal growth 
temperatures to smallmouth bass (22°C; Whitledge & Rabeni, 2002). 
In general, groundwater streams are predicted to experience a much 
smaller reduction in GRP during summer months and could provide 
a thermal refuge for smallmouth bass and other species not adapted 
to warm temperatures. However, seasonal drying and drought condi-
tions could prevent access to these refuges (Magoulick & Kobza, 2003). 
Regulating flow levels and water withdrawal to preserve a minimum 
flow when possible could also facilitate access of smallmouth bass to 
potential thermal habitat from groundwater inputs. Excessive water 
withdrawals could lead to higher summer temperatures in groundwater 
streams, diminishing their refuge qualities for smallmouth bass.

In conclusion, we found that smallmouth bass will likely experience 
an increase in growth rate potential during cool months, but a decrease 
in growth rate potential during late-spring and summer months over the 
course of the 21st century. We found that flow regime was a useful pre-
dictor of which streams may have the strongest temperature change, 
and in particular, we suggest that monitoring and conservation efforts 
should be focused on runoff flow regimes as smallmouth bass in these 
streams will be subject to a greater change in temperature over the com-
ing century. More work is needed to explore how these growth changes 
could affect smallmouth bass at the population level, but it is possible 
that elevated summer temperatures will leave them more at risk of being 
outcompeted by other Micropterus species, especially in runoff streams.
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APPENDIX 1 Location data, flow classification and period of water temperature record for each USGS gage site used

River State Latitude Longitude Flow classification Period of record

Bear Creek Arkansas 35.94 −92.71333 Groundwater 7/2012–5/2015

Beaty Creek Oklahoma 36.35528 −94.776111 Groundwater 3/2005–10/2014

East Fork Black River Missouri 37.55256 −90.842444 Groundwater 10/2007–5/2015

Huzzah Creek Missouri 37.97472 −91.204444 Groundwater 12/2010–5/2015

Jacks Fork Missouri 37.05611 −91.668056 Groundwater 1/2003–8/2005; 
5/2010–5/2015

Osage Creek Arkansas 36.28139 −94.227778 Groundwater 11/2011–5/2015

Spavinaw Creek Oklahoma 36.3225 −94.685 Groundwater 12/2004–4/2015

Sylamore Creek Arkansas 35.99167 −92.213889 Groundwater 7/2012–5/2015

Big Creek Arkansas 35.51 −91.817472 Runoff 12/2012–5/2015

Big River Missouri 37.96553 −90.574417 Runoff 11/2011–5/2015

Buffalo River Arkansas 36.0225 −93.354722 Runoff 5/2008–12/2014

Illinois Bayou Arkansas 35.46639 −93.041111 Runoff 6/2013–5/2015

South Fork Little Red Arkansas 35.56972 −92.621944 Runoff 7/2012–5/2015

Tavern Creek Missouri 38.27778 −92.236111 Runoff 6/2014–5/2015


