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ABSTRACT 

LATITUDINAL VARIATION IN THERMAL TOLERANCE AND PREFERENCE  

OF FUNDULUS NOTATUS AND F. OLIVACEUS: IMPLICATIONS FOR  

TEMPERATURE MEDIATED REPRODUCTIVE ISOLATION  

by Laura Kristin Stewart 

August 2015 

Temperature is one of the most pervasive and influential abiotic factors affecting 

the life histories of fish, regulating a host of physiological processes, and influencing 

behavioral thermoregulation. Fundulus notatus, the blackstripe topminnow, and F. 

olivaceus, the blackspotted topminnow, are widely distributed species located in 

drainages along the northern part of Gulf of Mexico (30°N latitude) and as far north as 

southern Illinois (39°N latitude). However, F. notatus has a much broader range reaching 

up into the Great Lakes (43°N latitude). Due to their broad geographical range, these 

populations inhabit a wide range of thermal regimes, thus having to locally adapt to their 

surrounding thermal environments. Variable temperature regimes along latitudinal 

gradients might be responsible for adaptive differences in thermal biologies among 

populations. I examined whether latitude reflects intra- and interspecific differences in 

thermal preference and tolerance across a gradient of temperatures. Fundulus notatus 

were collected at four latitudes (southern Mississippi – 30°N, northern Alabama – 34ºN, 

southern Illinois - 38°N, and northern Ohio - 41°N). Fundulus olivaceus were collected at 

three latitudes (southern Mississippi – 31°N, northern Alabama – 34°N and central 

Missouri – 37°N). These two species are known to hybridize throughout their sympatric 

distribution. Thus, I quantified hybridization under different thermal shifts in the Pearl 
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and Sabine River drainages to examine the influence of temperature on hybridization 

between sympatric populations. Understanding the influence of temperature within and 

among species may allow us to gain further knowledge into the nature of variation of 

thermal adaptation.  
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Figure 3. Sampling localities within the Sabine and Pearl systems. Pie charts represent 

the proportion of each genotypic class at a site (white = F. olivaceus, black = F. notatus, 

gray = individuals of hybrid ancestry).   

Genotyping  

 Genomic DNA was extracted from preserved fin tissues using Qiagen DNeasy 

extraction kits (QIAGEN; www.qiagen.com). I used two diagnostic microsatellite loci 

(Fno 093, Fno 119) that have been shown to distinguish the two species (Feldheim et al. 

2014). Fno 093 contains one allele (156 base pairs) diagnostic for F. olivaceus and three 

alleles (200-216 base pairs) diagnostic for F. notatus. Fno 119 contains 17 alleles (204-

268 base pairs) diagnostic for F. olivaceus and one allele (200 base pairs) diagnostic for 

F. notatus. Fno 119 was unsuccessful at amplifying individuals from the Pearl River 

drainage and was only used for Sabine River populations. Individuals were genotyped at 

these loci using the reaction conditions outlined in Feldheim et al. (2014). Microsatellite 

alleles were visualized on acrylamide gels using a LI-COR 4300 DNA Analysis system, 

and gel images were scored using GeneProfiler ver. 4.05 (LI-COR), or scored visually.  

 Assignments of individuals as either pure F. notatus or F. olivaceus or hybrid 

ancestry were conducted by using STRUCTURE Ver. 2.3.4 (Pritchard et al. 2000). I 

performed ten independent runs of the STRUCTURE analysis for a K of 2 with a burn-in 

of 150,000, followed by an additional 100,000 MCMC replications assuming correlated 

allele frequencies and admixture between groups. I then averaged all ten runs with 

CLUMPP v. 1.1.2 (Jakobsson and Rosenberg 2007). The mean membership coefficient 

(q) was then used to assign each individual to a genetic class.  
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Phenotyping 

I also quantified phenotypic data (i.e. spot density) to verify the accuracy of our 

genotypic data (Schaefer et al. 2012). For each individual, I counted the total number of 

dorsolateral spots on the left side of the body, measured standard length (SL), and 

determined sex. I divided the total number of spots by SL (i.e. spot density) in order to 

control for body size (Schaefer et al. 2012). Spot density is known to be a diagnostic 

character between these two species and to be sexually dimorphic (Lee et al. 1980; 

Suttkus & Cashner 1981; Ross 2001; Schaefer et al. 2012). Parental individuals were 

identified as either F. notatus or F. olivaceus based on previous reports of spot density in 

the Pearl and Sabine River drainages (Schaefer et al. 2012). I only used individuals >32 

mm SL (adults) to ensure spot detection (n=5 removed). To visualize the relationship 

between proportions of hybrids at each site, I plotted spot density and relative abundance 

of each genotype class for both drainages. I standardized spot density by sex within each 

drainage to account for geographical variation in spot patterns (Schaefer et al. 2012).  

Results 

Thermal preference 

 The Chi-square tests indicated a random selection of pools in the absence of a 

temperature gradient (χ
2 

= 0.817, P = 0.845), while a non-random selection of pools on 

gradient days (χ
2 

= 11.76, P = 0.008), indicating pool selection based on temperature 

preference. The ANOVA revealed that most of the variation was from within trials rather 

than among. As a result, I assessed the effect of day on trial by comparing preference 

variation (standard deviation of daily averages) among days. There was a significant 
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effect of day on temperature preference across all trials (F2, 89 = 6.77, P = 0.001). 

Variation in temperature preference (species pooled) decreased from day 1 to day 3 (day 

1 = 1.26 standard deviation [SD]; day 2 = 1.06 SD; day 3 = 0.93 SD) (Figure 4), thus I 

retained the third day for subsequent analyses to asses preferred temperatures. The 

ANOVA revealed a significant interaction between latitude and species (F2, 24 = 3.86, P = 

0.035) (Table 1). Post hoc Tukey comparison indicated no significant differences in mean 

temperature preference (± 1 SD) between F. olivaceus populations across latitudes nor 

from F. notatus populations (F. olivaceus; low: 26.5°C ± 0.14; mid: 26.4°C ± 0.25; high: 

26.5°C ± 0.25). The ANOVA including only F. notatus populations revealed a significant 

effect of latitude (F3, 18 = 4.51, P = 0.019) on temperature preference. Fundulus notatus 

populations from low (26.3°C ± 0.37), high (26.3°C ± 0.27) and highest (25°C ± 0.54) 

latitudes did not differ significantly from each other, however, these populations were 

significantly different from the mid latitude population (27.6°C ± 0.38) (Figure 5).   
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Figure 4. Mean preference variation (± 1 standard deviation) in degrees Celsius (°C) 

across all three gradient days in preference trials.  

 

Table 1 

Thermal preference ANOVA 

 

Source d.f. F P 

Excluding highest F. notatus    

   Latitude 2 2.97 0.070 

   Species 1 0.93 0.343 

   Latitude × Species 2 3.86 0.035* 

   Error 29   

Intraspecific F. notatus    

   Latitude 3 4.51 0.019* 

   Error 18   
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Results from both models (excluding F. notatus from highest latitude and only F. notatus populations) of the repeated measures 

ANOVA testing for the effects of latitude and species on temperature preference.   *p<.05. 

 

 
 

Figure 5. Mean temperature preference (± 1 standard deviation) in degrees Celsius (°C) 

between species across latitudes. Triangle symbols represent F. notatus and circle 

symbols represent F. olivaceus. Low: Black Creek/Ward Bayou; Mid: Anderson 

Creek/Elk River, High: Gasconade River/Cahokia Creek; Highest: Portage River.  
 

An ANOVA was also used to see if variation in preferred temperatures differed 

between species and latitude across all three days. This would indicate how precise they 

are at staying within their thermal preference range. The ANOVA resulted in a significant 

effect of species (F1, 24 = 4.89, P = 0.030) but not latitude (F2, 24 = 2.17, P = 0.136). Mean 

variation across all days was higher in F. olivaceus compared to F. notatus (F. olivaceus: 

1.06 SD; F. notatus: 0.81 SD) (Figure 6).   
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Figure 6. Mean preference variation (± 1 standard deviation) in degrees Celsius (°C) of 

F. notatus and F. olivaceus across all three gradient days in preference trials. Triangle 

symbols represent F. notatus and circle symbols represent F. olivaceus. 

Thermal tolerance 

I assessed thermal tolerance on a total of 144 individuals across the seven 

populations. As LRR and OS displayed similar patterns (r = 0.69), and LRR has been 

shown to have higher variation, I only used OS for subsequent analyses (Lutterschmidt & 

Hutchison 1997; Schaefer & Ryan 2006). The ANCOVA included no higher order 

significant interactions (i.e. ≥ 3 terms), so the final model included all main effects and 

two-way interactions. The ANCOVA (excluding highest F. notatus population) revealed 

there was an interaction between species and latitude on OS (F2, 99 = 6.24, P = 0.002), 

suggesting F. notatus and F. olivaceus did not respond similarly across latitudes (Table 
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2). There was no significant effect of condition (F1, 99 = 2.14, P = 0.146) or sex (F1, 99 = 

2.78, P = 0.098) on thermal tolerance. Post hoc Tukey comparison indicated that OS in 

the F. notatus low latitude population (40.6°C ± 0.1 standard error [SE]) differed 

significantly from F. olivaceus from the mid (41.3°C ± 0.12 SE) and high (41.8°C ± 0.07 

SE) latitude (Figure 7). However, it did not differ significantly from F. olivaceus at the 

low latitude (40.7°C ± 0.08 SE). Fundulus notatus from the mid latitude did not differ 

from its latitude specific congener, but did differ from low and high F. olivaceus latitude 

populations. All F. olivaceus OS comparisons were significantly different from one 

another. The ANCOVA with only F. notatus populations revealed a significant effect of 

latitude on OS (F3, 66 = 7.75, P < 0.001), however, no significant effect of condition (F1, 66 

= 0.52, P = 0.473) or sex (F1, 66 = 0.55, P = 0.457). Post hoc Tukey comparison revealed 

that F. notatus from the low latitude differed significantly from all other populations 

(mean ± SE; mid: 41.5°C ± 0.13, high: 41.2°C ± 0.13, highest: 41.3°C ± 0.10). However, 

the mid, high, and highest populations did not differ significantly from each other.  

Table 2 

Thermal tolerance ANOVA 

Source d.f. F P 

Excluding highest F. notatus    

   Condition 1 2.14 0.146 

   Sex 1 2.78 0.098 

   Latitude 2 28.33 < 0.001* 

   Species 1 4.24 0.042* 

   Latitude × Species 2 6.24 0.002* 

   Error 99   
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Results from both models (excluding F. notatus from highest latitude and only F. notatus populations) of the ANCOVA (standard 

length as the covariate) testing for the effects of condition, sex, latitude, and species on opercular spasms.  

*p<.05. 

 

Figure 7. Mean temperature at which opercular spasms initiated (± 1 standard error) in 

degrees Celsius (°C) between species across latitudes. Triangle symbols represent F. 

notatus and circle symbols represent F. olivaceus. Low: Black Creek/Ward Bayou; Mid: 

Anderson Creek/Elk River, High: Gasconade River/Cahokia Creek; Highest: Portage 

River.   

Table 2 (continued). 

 

Source d.f. F P 

Intraspecific F. notatus    

   Condition 1 0.52 0.473 

   Sex 1 0.55 0.457 

   Latitude 3 7.75 <0.001* 

   Error 66   
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Hybrid Study 

Mean daily temperatures captured from the data loggers showed that the STLR 

had a greater difference in temperature compared to the LTLR. The STLR tributary and 

downstream sites differed on average by 5.1°C (upstream: 23.7°C ± 0.05 SE; 

downstream: 28.8°C ± 0.03 SE). The LTLR tributary and downstream sites differed on 

average by 1.9°C (upstream: 26.8°C ± 0.09 SE; downstream: 28.7°C ± 0.08 SE).  

Parental individuals based on spot phenotype were confirmed as such genetically 

(i.e. admixture proportions). Average q values for F. notatus and F. olivaceus were 0.93 

(± 0.01 SE) and 0.07 (± 0.01 SE), respectively. Intermediate q values were used to 

indicate hybrids which were on average 0.52 (± 0.05 SE). No hybrids were detected in 

either STLR system. Conversely, hybrids were detected at both LTLR sites with the 

Sabine confluence having the highest proportion of hybrids (0.11) (Figure 3). Hybrids 

were detected at both upstream tributary sites in the Sabine LTLR; however, there were 

no hybrids detected downstream of the confluence. In the Pearl LTLR, hybrids were 

detected at all three sites, but did not differ in relative abundance (Figure 8). Spot 

densities for both species at each location were consistent with previous reports (Schaefer 

et al. 2012). Hybrid spot densities were also consistent with previous findings (Vigueira 

et al. 2008; Duvernell et al. 2013) (Figures 8 and 9). 
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Figure 8. Bar plot of the relative abundance of each genotype class in the Pearl system 

(white = F. olivaceus , light gray = F. notatus, dark gray = individuals of hybrid 

ancestry). Solid bars represent Reno Cr. and dashed bars represent the Strong R. Circles 

represent mean standardized spot density (± 1 standard error). Relative abundance was 

standardized by drainage and spot densities were standardized by sex.     
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Figure 9. Bar plot of the relative abundance of each genotype class in the Sabine system 

(white = F. olivaceus , light gray = F. notatus, dark gray = individuals of hybrid 

ancestry). Solid bars represent Caney Cr. and dashed bars represent the Anacoco Bayou. 

Circles represent mean standardized spot density (± 1 standard error). Relative abundance 

was standardized by drainage and spot densities were standardized by sex. 

 

Discussion 

In this study, both species exhibited a clear pattern of thermal preference in the 

presence of a thermal gradient. This indicates that selective pressures are mediating 

specific patterns of preference in these two species. Interspecific comparisons showed 

there was no difference between species and their latitude specific congeners. However, 

species differed in their response among latitudes. In F. notatus, thermal preference did 

not differ between low, high, and highest latitude populations, but were significantly 
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lower than the mid latitude populations which could be a result of local thermal 

conditions influencing thermal preference. Fundulus notatus populations from the low, 

high, and highest latitudes could have similar thermal preference as a result of 

experiencing similar thermal regimes. Collection localities in the Pascagoula River, 

Cahokia Creek, and Portage River had the lowest cumulative drainage area (Ward Bayou: 

12.69 km
2
, Cahokia Creek: 387.35 km

2
, Portage River: 235.35 km

2
) and were 

substantially lower than the drainage area in the Elk River (5049.03 km
2
). Stream 

temperature has been shown to be directly correlated to stream size (Caissie 2006). In 

general, smaller systems would be expected to exhibit cooler water temperatures 

compared to larger systems. Additionally, temperatures during development have been 

shown to play an important role in shaping various behavioral and physiological traits 

across taxa (Schaefer & Ryan 2006; Angilletta 2009). The patterns observed in F. notatus 

might suggest a developmental plastic response due to different thermal conditions 

between small and large size drainages.  

Among populations of F. olivaceus, thermal preference did not differ among 

latitudes. These results indicate that thermal preference could be due to selective 

pressures from environmental canalization (i.e. insensitivity to environmental variation) 

(Stearns et al. 1995), outweighing the selective pressures from local adaptation. As a 

result of inhabiting a more spatiotemporally variable environment, strong selective 

pressures might be shaping thermal preference in F. olivaceus. Species that inhabit 

variable environments typically exhibit environmental canalization in traits that effect 

fitness in order to stabilize reproductive and survival, regardless of environmental 
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variation (Liefting et al. 2009). Similar patterns of thermal preference have been 

displayed in bluegill (Lepomis macrochirus; Beitinger & Fitzpatrick 1979) and 

largemouth bass (Micropterus salmoides; Fields et al. 1987). The absence of geographic 

variation in thermal preference observed in F. olivaceus could also be related to the lack 

of phylogeographic structure (Duvernell et al. 2013), an indication of relatively recent 

range expansion for most populations throughout its distribution. Consequently, perhaps 

not enough time has passed for selective pressures to drive population differences in 

thermal preference as a result of recent dispersal found in this species.   

Additionally, thermal preference was more precise in both species exposed to a 

thermal gradient by the third day (Figure 4). Previous studies have only used a few hours 

to determine a species’ thermal preference (Konecki et al. 1995; Larsson 2005; Fangue et 

al. 2009), however, my results indicate that trials should last longer in order to capture 

less variable estimates of thermal preference. Fundulus olivaceus was shown to have 

significantly less precision in temperature preference compared to F. notatus among all 

three days (Figure 6). Fundulus olivaceus inhabits headwaters and endures daily 

fluctuating temperatures. Thus, evolution should favor individuals with broad thermal 

preference when they experience short-term temperature cycles (Johnson & Kelsch 

1998). 

There was no difference in thermal tolerance in F. notatus with the exception of 

the lowest latitude population. This is not surprising, given the relatively stable 

environment in downstream reaches, compared to tributaries, and broad distribution 

characterized by F. notatus in which one could predict weaker selective pressures on 
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thermal tolerance parameters. Species that inhabit downstream reaches are less likely to 

endure temperatures that cause heat death and will generally exhibit lower thermal 

tolerance (Matthews & Styron Jr 1981). Also, studies have shown similar patterns in 

broadly distributed species in which there is no difference in thermal tolerance, regardless 

of geographic location (Brown & Feldmeth 1971; Beitinger & Fitzpatrick 1979; Elliott et 

al. 1994; Smale & Rabeni 1995; Schaefer et al. 1999).  

Conversely, in F. olivaceus, as latitude increased, there was an increase in thermal 

tolerance. Higher tolerance found in northern populations could be a result of greater 

annual temperature variation compared to lower latitudes. Given that stream and air 

temperatures are highly correlated (Mohseni & Stefan 1999), I collected air temperature 

data at each locality (weather underground; www.wunderground.com) to calculate annual 

variation (coefficient of variation [CV]). As latitude increased, there was an increase in 

annual variation (low: 0.11 CV; mid: 0.14 CV; high: 0.22 CV). With an increase in 

seasonal variation there could possibly be an increase in the expression of heat shock 

proteins. Heat shock proteins are expressed when faced with environmental stressors (e.g. 

critical thermal temperatures) and have also been shown to increase thermal tolerance 

parameters after being expressed (Iwama et al. 1999; Angilletta 2009). Fangue et al. 

(2006) found that southern populations of F. heteroclitus had significantly higher levels 

of expression in hsc70 and hsp90 β (constitutively expressed chaperone proteins) 

compared to northern latitude populations and could attribute to their wider range in 

thermal tolerance (CTmax and CTmin). CTmax and CTmin (Critical thermal maxima and 

minima) have been shown to be correlated (Angilletta 2009), thus, chaperones that are 
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expressed due to the presence of cold temperatures could increase thermal tolerance when 

exposed to warm temperatures.  

My results also revealed no correlation between thermal tolerance and preference 

in either species. Similar results have been shown in largemouth bass (M. salmoides; 

Fields et al. 1987) and the mummichog (F. heteroclitus; Fangue et al. 2006; Fangue et al. 

2009). Though these closely related species exhibited different thermal responses, these 

results do shed light on the impact of local environmental conditions on thermal biologies 

of species inhabiting headwaters to downstream reaches. Within streams, there can be 

dramatic changes in physical and chemical characteristics from headwaters to 

downstream reaches, thus, local selective pressures could be driving population 

differentiation in thermal responses. Future work on thermal preference and tolerance in 

F. notatus and F. olivaceus in allopatry, and when stream positions are reversed (e.g. 

Glover River, Duck River; Schaefer et al. 2011) could help in elucidating habitat-specific 

pressures on thermal biologies. Additionally, assessing thermal tolerance and preference 

of populations under a common garden approach would give insight into the level of 

plasticity in these traits.  

Studying local selective pressures that structure contact zones allows insight into 

the interaction between species-specific differences and environmental regimes (Scribner 

et al. 2000). No single environmental factor is the ultimate determinant in mediating 

hybridization (Scribner et al. 2000); however, together abiotic and biotic characteristics 

of the environment can have dramatic impacts on the level of introgression (Duvernell & 

Schaefer 2014). Schaefer et al. (2011) and Marie et al. (2012) have shown that habitat 



28 
 

 
 

heterogeneity can alter the level of hybridization at contact zones in fishes. Both studies 

found that as there was less differentiation between environmental factors, there was an 

increase in hybridization. Given the importance of temperature, then the thermal 

environment is likely to be a key factor in shaping contact zone dynamics.  

The results from the hybrid study revealed that the degree in thermal transitions in 

hybrid zones can impact the frequency of hybrids present. I found that LTLR sites had 

the highest proportion of hybrids and had a gradual change in temperature (1.3°C ± 0.02 

SE difference), whereas, STLR sites had no hybrids and contained abrupt changes in 

temperature (5.0°C ± 0.01 SE difference). I also found that regardless of changes in 

temperature along a thermal gradient, relative abundance of both species were fairly 

consistent across all confluences with the exception of STLR in the Sabine (Figures 3, 8, 

9). Because thermal preference did not differ between F. olivaceus and F. notatus, more 

abrupt thermal shifts might inhibit unfavorable reproductive conditions. Many other 

environmental variables along the confluence can be driving reproductive isolation. The 

complexity of the natural environment creates difficulty extrapolating full scale thermal 

patterns seen in fish populations. Thus, a common garden mesocosm approach is 

necessary to assess the effects of a thermal gradient on reproductive isolation between 

these two species.  

Many evolutionary ecologists have tried to understand the interactions between a 

species’ thermal biology and local selective pressures from the environment. Empirical 

studies have not come to a consistent conclusion on whether a species’ thermal 

preference and tolerance are shaped through local adaptation (Fangue et al. 2006; Fangue 
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et al. 2009), plasticity (Schaefer & Ryan 2006; Sheth & Angert 2014), or environmental 

canalization (Liefting et al. 2009). Thermal regimes can cause variation in an array of 

performance and life-history traits (Clarke 2003), and the degree of temperature 

fluctuations will most likely shape local selective pressure on these populations. 

Together, my results indicate that there are strong selective pressures driving differences 

in thermal preference and tolerance between and among F. notatus and F. olivaceus. 

Different selective pressures on thermal biologies could be resulting in differential 

thermal mating conditions, possibly mediating reproductive isolation.  
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APPENDIX A 

 

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE 
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